
Enhancing Landslide Risk Management Through a Cost-Effective dGNSS 

Technology and a Method to Estimate Stability of Shore Landslides in Response 

to Climate Change 

 

By 

Ingrid Arantxa Berru Garcia 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

Master of Science 

in  

Geotechnical Engineering 

 

 

Department of Civil and Environmental Engineering 

University of Alberta 

 

 

 

 

© Ingrid Arantxa Berru Garcia, 2024 

 



ii 

ABSTRACT 

Climate change is having an impact on Canada, resulting in variations in temperature, 

precipitation, and evaporation, among other aspects. These changes could be significant in 

Alberta since agriculture is a major factor in the social-economic development of the province. 

For example, the region's farming districts are requiring additional water for irrigation, causing a 

major reliance on reservoirs that in result decreases more rapidly the water levels. This reduction, 

known as a drawdown, has the potential to exacerbate existing landslides or trigger new 

landslides in the region. The geology of the region contributes to this possibility since the bedrock 

frequently contains layers of bentonite and coal seams, both of which have lower shear strengths 

and can reduce the strength to a residual strength in any disturbance, such as an increase in 

groundwater levels or the loss of support at toe of a slope. This could worsen in the future as the 

effects of climate change seem to be intensifying. Thus, improving landslide risk management 

techniques is necessary to identify and monitor the possible landslides, assess their failure. 

The thesis introduces a low-cost dGNSS technology and methodology as practical and cost-

effective tools for improving landslide risk assessment and management in response to climate 

change effects, even under conditions of limited resources and multiple potential scenarios. Their 

reliability, efficiency and applicability to different landslide cases were evaluated in the Chin 

Coulee landslide in southern Alberta. This slow-moving landslide has disrupted a roadway since 

1970 and has shown greater displacements when irrigation water demand increases. 

The dGNSS technology described and adopted in this study is referred to as SparkFun units 

designed for surveying, capable of achieving millimeter accuracy necessary for landslide 

monitoring when additional components are assembled to the units. Additionally, these units offer 

high-frequency data collection (Every minute), independence from internet services for data 

management, and have an approximate capital cost of USD$2000 per unit. They were customized 

for landslide monitoring purposes, tested and deployed for 6 months to record horizontal and 
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vertical displacements. The monitoring data showed that the SparkFun system met its 

manufacturer accuracy specifications (14 mm horizontal and 10 mm vertical). The system error 

was within acceptable limits to monitor the landslides displacements, and the results were 

compared with another, commercially available, dGNSS landslide monitoring technology installed 

in the landslide area. The magnitude of displacement observed with the SparkFun system was 

lower than that of the other technology, primarily due to the monitoring period. However, both 

technologies exhibited similar displacement trends, aligning accurately in the vertical direction. 

This allows the conclusion that the SparkFun system appears to be a viable monitoring technique, 

enabling the management of a larger number of monitoring points in current and future landslide 

areas at a lower cost.  

Furthermore, a practical methodology was introduced to assess landslide stability in the Canadian 

Plains under current and future drawdown scenarios, serving as a simple tool for various entities 

responsible for landslide management. The methodology identifies materials that govern the 

stability and the pore water pressure of the landslide. Moreover, it estimates and defines the 

reservoir water fluctuations, drawdown rates, hydraulic and restraint boundaries conditions. This 

methodology demonstrated good agreement between the estimated material shear strength and 

permeabilities with prior studies in the landslide area and literature review. The calculated slip 

surface was consistent with the one proposed in prior investigations. Scenarios of future stability 

were informed by current trends in drawdown trends and analyzed, resulting in a 5% drop in 

stability compared to current conditions under the 2050-year scenario, and the landslide stability 

was reduced by 11% when considering a critical scenario. These results demonstrated the 

practicability and effectiveness of this methodology to analysis the landslide stability. 
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PREFACE 

The third and fourth chapters of this thesis have been submitted to two journals. The details are 

stated in the following lines: 

Chapter 3 has been accepted in the Natural Hazards Journal with the citation described 

beneath. I was responsible for the work presented in this chapter, which includes a literature 

review, instrument assembly testing and deployment, analysis of data, and discussion of 

results, as well as the writing of the text. Dr. Macciotta contributed through his supervision, 

advice, comments, and editing.  

Berru I, Macciotta R, Rodriguez J, Gräpel C, Skirrow R, Tappenden K (In Press). Introduction 

and Testing of a Cost-Effective GNSS System for Landslide Monitoring 

Chapter 4 of this thesis has been submitted and is under review in the Landslide Journal. As with 

the Chapter 3 journal paper, I carried out the literature review, seepage and stability analyses, 

findings interpretation, discussion, and text writing. Dr. Macciotta helped with the study by giving 

supervision, direction, feedback, and editing. The citation of the journal is as follows: 

Berru I, Macciotta R, Rodriguez J, Gräpel C, Skirrow R, Tappenden K (Submitted). Method for 

Estimating Landslide Stability under Future Drawdown Scenarios due to Climate Change - 

Chin Coulee Landslide 
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1 INTRODUCTION 

Landslides in the Canadian Interior Plains, which include portions of northeastern British 

Columbia, most of Alberta, central and southern Saskatchewan, and southwestern Manitoba 

(Biagini et al. 2022); are widespread and can cause estimated annual expenses ranging from 

$281 million to $450 million (Porter et al. 2019). For instance, there are about 122 occurrences 

related to rock and soil slopes along the highway system in Alberta alone (Tappenden and Skirrow 

2020). This aligns with the national landslide susceptibility map, which indicates that some parts 

of Alberta are vulnerable to landslides, particularly those near rivers, lakes, or reservoirs 

(Bobrowsky and Dominguez 2012, Porter et al. 2019) (landslides where the toe of the slope is 

affected by fluctuations of water bodies, or shore landslides). This sensitivity forces organizations 

in charge of managing landslides to enhance and innovate methods for mitigating these landslide 

risks (Macciotta et al. 2020, Rodriguez 2021) and optimize resources to address and mitigate the 

potential magnitude of landslides. These methods encompass various stages, such as the 

identification, analysis, monitoring, and remediation of landslides. Among these stages, 

prioritizing the identification of triggering factors and analysing their impacts, along with 

emphasizing the reduction in the cost of monitoring instruments while maintaining precision, has 

become critical (Rodriguez 2021). 

Failure mechanisms in the Alberta Plains are associated with its anisotropic geology, hydraulic 

properties, and soil and bedrock shear strength. Past glacial events sculpted the region's geology, 

leaving weak sedimentary bedrock interbedded with siltstones, sandstones, clay shales, coal, and 

bentonite (Biagini et al. 2022). According to Biagini et al. (2022), the latter two units often exhibit 

low shear strength and are prone to further reducing their strength in response to any disruption, 

possibly reaching their residual strength and initiating mass displacements. For example, the Chin 

Coulee landslide, situated at the northern bank of the Chin reservoir in Taber, Alberta (Rodriguez 

2021), is identified as a retrogressive compound landslide sliding on a basal weak coal layer 
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(Biagini et al. 2022). Monitoring data revealed that throughout the summer months, when the 

demand for reservoir water to irrigate farmlands increases, the landslide displacements also 

intensify (Rodriguez et al. 2021). The decrease in water levels, commonly known as drawdown 

and identified as a triggering factor, is not exclusive to the Chin Coulee landslide and may 

potentially affect other slopes in the perimeter of reservoirs in the region. Agriculture is a major 

economic activity in the region, and as a result of climate change, there has been a significant 

rise in dependency on reservoir water for irrigating farmlands, driven by rising temperatures and 

a decrease in rainfall. For instance, the most recent report from Environment and Climate Change 

Canada (ECCC) predicts a temperature increase of 6.5°C for the Canadian Prairies, including 

Alberta (Bush et al. 2019; Muhammad et al. 2020; Berru et al. 2024). Furthermore, upon analyzing 

the Chin reservoir water levels, it was noted that the drawdown rates exhibit an increasing trend 

that might make this landslide instable (Berru et al. 2024). Given the imminent impact of climate 

change in the region, the increasing use of reservoir water, and the high susceptibility to landslides 

near reservoirs (Bobrowsky and Dominguez 2012); it is crucial to examine the effects of climate 

change, specifically the drawdown of reservoirs, on landslide stability. This urgency motivates the 

development of a practical methodology to estimate its effects under current and future conditions, 

allowing organizations to manage landslides more effectively. 

Furthermore, monitoring is essential for understanding and mitigating the potential consequences 

of landslides. This risk may be exacerbated due to climate change, emphasising the importance 

of having an appropriate and cost-effective system for the region to guarantee adequate 

monitoring along corridors with many ongoing and future landslides (Rodriguez et al. 2021). 

Traditional in-situ landslide monitoring tools, like inclinometers (SIs) and piezometers, are often 

costly, restricting their use to specific sites or a limited number of monitoring points (Smethurst et 

al. 2017, Rodriguez et al. 2021, Berru et al. 2023). A cost-effective alternative for monitoring slope 

displacements is the Global Navigation Satellite System (GNSS) combined with the real-time 
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kinematic (RTK) technique, which form a network known as a differential GNSS (dGNSS). This 

technology has gained popularity due to its frequent data collection, relatively high accuracy, and 

the progressively decreasing cost in recent years (Berru et al. 2023). The dGNSS can enhance 

the accuracy of the network monitoring points to centimeter levels in the vertical and horizontal 

axes (Takasu and Yasuda 2009).  

The Geocube system, a proven dGNSS for monitoring landslides, has been deployed on 

landslides in Western Canada. However, it encounters challenges due to the harsh Canadian 

winter and the remote locations where these landslides are situated. The Geocubes system 

requires uploading monitoring data to a cloud, which becomes problematic during periods when 

phone signals are lost. This emphasizes the ongoing need to explore more cost-effective 

monitoring options and evaluate their practicality, assembly costs, instrument precision, accuracy, 

and reliability in the Canadian environment. These efforts offer valuable opportunities to enhance 

landslide monitoring, especially anticipating an increase in landslide hazards due to imminent 

climate change in the region.  

1.1 Problem Statement 

The potential for landslides in the interior plains could be intensified by the effects of climate 

change, which is altering temperature, precipitation, and water usage patterns. This poses a major 

risk to diverse structures such as highways, railways, communities, reservoirs, and farmlands. To 

ensure maintenance resilience for these structures, assessing potential changes in landslide 

hazards and developing new monitoring tools are vital. 

Drawdown is a climate change event that has the potential to produce large-scale soil mass 

displacement, generating or exacerbating the hazard posed by shore landslides. It incorporates 

multiple aspects, including shear strength, material behaviour, hydraulic parameters, reservoir 

water level, and estimates of present and future drawdown rates. All of these elements complicate 
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the procedure; hence, a consistent, systematic method is needed to investigate both present and 

future drawdowns induced by climate change's effects on landslide stability.  

Exploring alternatives to traditional in-situ monitoring instruments is essential for addressing 

numerous current and future landslide cases, allowing for a better understanding of the failure 

mechanism, and reducing associated risks. An increase in landslide activity will require cost-

effective monitoring strategies to allow adequate landslide risk management for the available 

resources. dGNSS networks are a promising option for monitoring landslide displacements due 

to their high collection frequency, relatively high accuracy, and decreased cost. However, it still 

faces challenges related to deployment in the remote and harsh conditions of western Canada. 

This highlights the need to continue exploring cost-effective dGNSS systems, and evaluating their 

implementation costs, instrument precision, accuracy, and reliability in the Canadian environment. 

This is essential for optimizing resources, addressing drawbacks, improving the system, and 

enhancing its robustness. 

1.2 Research Objectives 

The objective of this thesis is to develop practical and cost-effective tools for improving landslide 

risk management, especially in response to the increasing number of landslides in the Canadian 

plains due to climate change impacts. It aims to provide an affordable monitoring tool for 

managing different scenarios and a methodology for estimating current and future shoreline 

landslide instabilities. 

The specific objectives of this research are: 

i. Assembly (customize) and evaluate the viability of a cost-effective dGNSS technology as 

a surface landslide monitoring instrument in the Canadian plains, assessing aspects like 

accuracy, robustness, simplicity of configuration, and deployment expenses. Contrast the 

monitoring data with another proven dGNSS technology deployed at the same landslide 
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site. Identify and determine potential limitations to address these issues in future 

deployments. 

ii. Provide a methodology for examining how the current and future drawdown scenarios, 

caused by climate change, impact the landslide stability in the Canadian Plains. Assess 

the methodology effectiveness by applying it on a landslide case study.  

1.3 Overview of Methodology 

The specific objectives are achieved by applying them to a real case in the Canadian plains, 

serving as a basis for extending these methods to similar landslides in the region. The selected 

landslide for this study is situated on the northern bank slope of a reservoir and has been 

impacting a highway since the mid-1970s; its description is presented in Chapters 3 and 4. A 

summary of the methodology used is as follows: 

1.3.1 Introducing dGNSS Network 

The methodology used to accomplish specific objective one is described below; a more detailed 

methodology is presented in Chapter 3. 

1. Assembling and pre-testing dGNSS units before deployment to assess the appropriate 

components, manufacturer's capabilities, accuracies, including storage capacity, and the 

ability to form and maintain a dGNSS network. 

2. Deploying the dGNSS units at a landslide site assess their capacity to maintain the dGNSS 

network, the robustness of the equipment to withstand harsh weather conditions in 

Canada, and to collect monitoring data. 

3. Processing and analyzing monitoring data to interpret the results, such as measuring 

displacements, identifying variations in measurements, and tracking displacement trends. 

4. Comparing the monitoring data with another proven dGNSS network installed at the site 

to confirm that dGNSS network exhibits similar displacement trends. 
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5. Evaluate the capital cost of the dGNSS network and identify challenges within the system 

to improve in subsequent deployments. 

1.3.2 Methodology to analyze landslides as plausible Climate Change Scenarios 

This section describes the approach taken to achieve the specific objective number two; a more 

detailed methodology is presented in Chapter 4,including methods of analysis, software used, 

and material parameters. 

1. Reviewing background information of the landslide site, which includes site investigation 

reports, monitoring instrument reports, in-situ and laboratory testing reports, and reservoir 

water levels. 

2. Defining the representative section and constitutive model that will reflect the landslide 

failure mechanism and materials behaviour.  

3. Selecting the most representative properties for all stratigraphy units of the landslide 

based on background information and complementing them with the literature review. 

4. Calculating drawdown rates that represent the most appropriate scenarios affecting the 

current stability of the landslide based on the reservoir water levels. 

5. Conducting a permeability back analysis and a 2D stability back analysis to validate the 

landslide hydraulic and shear strength properties. 

6. Estimating future drawdown rates and conducting a stability analysis of the landslide under 

these estimated drawdown rates to calculate the decrease in percentage of stability. 

1.4 Thesis Structure 

The thesis comprises five chapters. A brief overview of each chapter is as follows:  

▪ Chapter one describes the introduction, outline the research objectives and methodology.  
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▪ Chapter two provides a literature review to establish the context for this study. It includes an 

explanation of how dGNSS networks work, prior implementations of this technology 

internationally and in Canada, discussions on the implications of climate change in Canada, 

and case studies on landslide instability resulting from drawdown. Additionally, the chapter 

explores available methods for evaluating drawdown scenarios. A more comprehensive 

literature review is provided in the first and second journal papers (Chapters 3 and 4, 

respectively). 

▪ Chapter three (Manuscript #1) is presented in a form of a paper-based thesis. It introduces a 

dGNSS technology and assesses its suitability as a monitoring option for landslide 

displacements. It details its deployment, components, and testing results after a 6-month 

monitoring period at a landslide in southern Alberta.  

▪ Chapter four (Manuscript #2) is also presented in a form of a paper-based thesis. It describes 

a methodology to analyze the stability of a landslide under current and potential future 

drawdown scenarios resulting from climate change. The approach is examined using a case 

study that compares its stability to the current state when larger drawdown rates are 

considered. 

▪ Chapter five includes the conclusion and recommends a path for future research work. 
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2 LITERATURE REVIEW 

This section provides a summary of relevant concepts for this research, including the differential 

Global Navigation Satellite System (GNSS) proposed as a low-cost tool to monitor landslide 

displacements, the impact of climate change on reservoir drawdowns, and the effects on landslide 

stability. A detailed account of the features, instruments, and methodologies applied in this 

research can be found in the respective chapters of the manuscripts, Chapters 3 and 4. 

2.1 dGNSS Technology 

GNSS units use data from at least four satellites (BeiDou, Galileo, GLONASS, GPS, IRNSS, and 

QZSS) to determine their geographic location (Berru et al. In Press). This is achieved by 

calculating the time it takes for signals from these satellites to reach the GNSS unit, estimating 

the distances, and then triangulating them to determine the GNSS unit's location (Harris 2023, 

Rodriguez et al. 2021, Berru et al. 2023). GNSS units can have single, dual, or multifrequency 

capabilities, where the frequency indicates the number of signals received from each satellite 

(Septentrio 2023). The use of dual or multi-frequencies reduces a significant portion of the signal 

delay caused by the ionosphere (Septentrio 2023). This is because having a larger number of 

frequencies allows for a more accurate measurement of atmospheric properties by comparing the 

time of arrival of different signals (Deane 2020). The accuracy of GNSS units is influenced by 

several aspects, including the performance of the GNSS receiver, the orbital position of satellites, 

and surrounding features such as buildings, tree cover, and weather conditions (Rodriguez et 

al.2021). Under ideal conditions, a GNSS unit can achieve an accuracy of approximately ±2 m 

(Ardusimple 2023, Deane 2020). However, most engineering applications require even more 

exact measurements (Deane 2020).  

Real-time kinematic (RTK) technique is critical for improving accuracy and meeting engineering 

standards. This method requires a minimum of two GNSS units: one as the “Base unit”, which is 

installed in a fixed location and has pre-calculated coordinates, and the other as the “Rover unit”, 
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whose location must be determined (Berru et al. 2023). The base unit uses satellite signals to 

estimate its position and compares it with the pre-estimated coordinates to assess how much 

error is caused by environmental conditions and atmospheric interference (Rodriguez et al.2021, 

Berru et al. 2023, Berru et al. In Press) and estimate the corrections needed in the dGNSS 

network. Subsequently, the rover unit receives these corrections from the base, which allows it to 

have a greater accuracy (Figure 3.1). Using this technique, the rovers can achieve centimeter-

level accuracy in both horizontal and vertical directions (Takasu and Yasuda 2009, Deane 2020, 

Berru et al. 2023). The base and rover units form the differential Global Navigation Satellite 

System (dGNSS). When more rover units are required, they can be added to the system as 

monitoring points (Berru et al. 2023). The GNSS manufacturer and the method used to transmit 

the errors determine the distance between the rover and the base units. The main requirement is 

that the rovers and base should be able to share the same atmospheric interferences. Additionally, 

a clear line of sight is required to minimize multipath errors resulting from nearby objects, rain, or 

snow, but these last two disruptions are of short duration (Deane 2020, Rodriguez et al. 2021). 

The application of dGNSS technology for landslide monitoring has seen increased adoption 

(Berru et al. 2023). Malet et al. (2022) deployed a dGNSS network at the Super-Sauze earthflow 

in France, achieving millimeter accuracy. The GPS constellation was the only source of data for 

the dGNSS technology. The flow displacement measured by the dGNSS correlated with 

observations from other monitoring technologies at the site, facilitating continuous monitoring and 

providing 3D kinematics data that other technologies could not offer due to the area's instability 

and difficult accessibility (Malet et al. 2002). Tagliavini et al. (2007) used a GNSS network with 

dual-frequency capabilities and employed the GPS constellation to measure a landslide's velocity 

in Italy. The estimated velocities matched records from inclinometers installed near the GNSS 

units, validating a methodology for hazard mapping (Tagliavini et al. 2007).  
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Benoit et al. (2015a, b) tested a single-frequency GNSS system in the French Alps for monitoring 

surface landslide displacements. The system is referred as Geocube and was developed by 

Ophelia Sensors. These Geocube dGNSS units are equipped with an SL1206 antenna for 

differential positioning and LEA-6 T GPS chip. Employing the RTK technique, the Geocube 

dGNSS network used a base unit positioned in a stable area to correct the rovers’ positions 

(monitoring points) and achieved millimeter accuracy (Benoit et al. 2015a; Rodriguez et al. 2021). 

The Geocube dGNSS network demonstrated favorable outcomes attributed to its ease of 

deployment, low power consumption (requiring only a 10 W solar panel), high data collection 

frequency (30 s data collection rate), cost-effectiveness enabling the installation of multiple GNSS 

units, and high accuracy in the millimeter range. Geocubes contributed to a more comprehensive 

understanding of the landslide's kinematics, including its periods of acceleration and dormancy 

(Benoit et al. 2015a, b; Rodriguez et al. 2021). Geocube units were deployed at the 10-Mile slide 

in British Columbia, Canada, and underwent an 8-month testing period. The recorded 

displacements by the Geocubes aligned with other monitoring technologies at the site, achieving 

millimeter accuracies (3 mm horizontal and 5 mm vertical), offering dense spatial coverage, and 

high collection frequency (60 s intervals). However, the system encountered challenges related 

to the power supply system due to extreme weather conditions and the necessary internet 

connectivity for uploading monitoring data to the Ophelia cloud server (Rodriguez et al. 2018), 

caused by the terrain landform. As a result, the data had to be collected manually.  

In 2018, Geocube units were deployed at the Chin Coulee landslide, tested for approximately 

fourteen months to monitor displacements, and investigate additional flaws in the dGNSS 

network. Nine Geocube units were installed at the sliding area, with the base unit positioned at a 

stable area crossing the Chin reservoir. Helical piles, embedded 1 m into the ground, were used 

to mount the Geocubes, employing the same power supply system as the one used at the 10-

Mile landslide. This power system included two 12 V, 100 Ah batteries and a 10 W solar panel 
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(Rodriguez et al. 2021). The GNSS achieved appropriate accuracy, with results consistent with 

the outcomes of Leica GPS measurements, suggesting that the dGNSS network is a viable 

technology for monitoring landslide displacements at a reasonable cost, enabling high spatial 

coverage and frequency (Rodriguez et al. 2021, Rodriguez 2021). 

The SparkFun dGNSS units, developed by SparkFun Electronics, are designed for surveying 

purposes. They utilize the GPS, GLONASS, Galileo, and BeiDou constellations, and employ the 

RTK technique to enhance accuracy, achieving 14 mm in the horizontal and 10 mm in the vertical 

dimensions (Berru et al., 2024). While the SparkFun dGNSS units require additional components, 

such as dual-frequency antennas, power supply systems, and radios to transmit corrections from 

the base to the rovers as work as a dGNSS network, they possess dual-frequency capabilities, 

operate at a high data collection frequency (up to 20 Hz in a dGNSS), accommodate a 32 GB SD 

card, and have a power consumption of approximately 240 mA. These characteristics make the 

SparkFun dGNSS units a suitable alternative for investigating their effectiveness as a dGNSS 

system for monitoring landslide displacements in this research. 

2.2 Climate Change  

Climate change has the potential to modify precipitation, wind patterns, vegetation types, 

temperatures, and the frequency of floods (Bo et al. 2008). However, significant effects resulting 

from climate changes include extreme weather events related to temperature and precipitation 

(Tao et al. 2012, Labajo et al. 2014, Bagheri 2022). Natural soil slopes have a Factor of Safety 

(FoS) of one or slightly above, these changes may cause the resisting forces on those slopes to 

decrease and add new driving forces, creating an unstable slope (Bo et al. 2008). 

It is anticipated that northern regions, such as Russia, Canada, or Greenland, will experience an 

increase in temperature every decade, ranging from 0.3°C/decade to 0.8°C/decade, with a 

maximum increase of 8°C (Bo et al. 2008). For example, an analysis of data from all Canadian 

stations from 1948 to 2016 as well as data from southern Canada, especially from 1900 to 2016, 



12 

revealed that Canada's climate is changing, with more hot days and nights occurring in the 

country's southern parts (Vincent et al. 2018, Bagheri 2022). The Canadian Prairies, comprising 

Alberta, Saskatchewan, and Manitoba, expected a temperature increase of 6.5°C. This warming 

may increase the rate of evapotranspiration, potentially amplifying the demand for water during 

the peak growing season (Muhammad et al. 2020).  

The southern part of the Prairies is the driest due to its location beneath the shadow of the Rocky 

Mountains and its isolation from sources of moisture. In this region, precipitation has decreased 

by an estimated 10% since 1950 (Bhatti et al. 2021). These circumstances contribute to a 

significant increase in water resource usage. Water is distributed for various purposes, such as 

human consumption, industrial activities, and irrigation. In Alberta, irrigation water accounts for 60 

to 65% of the province's average total water consumption (Alberta 2012). Alberta's irrigation 

sector constitutes 65% of the total irrigation area in Canada. For instance, to meet the demand 

for water resources, there are 32 off-stream reservoirs and 14 along-stream reservoirs in southern 

Alberta alone (Alberta 2023b). 

Water used in agriculture typically does not return to the original ecosystem. Furthermore, some 

water is needed to maintain minimum water levels in canals and reservoirs, facilitating the 

transport of irrigation water within the system (Alberta 2012). This demand for water and the 

requirements of the irrigation system to work properly have led to major fluctuations in reservoir 

water levels, resulting in a higher probability of drawdown occurring in the southern region of 

Alberta if conditions get drier or dry periods are longer. 

Drawdown can cause the reactivation of pre-existing landslides and the initiation of new landslides 

(Yin et al. 2016). This phenomenon reduces the external force applied by the reservoir water to 

the slope, acting as a support. It may also lead to higher excess pore water pressures, depending 

on the permeability of the soils constituting the landslide and the drawdown rate (Bo et al. 2008, 

Alonso and Pinyol 2009). For instance, at the Grand Coulee Dam in Washington, United States 
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of America, about 150 landslides were triggered during two drawdown periods, with reductions in 

water levels ranging from 10 m to 20 m (Schuster 1979). A deep-seated rockslide system above 

the Gepatsch Dam reservoir in Austria experienced acceleration during drawdown, reaching 

maximum velocities when the reservoir levels were at their lowest (Zangerl et al. 2010). In Spain, 

a landslide (40×106 m³) on the left bank of the Canelles reservoir was reactivated following a 

significant decrease in the reservoir level. The drawdown rate ranged from 0.5 m/day to 1.2 m/day 

(Pinyol et al. 2011). In the Three Gorges region in China, significant deformation of the 

Liangshuijing landslide occurred during the drawdown of the Three Gorges reservoir. This event 

resulted in the blockage of the Yangtze River for several days, and concurrently, the Gongjiafang 

landslide was also reactivated (Yin et al. 2016). 

2.3 Drawdown Analysis 

The stability of slopes, whether partially or entirely submerged, can be significantly influenced by 

a drawdown event (Alonso and Pinyol 2016). This scenario combines the effects of external loads, 

such as the removal of supporting forces, and seepage forces within the slope, both of which 

come from the drop in water levels (Alonso and Pinyol 2016). The slope permeability and 

drawdown rate determine how much excess pore water pressure is dissipated on a slope during 

the drawdown. This dissipation of excess pore pressure might happen instantaneously or take 

several months, causing a decrease in stability and the probable failure of the slope (Berilgen 

2007, Alonso and Pinyol 2016). These analyses can be conducted using the Limit Equilibrium 

Method or numerical methods (Berilgen 2007). However, numerical methods like the Finite 

Element Method (FEM) allow for the assessment of the stability by incorporating the effects of 

stress, seepage, nonlinear material behavior, intricate boundary and loading conditions, and the 

inclusion of transient drawdown, where the drawdown rate is considered (Berilgen 2007). This 

approach is typically known as a FEM coupled analysis.  
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In FEM analysis, the strength reduction method (SRM) is commonly employed for stability 

analysis. This involves applying different trial strength reduction factors (SRF) to the material 

shear strength parameters until the slope reaches the failure point, preventing numerical 

convergence issues. The process aids in identifying the critical SRF, equivalent to the Factor of 

Safety (FoS) in limit equilibrium analysis (Renani and Martin, 2019). The SRM applied to a 

material using the Mohr-Coulomb method, can be obtained through the following equations 

(Rocsience 2004): 

Equation 2.1 
𝜏

𝑆𝑅𝐹
=

𝐶′

𝑆𝑅𝐹
+

tan 𝜑′

𝑆𝑅𝐹
 

Equation 2.2 
𝜏

𝑆𝑅𝐹
=  𝐶∗ + tan 𝜑∗ 

Equation 2.3 𝐶∗ =  
𝐶′

𝑆𝑅𝐹
  

Equation 2.4 𝜙∗ =  tan−1(
tan 𝜑∗

𝑆𝑅𝐹
) 

where 𝜏 is the shear stress, 𝑐 is the cohesion, 𝜑′ is the friction angle, 𝐶∗ and is 𝜙∗ are the reduced 

Mohr-Coulomb parameters (Rocsience 2004). 

Echuan et al. (2009) created a three-dimensional (3D) numerical model to analyze the Tangjiao 

village landslide deformation after a drawdown event. The model results were compared to on-

site observations, demonstrating good agreement. Tensile cracks, and multi-stage small 

landslides were observed on the frontal and mid-ground surfaces. These deformations are directly 

linked to the reservoir water level fluctuation, dropping from 156 m on March 15 to 149 m on April 

11, 2007. (Echuan et al. 2009). The Canelles landslide in Spain was analyzed under a drawdown 

scenario to investigate if this phenomenon led to the reactivation of a dormant translational slide. 

Reservoir water levels significantly decreased after a dry period, reaching a level of 426 m, with 

the maximum recorded water level being 505 m (Alonso and Pinyol 2016). Residual strength 

values were considered for the analysis as the landslide reactivated. The stress–strain behavior 
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of the materials was characterized using a linear elastic law determined by Young's modulus and 

Poisson's ratio. Piezometer records were used to validate the numerical model, and reservoir 

elevation records were simulated for the four years preceding the drawdown (Pinyol et al. 2011). 

Further sensitivity analysis, simulating drawdown at different rates, revealed the challenging 

nature of implementing practical control over the drawdown (Pinyol et al. 2011). The Qiaotou 

Landslide, located adjacent to the Three Gorges Reservoir (TGR) in China, exhibited significant 

displacements during the drawdown. To understand its deformation mechanism, a numerical 

simulation employing the saturated and unsaturated fluids theory was performed. The findings 

revealed that the region of maximum displacement in the landslide mass transitions from the 

upper section, marked by a steeper bedrock surface and thinner deposit, to the middle section, 

characterized by a less steep bedrock surface and a thicker deposit, as the drawdown progresses 

(Jian et. al. 2009). 
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3 INTRODUCTION AND TESTING OF A COST-EFFECTIVE GNSS 
SYSTEM FOR LANDSLIDE MONITORING 

A version of this chapter has been accepted for publication in the journal Natural Hazards with 

the title “Introduction and Testing of a Cost-Effective GNSS System for Landslide Monitoring”. 

Abstract 

The use of Global Navigation Satellite System (GNSS) in combination with real-time kinematic 

(RTK) technique, known as differential GNSS (dGNSS), has increased in recent years for 

monitoring landslide displacements and detecting early signs of potential failure, enabling earlier 

response for risk mitigation than traditional monitoring techniques. GNSS offers several 

advantages, including high accuracy and high-frequency data collection. Although more cost-

effective, their affordability may still present challenges for public organizations managing multiple 

landslides in their territory. The SparkFun is a suite of components for GNSS assembly designed 

for topographic surveying, that integrates u-blox ZED-F9P or ZED-F9R modules. The system 

offers the benefits of dGNSS technology while being more affordable than other market options. 

It also avoids relying on phone signals for data storage on a cloud server. This paper presents the 

SparkFun system, its components, and how it can be assembled to create a dGNSS system for 

landslide monitoring. The deployment and testing at the Chin Coulee landslide in Alberta are 

discussed. Over the 6-month testing period, the system achieved milimeter accuracy (up to 

14 mm), aligning with the manufacturer's specifications. Estimated system errors were found to 

be comparable to a commercially available dGNSS system (Ophelia Geocube). Additionally, the 

system exhibits displacement trends similar to the 2018 Geocube monitoring campaign; however, 

for future deployments, the robustness of the power supply system and the insulation of the 

equipment need to be enhanced. Overall, the SparkFun system appears to be a promising and 

cost-effective alternative to monitor landslide displacements. 

Keywords 
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dGNSS system, Cost-effective, Landslide, Monitoring  

3.1 Introduction 

Slope monitoring is a fundamental approach for managing the risks posed by landslides. 

Monitoring aims to detect early signs of slope failure to provide timely warnings and is an important 

step in risk mitigation plans (Chae et al. 2017). Landslide monitoring often involves drilling 

boreholes and installing in-situ instruments such as ShapeAccelArrays (SAAs), slope 

inclinometers (SI), and piezometers (Smethurst et al. 2017; Rodriguez et al. 2021). Borehole 

drilling for down-hole instrumentation carries high installation costs that may result in a limited 

number of instrumentation installations due to budget constraints. Additionally, gaining access to 

drill pad sites might involve building access roads and clearing trees, obtaining permission for 

accessing privately owned land, and strategies to minimize the potential impact on the stability of 

these slopes due to earthworks (Rodriguez et al. 2021; Berru et al. 2023). The location of 

overhead and underground utilities may also affect the ideal placement of boreholes. These 

limitations highlight the need for exploring the use of cost-effective monitoring devices that offer 

more extensive and accurate coverage of landslides while minimizing their impact on the 

environment (Rodriguez et al. 2021) as a complement or alternative to down-hole instrumentation 

(depending on the characteristics of the site). 

The use of Global Navigation Satellite Systems (GNSS) units to monitor landslide displacements 

has increased due to their ability to collect data at high frequencies, high level of accuracy, and a 

gradual decrease in their cost over the last decades (Shen et al. 2019). GNSS units estimate their 

position by calculating the time it takes for signals from at least four satellites across different 

constellations (BeiDou, Galileo, GLONASS, GPS, IRNSS, and JQZSS) to reach them. These time 

measurements are used to calculate the distances from the satellites to the units. Subsequently, 

these distances are triangulated to determine the GNSS unit's position (Harris 2023). Also, GNSS 

units can calculate the position using single-frequency or multi-frequencies from the constellations 
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they track. Multi-frequency GNSS units provide a more robust calculation of the position, reaching 

millimetre accuracy; however, these commercial devices can be very costly. Alternatively, single-

frequency GNSS units have a horizontal accuracy of approximately 1.89 m (Deane 2020), 

because they are unable to correct errors caused by atmospheric layers, multipath errors resulting 

from signal reflections off nearby objects, internal noise within the device, and satellite orbits 

(Doberstein 2012; Miller et al. 2015). The real-time kinematic (RTK) technique can correct these 

signal errors and significantly improve the relative accuracy of the GNSS unit. Typically, an RTK 

setup comprises at least two GNSS units: a GNSS unit, known as the “base”, which is installed 

at a location known to be stable and fixed, with known coordinates, and a GNSS unit, known as 

the "rover", whose coordinates are unknown. The satellite signals received by the base and rover 

have errors. However, the base can correct the errors of the rover by transmitting differential 

correction data calculated by the GNSS module based on its fixed position. The transmitted 

corrections increase the position accuracy of the rover to within centimeters or millimetres, 

depending on the system (Figure 3.1 for a layout example). Some GNSS units allow more than 

one rover to be linked to a base, which establishes a monitoring network of survey monuments.  

 
Figure 3.1 Real-Time Kinematic technique schematic (Photo right: S. Alberta MDs and Counties, 

Google Earth Image) 
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GNSS measurements using the RTK technique are commonly known as differential systems 

(dGNSS), which offer similar advantages to a single GNSS unit but with increased accuracy. 

Modern dGNSS can achieve horizontal and vertical accuracies of 1 cm and 2 cm, respectively 

(Takasu and Yasuda 2009). Various studies have assessed the performance of dGNSS for 

landslide monitoring. Gili et al. (2000) demonstrated that using only the GPS constellation, 

dGNSS could achieve centimeter-level accuracy, even in diverse weather conditions. Malet et al. 

(2002) reported millimeter-level accuracy in hourly monitoring sessions at the Super-Sauze 

earthflow in France, using solely the GPS constellation. In Italy, a dual-frequency dGNSS system 

was employed to verify a landslide hazard assessment, with base-to-rover distances ranging from 

100 m to 3000 m. The deformation rates obtained from the dGNSS were compared with 

inclinometer data in the area, which showed rates of 4.75 cm/month and 3.8 cm/month for the 

inclinometer and the GNSS unit in its proximity, respectively (Tagliavini et al. 2007). Takasu and 

Yasuda (2009) developed a low-cost, single-frequency RTK-GNSS unit and an open-source 

package library containing position algorithms. The system achieved 1 cm accuracy using only 

the GPS constellation, with an estimated component cost of $400 USD (Currently approximately 

$570 USD). However, it presented some limitations: the single frequency requires more time to 

estimate the position compared to a multi-frequency. The unit needs to be connected to a PC to 

estimate its position, limiting its deployment to sites with a constant power source. Users must 

also be knowledgeable about configuring the unit's serial port and IP address. Despite these 

limitations, this system highlights the potential for cost-effective monitoring alternatives.  

Differential GNSS (dGNSS), using various satellite constellations, has enhanced accuracy and 

reliability (Rodriguez et al. 2021). Technological advancements have enabled the development of 

low-cost, compact, and energy efficient GNSS units capable of accurate displacement monitoring 

(Cina and Piras 2015). As a result, this technology has been used in a variety of applications. For 

instance, Manzini et al. (2022) tested a dGNSS network to study its suitability for structural health 
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monitoring (SHM) applications. The system demonstrated the capability to track displacements 

of 4 mm, highlighting its promising performance in accurately detecting displacement. Similarly, 

Xue et al. (2022) tested low-cost dGNSS networks to evaluate their performance in monitoring 

dynamic motion. The testing showed that the accuracy of the low-cost GNSS receivers could be 

increased between 2 mm and 4 mm. Caldera et al. (2022) demonstrated that a dGNSS network, 

comprising three GNSS units, achieved up to 2 mm accuracy when was tested in bridge structure 

for 4 years. 

Regarding the use of dGNSS to monitor landslides, Cina and Piras (2015) evaluated the capability 

of single-frequency mass-market GNSS units to detect minimal deformations. Their results 

demonstrated promising outcomes, with the GNSS units achieving millimeter accuracy. Although 

they emphasized the necessity for additional testing in real-case scenarios to further assess their 

capabilities. The French Institut Géographique National developed the Geocube system, a single-

frequency GNSS system that combines a GNSS wireless network and a multi-sensor unit (Benoit 

et al. 2015a). Deployed in the French Alps at the Super-Sauze landslide and the Glacier 

d'Argentière (Benoit et al. 2015a, b; Rodriguez et al. 2021), the Geocubes have demonstrated 

ease of deployment, high frequency of measurements, low power consumption (0.27 watts), 

millimeter precision (2 mm) even in challenging field conditions and a relatively low capital cost of 

approximately $4500 CAD per unit (Currently approximately $3925 USD) (Rodriguez 2021; Berru 

et al. 2023). These characteristics make them a suitable option for monitoring locations where 

power restrictions or budget constraints previously limited monitoring possibilities (Benoit et al. 

2015a, b; Rodriguez et al. 2021). Hamza et al. (2023) developed and tested a cost-effective GNSS 

monitoring system on a Slovenian landslide site. The system's results were compared to those of 

high-end geodetic instruments, revealing differences of up to 7 mm between the two technologies, 

concluding that the developed system presents a viable option for accurately monitoring slow 

movements. 
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In Canada, Geocubes were initially deployed at the 10-mile and Ripley landslides in British 

Columbia (Rodriguez et al. 2018). This was soon followed by their implementation at the Chin 

Coulee landslide in Alberta, Canada (Rodriguez et al. 2021). Ten Geocubes were deployed at the 

Chin Coulee site: four were installed on the moving soil mass, five on the landslide's perimeter 

near the scarps to monitor for potential landslide retrogression, and one on a fixed and known 

position across the reservoir (Rodriguez et al. 2021) (Figure 3.2).  

 
Figure 3.2 (a) Geocube unit schematic and (b) Location of Geocubes units at Chin Coulee Landslide 

(Figure B’s right: Ophelia Sensors)  

The performance of the Geocubes was tested considering the Chin Coulee is a slow-moving 

landslide (up to 50 mm/year) according to the classification by Cruden and Varnes (2013). The 

findings indicated that the Geocubes provide reasonably accurate data at a relatively low cost, 

reaffirming their suitability as an alternative for landslide monitoring and early warning systems. 

However, the Geocubes system requires a phone signal at the monitoring area because it needs 

to upload the monitoring raw data to Ophelia’s cloud server, where the manufacturer post-

processes the data and provides near-real-time positioning on a fee for service basis. While this 

service is convenient for users with healthy budgets, the costs are not inconsequential for long 

term monitoring campaigns. Relying on the manufacturer for data post-processing can be 

problematic in remote locations with limited internet access or for organizations that require 
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secure, non-shared monitoring information to comply with their corporate cybersecurity policy. 

This limitation raises the question of whether there are alternative options with similar technical 

advantages to Geocubes but without the need to depend on the manufacturer for post-processing 

the data or incurring additional data maintenance costs. 

In this quest, the SparkFun RTK emerged equipped with dual-frequency capabilities, for high-

frequency measurements and the capacity to achieve millimeter-level accuracy when combined 

with real-time kinematic (RTK). The recorded data from SparkFun units is stored on a microSD 

card, eliminating the need for cloud storage services or third-party post-processing. The capital 

cost of each SparkFun in a RTK setup in 2022 is approximately $1930 USD, making it a cost-

effective solution for those with budget constraints or those requiring multiple monitoring points 

on a moving mass. These attributes position SparkFun GNSS units as a practical alternative for 

landslide monitoring (Table 3.5). 

This paper provides an overview of the GNSS SparkFun system and assembly for landslide 

monitoring, including pre-deployment tests conducted to determine the optimal configuration for 

displacement monitoring. It describes the deployment of the GNSS system at the Chin Coulee 

landslide and compares its monitoring data with the results obtained from the Geocubes system. 

The goal of the work in this paper was to evaluate the viability of the GNSS SparkFun system as 

a reliable monitoring solution and report the results to-date to the geotechnical community for its 

adoption and further development by others. 

3.2 Chin Coulee Landslide 

The Chin Coulee landslide is located in southern Alberta, approximately 20 km south of Taber, 

adjacent to Highway 36, specifically on the north slope of Chin Reservoir (Deane et al. 2020; 

Deane 2020; Rodriguez 2021; Rodriguez et al. 2021) (Figure 3.3a,b). The landslide is 

approximately 50 m height and 350 m wide, has an approximate volume of 2 Mm3 and a slope 

inclination that varies from 9o to 13o (Deane et al. 2020). 
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Several site investigations have been conducted to characterize the landslide stratigraphy, which 

comprises three main units. The uppermost unit is a medium plasticity clay fill layer, placed as 

part of the highway construction. Beneath the clay fill is a layer of stiff to very stiff glacial till, with 

low to medium plasticity and containing sand and silty lenses. The thickness of the glacial till 

ranges from 5 m at the toe to 40 m near the head scarp. The lowest layer is sedimentary bedrock 

which consists of interbedded layers of grey to brown siltstone, sandstone and medium to high 

plasticity silty clay shale. Coal seams were encountered within the clay shale (Deane et al. 2020; 

Deane 2020; Rodriguez 2021; Rodriguez et al. 2021) (Figure 3.3b, c). 

Field instruments were installed during multiple campaigns. Standpipe and vibrating wire 

piezometers, as well as measurements of the reservoir water level, indicate that the groundwater 

table depth varies from 12 m near the head scarp to 3.5 m at the landslide toe (Rodriguez 2021). 

slope inclinometers (SI) were installed at the head scarp to monitor the retrogression of the 

landslide, which could potentially affect the nearby highway. The SI measurements, in correlation 

with a low shear strength zone associated with coal seams encountered within the clay shale, 

suggest that the Chin Coulee landslide is a translational deep-seated landslide that is sliding over 

a sub-horizontal coal seam encountered at a depth of approximately 62 m below the head scarp 

(Deane et al. 2020; Deane 2020; Rodriguez 2021; Rodriguez et al. 2021).  
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Figure 3.3 (a) Chin Coulee landslide location in Alberta (b) Plan view and site investigation’s locations 

(C) Typical section (Figure B’s right: Alberta MDs and Counties, Google Earth Image) 

3.3 GNSS SparkFun System 

SparkFun Electronics specializes in producing and offering a diverse range of electronic 

components (SparkFun 2023a), such as circuit boards, sensors, and antennas. They have also 

developed topographic survey GNSS units, known as SparkFun RTK. These units integrate a 

high-precision positioning GNSS module built by u-blox (SparkFun 2023b, c). The SparkFun unit 

model discussed in this paper includes either a ZED-F9P or ZED-F9R module (Ublox 2023a, b). 

Both modules can receive and track four global navigation satellite system constellations (GPS, 

GLONASS, Galileo, and BeiDou) and operate on dual-frequency bands (L1 - 1575.42 MHz / L2 - 

1227.60 MHz), enhancing satellite signal reception and reducing interference (Rodriguez et al. 

2021). The main difference between these two modules lies in their functionality within a dGNSS 
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setup. SparkFun units with a ZED-F9R are designed solely for use as rover units and can only 

receive corrections to enhance their position accuracy. Additionally, they feature an embedded 

display that allows for monitoring the accuracy of the rover unit (SparkFun, 2023a). The SparkFun 

units equipped with the ZED-F9P module do not have the display, but they can both send or 

receive corrections, allowing them to work as base or rover units, respectively.  

The SparkFun unit features an SMA port for connecting an L1/L2 GNSS antenna, and two USB-

C ports, which allow for changing the configuration or charging the units. It also includes a radio 

port that enables sending or receiving correction data to enhance the unit’s accuracy. The unit is 

equipped with a 1300 mAh battery, consuming approximately 240 mA; it has a micro-SD socket 

that allows for SD cards with a capacity of up to 32 GB to record GNSS data. The units record 

time, number of satellites in view, longitude, latitude, geocentric coordinates (X, Y, and Z), height 

above mean sea level (MSL), height above ellipsoid (HAE), as well as horizontal and vertical 

accuracy. The SparkFun unit’s main hardware architecture is shown in Figure 3.4. 

 
Figure 3.4 Hardware architecture of SparkFun unit (SparkFun 2023d) 

The SparkFun units can be configured using the open access software U-center (Ublox 2023c), 

via WIFI or through a terminal window, such as Tera Term (SparkFun 2023e). To configure the 
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unit using U-center, the SparkFun unit needs to be connected by a USB cable to a computer using 

the ublox port (Figure 3.4). For the Tera Term terminal, the ESP32 port is used (Figure 3.4). The 

configuration of a SparkFun unit centers around six key settings: configuring transmission ports, 

initiating an in-process survey to estimate the base position, setting ports for receiving or sending 

corrections (enabling correction transmission), storing monitoring parameters, adjusting 

monitoring rates, and configuring logging time. The SparkFun units do not require the settings to 

be uploaded every time the unit is powered on or off. The system automatically utilizes the most 

recent settings saved on the microSD card (Berru et al. 2023). Additionally, the configuration can 

be saved in text (.txt) format and uploaded to the units via U-center, which helps to prevent 

potential misconfigurations in future deployments. For a more detailed explanation of the 

configuration, please refer to Ublox (2022, 2023d). 

The SparkFun units can achieve a manufacturer accuracy of 30 cm upon powering them on 

(SparkFun 2023a). However, when the GNSS SparkFun units operate as a dGNSS setup (base 

and rovers), the horizontal and vertical accuracy of the system can be improved to 14 mm 

(SparkFun 2023a). As a dGNSS setup, the SparkFun system requires additional components that 

are acquired separately and added to the SparkFun units. A schematic showing the link between 

different components of the SparkFun units to form a differential GNSS system is presented in 

Figure 3.5. 
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Figure 3.5 Schematic of SparkFun differential GNSS System 

The additional components, connected to one SparkFun unit as shown in Figure 3.5,are described 

as follows: 

▪ A GNSS antenna that receives the L1/L2 bands for the four constellations, and an interface 

cable that connects the antenna to the SparkFun unit. 

▪ A radio that sends corrections, which can be point-to-point (one base and one rover) or point-

to-multipoint (one base and multiple rovers), depending on the project requirements. The radio 

should operate at licensed frequencies in the country where the project is based. For the 

present research the radio operates at a frequency of 915 MHz for use in Canada and has a 

baud rate of 57 600 bps. 

▪ USB cables to configurate and power the GNSS SparkFun Unit or charge the integrated 

battery.  

▪ A micro-SD Card with a maximum capacity of 32 GB, formatted for FAT 32, is used to save 

the monitoring data. (SparkFun 2023a, b and c) 
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Figure 3.6 GNSS SparkFun unit Setup for just one SparkFun unit 

3.4 dGNSS SparkFun System Tests and Data Processing Method 

3.4.1 Pre-Deployment Tests 

Four SparkFun units, one base and three rovers, were pre-tested before being deployed at the 

Chin Coulee landslide. The pre-tests focused on: (1) Configuring the units to allow sending and 

receiving corrections; (2) Ensuring uninterrupted transmission and reception of corrections 

through the radios and evaluating their operational range; (3) recording key parameters for 

landslide monitoring displacements; and (4) evaluating the SD storage capacity of the SparkFun 

units.  

Several pre-deployment tests were conducted, with three considered crucial: Test A, conducted 

in an urban environment (longest test), Test B, pre-test conducted at the landslide site (Shortest 

test), and Test C, second urban test to evaluate new radios for the SparkFun units and a new 

antenna for the base. The three rovers were labeled as rover 949E, 9532 and 9562 following the 
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manufacturer-assigned codes. The unit responsible for transmitting corrections was referred to 

as the base. The characteristics and the arrangement of the pre-tests are presented in Figure 3.7 

and Table 3.1. 

Test A and C focused on evaluating the capacity to maintain the RTK connections between the 

units for long periods, rather than evaluating the radio range. During these tests, the SparkFun 

units were exposed to wind, rain, and snow; and were tapped and lightly shaken to test the 

robustness of connections. Test B, on the other hand, focused on assessing sky visibility, radio 

range, and the capacity to receive corrections at the monitoring site, before the deployment took 

place.  

Table 3.1 Pre-Deployment Test Characteristics and Results 

Item  
Test A Test B Test C 

Pre -Tests Characteristics 

Location Edmonton, Alberta 
Chin Coulee Landslide, 

Taber, Alberta 
Edmonton, Alberta 

GNNS Unit Base SparkFun RTK Surveyor (ZED-F9P module) 

GNNS Unit Rovers SparkFun RTK Express Plus (ZED-F9R module) 

Rover and base radios Telemetry radio (1) Telemetry radio (1) XBP9X radio (2) 

Rovers Antenna GNSS Multi-Band L1/L2 Antenna 

Base Antenna 
GNSS Multi-Band 

L1/L2 Antenna 
GNSS Multi-Band L1/L2 

Antenna 

GNSS Multi-Band 
Magnetic Mount 

Antenna 

Testing time 7 days Four hours 5 days 

Data Recording rate Every minute 
Every second  
Every minute 

Every minute 

SD Storage  32 Gb 

Distance between Rover 
and Base 

< 2 m. ~1.1 Km < 2 m. 

Notes: (1) Sik Telemetry radio range is above 300 m, frequency range 915 MHz and built to work as point-
to-point and (2) XBP9X radio range is up to 2.5 km, frequency range from 902 to 928 MHz, and work as 
point-to-multipoint. 
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Figure 3.7 Pre-tests arrangement: (a) Test A, (b) Test B and (c) Test C 

3.4.2 Chin Coulee Landslide Deployment 

Three GNSS SparkFun units, one base and two rovers, were deployed in November 2022 to 

assess the reliability and accuracy of the SparkFun system in monitoring landslide displacements. 

The SparkFun base was installed in a stable area across the landslide (Figure 3.7b and Figure 

3.8). The two rovers, designated rover 949E and rover 9532, were respectively installed near 

Geocubes SM22-06 and SM22-09 within the sliding mass (Figure 3.8). The rovers’ locations were 

selected for two main reasons: (1) These Geocubes registered the largest displacements within 

the sliding mass (Rodriguez et al. 2021) and (2) to use the Geocubes’ power supply.  
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Figure 3.8 (a) Plan view and (b) frontal view of GNSS SparkFun units’ locations at Chin Coulee 

landslide ((a)’s Right photo: Ophelia Sensors)) 

The Sparkfun base was installed at a pump house to ensure an uninterrupted power supply. The 

base satellite antenna was mounted on the Geocubes antenna support (Figure 3.9c), while the 

XBP9X radio’s antenna was mounted on the pumping house's far end to establish an 

unobstructed line of sight with the rover's radio (Figure 3.9a). The SparkFun base and the XBP9X 

radio are stored inside a plastic box (Figure 3.10b). 

The GNSS antennas for the SparkFun rovers were mounted on steel rods. The rods were 

embedded 0.5 m into the ground and connected to square steel tubes, driven 0.8 m into the 

ground, using brackets to add stability and prevent inclination. The XB9X radios’ antennas were 

connected to the rods above ground to ensure a clear line-of-sight to the base radio’s antenna 

and accommodate snow accumulation in the winter (Figure 3.11a, b). 
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Figure 3.9 (a) Base SparkFun Installation arrangement, (b) SparkFun unit and (c) Satellite antenna 

The rovers are powered by the Geocubes’ power supply system, consisting of two 12-volt, 100 Ah 

batteries, a 10-watt solar panel, and a solar charge controller (Figure 3.10b). The rovers and the 

XBP9X radios are connected to the charge controller via a USB plug designed specifically for this 

purpose (Figure 3.11c). The SparkFun rovers and the XBP9X radios are stored inside an 

aluminum battery box (Figure 3.11a, and Figure 3.10). After the installation, the SparkFun 

differential GNSS system was set up to collect data every minute. 
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Figure 3.10 (a) (b) Rover SparkFun Installation arrangement inside battery box 

 
Figure 3.11 (a) Rover SparkFun Installation arrangement, (b) Steel rods, GNSS antenna and XBP9X 

antenna (c) USB plug. 
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The capital cost of this deployment (three SparkFun units) was approximately $5,765 USD, which 

is around $1930 USD per unit. This cost includes expenses related to the SparkFun unit 

($750 USD), as well as radio equipment, protection, and power supply (Table 3.2). The costs 

associated with assembly, planning, installation time, data retrieval, and data processing will vary 

depending on specific project requirements and are not included in the capital costs. 

Table 3.2 dGNSS SparkFun system costs at Chin Coulee landslide 

Components Description Cost (USD) 

Three SparkFun 
units 

One base and Two rovers $2230 

Radio System XBP9X radio, cables, and antennas $740 

Protection Battery boxes and plastic boxes $1040 

Mounting Equipment Steel rod, square tube, pole mount support for solar panel $485 

Power Supply 
System 

Batteries, USB cable, USB plug, solar charge controller, solar 
panel 

$1270 

Total Capital Cost $5765 

 

3.4.3 Data Processing Method 

The collected monitoring data is stored in an ubx format, a proprietary binary protocol. The u-blox 

software converts the data a xls format and organizes the data in columns and rows, where each 

column corresponds to a monitoring parameter, and the rows represents the collected data at 

one-minute intervals (Table 3.3) (Ublox 2023c). 

Table 3.3 Monitoring data arrangement using U-blox software 

Index 
SVs 

Used (1) 
UTC (2) Lat (3) Lon (4) 

Alt 
(HAE) (5) 

PACC H 
(6) (m) 

PACCV 
(7) (m) 

0 28 5/2/2023 16:03 49.60501963 -112.180339 865.115 0.014 0.01 

1 28 5/2/2023 16:04 49.60501961 -112.180339 865.105 0.014 0.01 

2 28 5/2/2023 16:05 49.60501963 -112.180339 865.114 0.014 0.01 

3 30 5/2/2023 16:06 49.60501966 -112.180339 865.11 0.014 0.01 

4 30 5/2/2023 16:07 49.60501963 -112.180339 865.111 0.014 0.01 

5 30 5/2/2023 16:08 49.60501959 -112.180339 865.109 0.014 0.01 

Notes: (1) Number of satellites captured, (2) Coordinated Universal Time (UTC), (3) Latitude, (4) Longitude, 
(5) Height above ellipsoid, (6) Achieved horizontal accuracy (m) and (7) Achieved vertical accuracy (m) 

A Python-based code was developed to facilitate the post-processing of data. The code first 

converts Universal Time (UTC) to Mountain Standard Time (MST), which is the time zone at the 
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project location. The code then transforms the longitude and latitude data to the Universal 

Transverse Mercator (UTM) coordinate system. After these two first steps, a preliminary filtering 

process is applied to the data to discard measurements outside the manufacturer accuracy 

thresholds of 14 mm horizontally and 10 mm vertically. 

The Hampel filter (Hampel 1971) is used as a second preliminary filter to eliminate outliers, which 

are unusual discrepancies compared to most observations in a randomly sampled dataset (Sharifi 

et al. 2022; Zimek and Filzmoser 2018). This filter is applied to the UTM coordinates, as well as 

altitude (HAE) within 24-Hrs time intervals. Outliers in the data are identified as points deviating 

from the median by three times the median absolute deviation (Sharifi et al. 2022; Davies and 

Gather 1993; Pearson 2002; Liu et al. 2004; Yao et al. 2019), and these outliers are replaced with 

the median value within the same 24-Hrs intervals. After applying the Hampel filter, the Python 

code processes the data to generate graphs representing the number of satellites vs. time, 

horizontal and vertical accuracy vs. time and percentage of data remaining after the filtering 

process.  

Typically, GNSS unit data does not exhibit a visual trend upon initial analysis unless the 

displacement rate is significant compared with the accuracy of the system (Macciotta et al. 2016 

and Deane 2020). To enhance the interpretation of landslide displacements, kernel filters (simple 

moving average (SMA) and Gaussian-weighted moving average (GWMA)) or regression filters 

(Savitzky-Golay (S-G)) can be applied to reduce data scatter and the errors of the GNSS system. 

Both types of filters have demonstrated effectiveness for time-domain datasets (Sharifi et al. 

2022). However, the GWMA filter has been shown to effectively reduce the scatter, while 

maintaining the genuine displacement pattern (Sharifi et al. 2022).  

The GWMA filter uses a constant window size (bandwidth) for the entire dataset, but the window 

size can be adjusted near the boundaries depending on the available data points (Sharifi et al. 

2022). Within this window, the filter assigns weights to the data points, giving the highest weight 
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to the measurement closest in time to the calculation point. As the time difference from the current 

calculation point increases, the weight assigned to each data point decreases. This weighting 

approach ensures that the data point closest in time to calculation point receives the greatest 

influence during the filtering process (Sharifi et al. 2022). The weights are determined based on 

the Gaussian (normal) distribution as follows: 

Equation 3.1 𝑦�̂� = ∑ 𝑤𝑖 ∗ 𝑦𝑖

𝑖+
𝑝−1

2

𝑖−
𝑝−1

2

 

where 𝑦�̂� is the filtered value at the time 𝑖, 𝑦𝑖 is the unfiltered value, 𝑝 is the window size, 𝑤𝑖 is the 

weight coefficient based on the Gaussian distribution. 

The GWMA filter is applied to UTM coordinates and altitude (HAE). After the GWMA filter, the 

cumulative displacement is calculated based on the distance between the positions at the desired 

time and the initial time (Deane 2020). This approach is taken to avoid overestimation of 

cumulative displacement measurements since both negative and positive displacements 

(displacements towards and away from the initial position) are recorded in the dataset without 

differentiation (Deane 2020). The equation for calculating cumulative displacement is shown 

below: 

Equation 3.2 𝐷𝑖 = √(𝑋𝑖 − 𝑋0)2 + (𝑌𝑖 − 𝑌0)2 

where 𝐷𝑖 is the cumulative displacement at the time 𝑖, 𝑋𝑖 is the east coordinate at time 𝑖, 𝑋0 is the 

east coordinate at time zero, 𝑌𝑖 is the north coordinate at time 𝑖 and 𝑌0 is the north coordinate at 

time zero. 

The cumulative elevation is calculated by subtracting the filtered elevation at the desired time 

from the filtered elevation at the initial time, as follows: 

Equation 3.3 𝐸𝑖 = 𝑍𝑖 − 𝑍0 
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where 𝐸𝑖 is the cumulative elevation at the time 𝑖, 𝑍𝑖 is the elevation at time 𝑖, 𝑋0 is the elevation 

at time zero. 

The displacement rate is estimated by subtracting the cumulative displacement at the desired 

time from the cumulative displacement at one minute before, as the data is recorded every minute. 

To enhance the interpretation of the displacement rate, this parameter is also filtered using the 

GWMA filter. 

Equation 3.4 �̅�𝑖 = 𝐷𝑖 − 𝐷𝑖−1 

where �̅�𝑖 is the velocity at the time 𝑖, 𝐷𝑖 is the cumulative displacement at time 𝑖, 𝐷𝑖−1 is the 

cumulative displacement at time 𝑖 minus 1 minute. 

3.5 dGNSS SparkFun System Results 

3.5.1 Pre-Deployment Tests Results 

The SparkFun units were pre-tested independently and as part of a dGNSS setup. In both 

approaches, the units successfully captured satellite signals, recorded their positions, and 

maintained a consistent number of satellites throughout all three pre-tests. When assessed as 

individual units, they achieved an accuracy of up to 0.30 m, as specified by the manufacturer. In 

the dGNSS setup, the base achieved a fixed position and initiated the transmission of corrections 

to the rovers. 

During Tests A and B, the rovers’ radio inconsistently receive the corrections, resulting in 

horizontal and vertical accuracies ranging from 11 mm to 5 m (Figure 3.12). Test A’s data showed 

that horizontal accuracies under 17 mm constituted 50% of the overall data, while for Test B, it 

represented approximately 60%. The lower percentage of data within the specified accuracy was 

attributed to the use of "Sik telemetry radios" during these tests. These radios are small, 

inexpensive, open-source platforms designed exclusively to function as pairs (one base and one 
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rover). However, Test B demonstrated that they can effectively transmit and receive corrections 

within a range of approximately 1 km (Figure 3.7). 

 
Figure 3.12 Horizontal and Accuracy (m): (a) Pre-test A (7 days testing) and (b) Pre-test B (3 hours 

testing) 

For Test C, XBP9X radios were used which work in a point-to-multipoint configuration. The results 

indicated an improvement in both horizontal and vertical accuracy, with measurements ranging 

from 10 mm to 20 mm (Figure 3.13). Horizontal accuracies less than 16 mm represented 

approximately 95% of the total data.  
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Figure 3.13 Pre-test C: (a) horizontal and (b) vertical accuracy (mm) 

During pre-testing, the SparkFun units’ storage capacity over time was assessed by gathering 

data at two recoding rates: one point per minute and one point per second. Results showed that 

at a one-minute recording rate, a 32 GB microSD card can store data for around 2.5 years. 

However, at a one-second recording rate, this capacity reduces to just 3 months (Figure 3.14). 

 
Figure 3.14 SparkFun GNSS unit’s available storage capacity 
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3.5.2 Chin Coulee Landslide Deployment Results 

The dGNSS SparkFun setup (the base and rovers 9532 and 949E) collected data at 1-minute 

intervals for approximately six months, from November 18th, 2022, to June 6th, 2023. Data gaps 

during the monitoring period were mainly due to power supply issues and equipment damage 

caused by extreme cold temperatures in winter (December to March), reaching as low as -32°C, 

as indicated by data from the Alberta Climate Information Service (ACIS 2023). The following 

observations were made: 

▪ Connection issues between the USB plug and the charger controller (Figure 3.10) affected 

the power supply to the SparkFun units. Initially, this affected the radios, which failed to 

process corrections transmitted from the base. Ultimately, it resulted in a complete shutdown 

of the SparkFun units. Throughout these periods, data exceeding the accuracy threshold was 

recorded or no data was captured. 

▪ The lack of insulation in the storage boxes affected the SparkFun units' hardware. Rover 

949E's data recording stopped after 10 days due to a potential misconfiguration in the logging 

time, likely caused by damage to the SparkFun board. Similarly, the base unit discontinued 

correction transmission after 13 days of operation due to a damaged SD card, impacting both 

the base's configuration and correction transmission capacity. 

When the dGNSS SparkFun setup worked smoothly, the SparkFun rovers tracked a varying 

number of satellites, ranging from 16 to 32. This occurred even in instances when corrections 

were temporarily lost, highlighting excellent satellite visibility. In the absence of corrections, 

horizontal accuracies ranged between 0.25 m and 1.3 m (Figure 3.15), with vertical accuracies 

reaching up to 1.5 m for both rovers. 

Upon receiving corrections, the SparkFun rovers had horizontal accuracies from 14 mm to 19 mm 

and vertical accuracies between 10 mm and 19 mm for both rovers (Figure 3.16). These results 

suggest that the XBP9X radios effectively transmitted and received corrections across a distance 
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exceeding 1 km. Furthermore, the selected installation locations exhibited an unobstructed line of 

sight between them and the base. 

 
Figure 3.15 Horizontal (Horz.) accuracies vs. time: (a) Rover 949E and (b) Rover 9532 

Data outside the manufacturer's accuracy thresholds was removed, discarding 40% of the data 

for rover 949E and 45% for rover 9532 due to extended intervals without corrections caused by 

power system failures. However, if only the period with corrections is considered, data with 14 

Accuracy (m): (a) Pre-test A (7 days testing) and (b) Pre-test B (3 hours testing)mm horizontal 

accuracy and 10 mm vertical accuracy represent 95% for rover 949E and 96% for rover 9532. 

Post-Hampel filter, the outliers constituted only 1% for rover 949E and 2% for rover 9532. The 

data remaining after applying both preliminary filters represent 59% for rover 949E and 53% for 

rover 9532 of the entire raw data sets. This suggests that enhancing the power supply and 

robustness against winter weather conditions can allow the use of approximately 95% of the data. 
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Figure 3.16 Horizontal (Horz) and vertical (Vert) accuracies after first filter: (a)(b) Rover 949E and (c)(d) 

Rover 9532 

 

The SparkFun GNSS units' position variability was assessed using the standard deviation of the 

filtered data over a 24-Hrs period following Macciotta et al. (2016) and Deane (2020). Both rovers 

exhibited horizontal standard deviations (σ) below half of the manufacturer's estimate (14 mm), 

indicating positional errors within the expected range for SparkFun GNSS units. Vertical σ ranges 

from 3.2 to 12.2. Approximately 45% of the data for rover 949E and 42% for rover 9532 exceeded 

the vertical manufacturer's specifications (10 mm). 
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Figure 3.17 Standard deviation (σ) vs. time: (a) Rover 949E and (b) Rover 9532 

3.5.3 Interpretation of Results of dGNSS SparkFun 

To understand variations in displacement rates, such as seasonal periods of acceleration and 

deceleration, landslide monitoring data should be gathered over extended periods (Deane E. 

2020). In prior studies conducted in the area, data was recorded for 1.2 years (July 2018 to 

September 2019), indicating that displacement rates are influenced by reservoir drawdown effects 

(Maximum and minimum reservoir elevation are 847.9 m and 834.7 m, respectively) (Drawdown 

rate ranging from 0.04 m/day to 0.19 m/day), leading to episodes of landslide acceleration 

(Rodriguez et al. 2021, Deane 2020).  

Currently, the SparkFun monitoring data does not span a one-year period, however, it provides 

valuable insights into the potential suitability of the dGNSS SparkFun setup for landslide 

monitoring. The raw data was pre-filtered using accuracy thresholds and the Hampel filter, 

removing measurements without corrections and outliers. Subsequently, the pre-filtered data for 

both east and north coordinates was subjected to the GWMA filter, using a 3-day window size, 
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which balances timely landslide deformation information, scatter removal, and preservation of 

short-term displacement events (Deane 2020). 

Rover 949E initially decreased in elevation by -6.7 mm, followed by a subsequent increase of 

2.1 mm, resulting in a cumulative elevation change of approximately -4.6 mm over a 6-month 

period (Figure 3.18). Meanwhile, rover 9532 exhibited an elevation spike, reaching an average 

cumulative elevation of 16.5 mm between December 2022 and January 2023, followed by a 

decrease of approximately 7.1 mm, leading to a cumulative vertical displacement of 9.4 mm 

(Figure 3.18).  

 
Figure 3.18 Cumulative east, north and elevation: (a) Rover 949E and (b) Rover 9532 (Note: Elv = 

Elevation (mm)) 
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In Deane's 2020 study, the Geocube near rover 949E exhibited a cumulative vertical displacement 

of -5.2 mm over a six-month period and -11 mm over one year. The Geocube near rover 9532 

recorded a cumulative vertical displacement of 3.5 mm in six months, and an estimated total of 

16 mm over one year. Furthermore, Geocubes near the SparkFun rover sites demonstrated a 

decline from December 2018 followed by an increase in March 2019. This pattern aligns with the 

experiences of both SparkFun rovers. 

The cumulative displacements in the North and East directions (Figure 3.18) are used to generate 

horizontal cumulative displacements and displacement rates (Equation 3.2 Rovers 949E and 

9532 had horizontal cumulative displacements of 5.3 mm and 18.5 mm, respectively, over the six-

month monitoring period (Figure 3.19). In the initial month of monitoring, rover 949E exhibited an 

abrupt spike in the horizontal cumulative displacement trend after 10 days of monitoring. This 

sudden acceleration is likely unrelated to genuine ground movement, as indicated by the absence 

of similar behavior in the Geocubes installed in the area. However, the precise cause remains 

undetermined. One plausible explanation is interference from local wildlife. 

 
Figure 3.19 Cumulative horizontal displacements of Rover 949E and Rover 9532 

Rover 949E experienced a horizontal displacement rate of 9.7 mm/year, while rover 9532 had a 

rate of 33.7 mm/year during the monitoring period. These estimated annual displacement rates 

might be higher, given the increase in displacement trend experienced by both rovers since May 

2023 (Figure 3.19). The expected increase aligns with findings that indicate acceleration periods 
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during May to September, according to the 2018 -2019 monitoring campaign (From July 11, 2018, 

to July 30, 2019) (Rodriguez et al. 2021; Deane 2020; Rodriguez 2021). The horizontal direction 

of displacements observed in the SparkFun rovers (Rover 949E and 9532) over the 6-month 

period (Figure 3.20) differs from those reported by Deane (2020) in their 12-month monitoring 

period. However, it aligns with the results for the months of October to December 2018 and April 

to June 2019 as presented by Rodriguez et al. (2021) (Figure 3.20). Additionally, the direction of 

resulted displacement vector (Horizontal and vertical) of both SparkFun rovers correspond with 

Rodriguez et al. (2021) estimation (Figure 3.20). 
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Figure 3.20 Cumulative horizontal and vertical displacement vectors of SparkFun units from November 

2022 to June 2023 (Data is average using a 3-day moving average) 

3.5.4 Results of dGNSS Geocubes 

The Geocubes system monitored the landslide simultaneously with the SparkFun units. However, 

starting in January 2023, the Geocubes encountered diverse connectivity issues related to the 
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hardware and the RTK connectivity between the Geocube rovers and their base. This resulted in 

either no data recording or intermittent raw data (SM22-06). Consequently, for the analysis of 

landslide displacements, it is considered that reliable Geocube data was only recorded until this 

month. 

For the current study, Geocubes SM22-06 and SM22-09 (Figure 3.2b and Figure 3.8) hold 

particular relevance due to their location for comparison with the SparkFun system. The Geocube 

raw data was presumed to meet the manufacturer's claimed accuracy of 2 mm or lower, thus just 

the Hampel filter was used to filter it (Ophelia, 2023). Ophelia did not provide accuracy information 

for the monitoring period. After filtering, 99% of the total dataset was retained, a 4% improvement 

over SparkFun, which retained 95% of the data after applying the Hampel filter. 

A 24-Hrs standard deviation was estimated for the Geocubes in both the East and North 

coordinates, ranging from 0.5 mm to 2 mm, and reaching up to 4 mm on the elevation plane. 

Considering a 3-day moving average for the GWMA filter, Geocubes SM22-06 and SM22-09 

exhibited cumulative vertical displacements of 0.4 mm and 1.32 mm, respectively. Both Rover 

9532 and SM22-09 recorded upward movements, characterized by a declining trend. 

The estimated cumulative horizontal displacements for Geocube SM22-06 and SM22-09 are 

5.6 mm and 6.2 mm, respectively (Figure 3.21) up to December 2022, corresponding to 

displacement rate of 60.2 mm/year and 66.6 mm/year for Geocube SM22-06 and SM22-09, 

respectively. By considering only the cumulative displacement from unprocessed intermittent 

data, Geocube SM22-06 had a cumulative displacement of 19 mm over 6-months (Figure 3.21) 

which represents a displacement rate of 39.5 mm/year. This cumulative displacement is 13.7 mm 

greater than the displacement recorded by the SparkFun rover 954E. 
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Figure 3.21 Cumulative east, north, elevation displacements: (a) Geocube SM22-06 and (b) SM22-09; 

and horizontal displacements: (c) Geocubes SM22-06 and SM22-09 

3.5.5 SparkFun and Geocubes Systems 

The cumulative horizontal displacements and elevations between the SparkFun units and the 

Geocubes until December 2022 are shown in Figure 3.22. Both technologies exhibited similar 

horizontal displacements until this month. For instance, rover 949E and Geocube SM22-06 have 

a difference of 1.5 mm, while the difference between rover 9532 and Geocube SM22-09 is 

1.36 mm. 
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In the vertical direction, there is no clear alignment. Rover 949E and Geocube SM22-06 showed 

agreement in the displacement trend, but the rover 949E recorded higher increases in the vertical 

direction. For rover 9532, the results are opposite, with the rover 9532 indicating a decrease in 

elevation while its corresponding Geocube (SM22-09) recorded a slight increase in elevation of 

0.8 mm. 

 
Figure 3.22 Comparison of (a) cumulative horizontal displacements and (b) elevation between 

SparkFun and Geocube systems 

The total displacement and the displacement rates estimated for the SparkFun and the Geocubes 

are shown in Table 3.4. The difference in horizontal displacement rates between the two 

technologies can be attributed to the monitoring period duration. Sparkfun system’s monitoring 

period extends up to June, but Rodriguez et al. (2021) suggested that the predominant 

displacements occurred from July to September, a period not currently included in the 

assessment. However, both technologies indicate greater displacement in the area where rover 
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9535 is located; and when examining the displacement trend, the SparkFun data aligns with the 

documented seasonal behavior of the landslide.  

Table 3.4 SparkFun and Geocube system results 

GNSS 
Technologies 

SparkFun System Geocube System 

2022-2023 Chin Coulee 2022-2023 Chin Coulee (2) Rodriguez et al. 2021(3) 

Rover 949E 
Rover 
9532 

SM22-06 SM22-09 SM22-06 SM22-09 

Horizontal 
Displacement 

(mm) 
5.3 18.5 5.6 6.2 - - 

Total 
Displacement 

(mm) 
7 20.8 5.7 6.3 52 58 

Horizontal 
Displacement 

Rate (mm/year) 
9.7 33.6 60.2 66.6 45.3 89.8 

Notes: (1) SparkFun rovers 949E and 9532 are paired with Geocube SM22-06 and SM22-09, respectively; 
(2) Geocube monitoring data spans from November 2022 to June 2023 (1-month monitoring period); (3) 
Rodriguez et al. (2021) reported Geocube monitoring data from July 11, 2018, to September 19, 2019. 

The SparkFun and Geocubes dGNSS networks experienced power supply issues, resulting in 

inconsistent monitoring times. However, despite this limitation, the alignment in displacement 

trends, such as the increase in displacement since May (Figure 3.19), and directional accuracy, 

including the identification of the graben and horst area in the landslide (Figure 3.20), consistent 

with previous studies, demonstrated the promising performance of the SparkFun system at half 

the cost of the Geocubes. A comparison between the two technologies is presented in Table 3.5.  

Table 3.5 SparkFun and Geocubes systems performance comparison 

 SparkFun System Geocube System 

Constellation 
GPS, GLONASS, BeiDou, 

Galileo 
GPS, GLONASS, BeiDou, 

Galileo 
Frequency Dual frequency Single frequency 

Data collection rate 60 s (Up to 1 s) 60 s 

Unit cost $1930 USD (1) 
~$4500 CAD (2) 

(Currently ~$3925 USD) 

Data Storage SD (Up to 32 Gb) 
Requires phone signal for data 

upload to Ophelia server. 
Data storage maintenance cost No Yes 

Distance between base and 
rovers 

Based on radio specifications 
(Chin coulee tested for ≤1.1 km) 

≤2 km 

External antenna Yes Integrated 
RTK mode Yes Yes 

Manufacturer accuracy in RTK 
mode 

10 mm - 14 mm 1 mm – 2 mm 

Position variability Horizontal ≤7 mm (3) Horizontal ≤2 mm (3) 
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 SparkFun System Geocube System 
Vertical ≤12 mm (3) Vertical ≤4 mm (3) 

Notes: (1) Detailed cost in section 3.4.2, (2) Based on Rodriguez (2021) and Berru et al.(2023), and (3) 
Estimated position variability using 24-Hrs standard deviation (See sections 3.5.2 and 3.5.4) 

3.6 Summary and Conclusions 

The description, assembly, and testing of a cost-effective dGNSS monitoring system, known as 

the SparkFun system, are presented in this paper. We assessed its performance for 6 months 

and compared it with another dGNSS system, Geocubes, at a landslide site in Western Canada. 

The findings lead to the following conclusions: 

▪ The SparkFun units as a dGNSS consistently achieved the specified manufactured accuracy 

(14 mm horizontally and 10 mm vertically) for over 95% of the testing time for the pre-tests 

and at the Chin Coulee landslide test when the appropriate components were added to the 

SparkFun units. This demonstrates good reliability in forming the dGNSS system required for 

monitoring landslides. 

▪ At the Chin Coulee landslide, data outliers represent up to 2%, resulting in 93% of the total 

raw data being reliable. The system's level of errors, represented by a 24-Hrs standard 

deviation (σ), ranged from 2.5 mm to 6.2 mm in the East and North coordinates and from 9 

mm to 12.5 mm in the vertical plane (Figure 3.17). These error ranges can be considered 

comparable to the Geocubes, and they demonstrate high precision at a lower cost. 

▪ The field deployment of the SparkFun system revealed a need to enhance the power supply 

system and to improve the overall system's robustness and insulation to withstand the harsh 

Canadian winter.  

▪ During periods when the SparkFun system did not encounter issues related to environmental 

factors, it provided results consistent with previous monitoring dGNSS campaigns at the area 

and the known landslide deformation behavior. For example, the SparkFun units exhibited 

vertical displacement alignment with Deane (2020) and Rodriguez et al. (2021) (Figure 3.20). 

Regarding horizontal displacements, the system indicated an increase in displacement since 
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May, corresponding to the period when landslide movement intensifies. However, the detailed 

assessment of displacement magnitude was limited due to the duration of the monitoring 

period. 

▪ The results indicate that the SparkFun system shows promise as a GNSS system. However, 

a more extended monitoring period, along with the need to enhance assembly robustness, is 

necessary for a comprehensive evaluation. This would confirm its suitability as a cost-effective 

alternative to existing monitoring strategies for landslide characterization. 
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4 METHOD FOR ESTIMATING LANDSLIDE STABILITY UNDER 
FUTURE DRAWDOWN SCENARIOS DUE TO CLIMATE 
CHANGE - CHIN COULEE LANDSLIDE 

A version of this chapter has been submitted to the journal Landslides under the title “Method for 

Estimating Landslide Stability under Future Drawdown Scenarios due to Climate Change - Chin 

Coulee Landslide”. 

Abstract 

The effects of climate change in Canada are evident through rising temperatures, earlier 

snowmelt, and drier summers. This has led to an increased demand for reservoir water, especially 

in Alberta, due to its distance from large water bodies, a declining trend in precipitation, and the 

necessity for irrigation water. Fluctuations in reservoir water levels indirectly measure the demand 

for reservoir water. Drawdown, a critical phenomenon influencing slope stability, has the potential 

to reactivate old landslides, trigger new ones, or intensify existing movements. Alberta's geology 

is characterized by materials with low shear strength such as coal seams and bentonitic layers 

with low residual strength when disturbed. Therefore, it is crucial to evaluate the stability of 

landslides near rivers or reservoirs under varying drawdown rates, especially when considering 

extreme cases of drawdown related to climate change. This research develops a systematic 

methodology to assess the current stability condition of a landslide under existing drawdown 

scenarios and explore changes in stability under potential future drawdown scenarios caused by 

climate change. The practicability of the methodology was assessed at the Chin Coulee landslide, 

located in southern Alberta, which has been affected by the reservoir drawdowns during the 

summer. The methodology agrees with the observed failure mechanisms and mechanical 

properties of the soil, as well as a decrease in stability as the drawdown rates increased. The 

method includes a practicable simplified approach to estimate the change in drawdown magnitude 

and rate because of climate change. 

Keywords 
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4.1 Introduction 

Landslides occur across various geographical regions impacting various types of infrastructure in 

Canada (Guthrie 2013). Sudden and catastrophic landslide events, triggered by factors such as 

heavy rainfall, stream erosion, earthquakes, and snowmelt are often perceived as the most critical 

case (Porter et al. 2019). However, landslides classified as slow to extremely slow (Cruden and 

Varnes 1996) can have a significant economic impact. In Canada, Porter et al. (2019) estimated 

an annual cost between $281 and $450 million, impacting communities, farmlands, highways, 

and railway infrastructure, among others due to landslides movement.  

Landslide risks in Canada are commonly managed through monitoring, stabilization, or protection 

works (Macciotta et al. 2016a, Macciotta et al. 2016b, Carlà et al. 2017, Journault et al. 2017, 

Macciotta et al. 2019, Woods et al. 2020, 2021, Rodriguez et al. 2020, Macciotta and Hendry 

2021, Soltanieh and Macciotta 2022). However, understanding the trigger factors driving the 

movement is critical for landslide risk management. Studies have starter to assess the effect of 

extreme weather conditions, related to climate change, with landslide movement (Hendry et al. 

2015, Mirhadi and Macciotta 2023, Macciotta 2019, Pratt et al. 2019, Macciotta et al. 2017, 

Macciotta et al. 2015). 

Slow-moving landslides on valley walls are frequent in the Prairie region in Western Alberta. The 

geology in the area is commonly comprised of a combination of glacial tills (tills) and sedimentary 

bedrocks. These bedrocks usually consist of clay shales interbedded with siltstones, sandstones, 

and coal seams. They are often highly fractured, thrust, and already deformed due to glacial 

overriding (Biagini et al. 2022), resulting in reduced shear strength, thereby increasing the 

potential for landslide occurrences. The Alberta Geological Survey has classified nearly every 

significant river valley and its tributaries in the region as susceptible to some degree of landslide 

activity (Pawley et al. 2018). 
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The unique geological characteristics of the region in western Alberta have been shaped by 

continuous erosion of the soft sedimentary bedrock, sculpting the main river valleys, and forming 

numerous coulees and ravines (Lalonde et al. 2005). These formations have allowed to build 

storage reservoirs for diverse purposes such as irrigation and agriculture, hydropower 

development, flood control, fishing, and household water supply (Alberta 2023a). Currently, the 

Alberta Government owns and operates approximately 130 reservoirs in the province (Alberta 

2023b). In southern Alberta, there are 14 onstream reservoirs and 32 off stream reservoirs. This 

demand for reservoirs is driven by agriculture, which is fundamental for Alberta's economy. 

However, it's essential to recognize that, due to geological settings, landslide activity can be 

present in or around reservoirs banks. 

Over the past decades, climate change and global warming have been significant concerns, with 

rising temperatures attributed to greenhouse gas emissions (Bo et al. 2008). The warming rate is 

anticipated to range from 0.3°C to 0.8°C per decade, with greater increases towards the poles, 

reaching up to 8°C, affecting greatly to countries in high latitudes, such as Canada (Bo et al. 

2008). For example, the most recent report from Environment and Climate Change Canada 

(ECCC) forecasted a temperature increase of 6.5°C for the Canadian Prairies, including Alberta 

(Bush et al. 2019, Muhammad et al. 2020). According to Clark et al. (2017), climate change is 

projected to reduce the availability of industrial water supply in the Canadian prairie area by 26%. 

Additional studies suggest earlier snowmelt due to rising temperatures are causing drier late 

summer conditions (Joyse et al. 2016, St-Jacques et al. 2018), thereby increasing dependency 

on reservoirs to irrigate the farmlands (Alberta 2023c), leading to a greater decrease in reservoirs 

water levels (Wada et al. 2014, Kraemer et al. 2020, Lewis et al. 2023). Reservoir and river 

fluctuations globally have been linked to the reactivation of existing landslides and the initiation of 

new ones (Hendry et al. 2015, Yin et al. 2016, Macciotta et al. 2016b). The drawdown, when 
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reservoir water levels decrease, affects partially or entirely submerged slopes, including reservoir 

banks where landslides may occur in Alberta.  

Drawdown significantly impacts slope stability, especially soils with low permeability which are 

prevalent in the region, such as tills or weak clay shales. These soils do not allow the dissipation 

of induced pore water pressure at the same rate as the drawdown. Additionally, drawdown 

reduces the external force exerted by reservoir water on the slope, acting as a buttress (Bo et al. 

2008, Alonso and Pinyol 2009, Hendry et al. 2015). 

In Southern Alberta, a slow-moving landslide, named the Chin Coulee landslide, has been 

subjected to drawdown from the Chin reservoir, particularly in the summer as demand for irrigating 

surrounding farmlands increases, resulting in increased displacements during these periods. This 

off-stream reservoir is located approximately 20 km south of Taber and serves as a water source 

for irrigating nearby farmland (Deane 2020). The annual average drawdown rates exhibit an 

increasing trend based on Chin reservoir water levels provided by Alberta Environment and Parks 

(AEP) (Figure 4.1). This trend has the potential to significantly impact the stability of the Chin 

Coulee landslide and other reservoir banks in the Chin area that are on the verge of instability. 

 
Figure 4.1 Chin reservoir annual average drawdown rates 

With the continued change in climate and the need for sustainable economic growth, estimating 

landslide hazard changes due to climate change becomes important. This paper presents an 

approach to estimate changes in the landslide’s stability under possible reservoir drawdown 
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scenarios due to climate change, illustrated by a case study. Three major steps are proposed: (1) 

a seepage back analysis, (2) a stability back analysis and (3) future drawdown analyses. A factor 

of Safety (FoS) equal to one was assumed for the stability back analysis, following Cartier and 

Pouget (1988) and Hendry et al. (2015), representing the current landslide condition (Baseline 

scenario). The stability back analysis results were used to estimate the impact of projected 

drawdown scenarios on changes in landslide stability. The change in the percentage of FoS 

relative to the baseline scenario indicates an increase or decrease in the future stability. 

4.2 Chin Coulee Landslide 

4.2.1 Location, Site Investigations, and Instrumentation Campaigns 

The Chin Coulee landslide is located on the northern bank of the Chin Reservoir and adjacent to 

the south shoulder of Highway 36 (Rodriguez et al. 2021; Deane et al. 2019, Deane 2020) (Figure 

4.2). The overall slope inclination of the landslide ranges from 9º to 13º, but near the headscarp, 

it steepens to approximately 20º (Rodriguez 2021). The landslide has a width of approximately 

350 m and a height of 50 m from the reservoir level to the headscarp, resulting in an estimated 

volume of 2 Mm3 (Deane et al. 2019) (Figure 4.2). 

 
Figure 4.2 Chin Coulee landslide location and geometry characteristics 

Alberta Transportation and Economic Corridors (TEC) has conducted several site investigations 

and instrumentation campaigns to characterize the landslide stratigraphy and identify its failure 

mechanism. Between 1998 and 2015, piezometers and slope inclinometers (SI) were installed; 
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however, they ceased working for various reasons, such as being sheared off or damaged during 

the 2016 highway realignment construction work. Soil samples were collected for laboratory tests 

(Golder 1998, Amec 2002, 2015; Deane et al. 2019; Deane 2020) in 2015. In 2018, TEC 

completed an additional site investigation to monitor retrogressive displacements that could affect 

Highway 36, installing four vibrating wire piezometers (VWPs) and two slope inclinometers (SI) 

(Deane 2020). Additionally, nine GNSS devices were installed, with four on the moving mass and 

the remaining five around the landslide perimeter (KCB 2018, Berru et. al. 2023). These devices, 

known as Geocubes, monitored surficial displacements between 2018 and 2023, until they were 

decommissioned from the site. Based on the Geocubes monitoring records, the landslide exhibits 

cycles of movement and inactivity, with displacements ranging from 17 mm to 107 mm in the 

sliding mass over a one-year period (Deane et al. 2019; Rodriguez et al. 2021). A plan view of the 

drill holes and instrument locations is in Figure 4.3. 
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Figure 4.3 Drillholes and Instruments locations (DH (Drillhole) (Installation year)) (Green indicates 

operational, red indicates non-operational) Geocubes are a GNSS monitoring system 
(Photo right: S. Alberta MDs and Counties, Google Earth Image) 

4.2.2 Landslide Stratigraphy and Groundwater Conditions 

Site investigations identified an overlaying fill layer of stiff to very stiff silty clay with low to medium 

plasticity, which is 5 m to 10 m thick, resulting from Highway 36 construction work (Deane et al. 

2019). Beneath the fill, a till layer is present, divided into two units with different degrees of 

weathering, consistent with regional soils' stratigraphy (Bayrocks 1963; Hendry 1980, 1982). The 

upper till layer, extending to approximately 15 m depth, is very stiff, weathered, brown, and 

exhibits low to medium plasticity due to oxidation (Hendry 1980). Meanwhile, the lower till consists 

of a very stiff to hard, unweathered, dark grey till with low plasticity up to 45 m below ground 

surface.  
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The bedrock comprises discontinuous layers of non to low plasticity grey siltstones, non to low 

plasticity grey sandstone, and medium to high plasticity weak clay shales (Deane et al. 2019, 

Rodriguez et al. 2021). A 1 m thick coal seam was found within the clay shales at elevations 

approximately 830 m and 827 m in boreholes DH-98-5 and DH98-4, respectively (Deane et al. 

2019). Sandstone was inferred to lay beneath the coal seam according to borehole logs. A typical 

cross section showing the landslide stratigraphy is presented in Figure 4.4 

 
Figure 4.4 Chin Coulee landslide’s Stratigraphy 

 
During drilling, groundwater was encountered at the landslide crest in the upper till. Amec (2015) 

observed groundwater at an elevation of 878.9 m, while DH98-1 standpipe piezometer indicated 

levels ranging from elevations 877 m to 886.3 m. The 2018 VWP records have suggested stable 

groundwater levels between elevations 869.5 m to 877.5 m (KCB 2022) throughout the year 

(Figure 4.5), with no discernible seasonal or rainfall-related fluctuations. However, the infrequent 

readings do not allow assessing small-scale fluctuations (KCB 2022). 
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Figure 4.5 DH18-1 VWP record and precipitation (El. = Elevation, precipitation based on Wrentham 

Station) 

Deane (2020) identified the unweathered till (Figure 4.4) as the key material influencing 

groundwater at the landslide. DH98-5 and DH98-4 piezometers installed at the landslide toe had 

provided relatively constant groundwater levels over time, excluding the first four measurements, 

which appear to be inaccurate as the piezometers were still stabilizing (Figure 4.6), indicating that 

this material exhibited higher permeability at the landslide toe (Deane 2020; Golder 1998). Green 

vegetation observed also in this area may indicate shallow groundwater (Golder 1998). 

 
Figure 4.6 DH98-4 and DH98-5 piezometers records near landslide toe (El. = elevation) 

4.2.3 Failure Mechanism and Triggering Factors of the Chin Coulee Landslide 

Golder (1998) suggested that the failure surface may be located on the weak shale/coal seam. 

Amec (2015) conducted two stability analyses, one considering a slip surface along the coal seam 

and the other along the contact of the bedrock and the till. Their findings indicated that the 
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landslide is primarily driven by deep-seated movement on the weak shale/coal seam, exhibiting 

retrogressive behavior towards the north. 

Deane (2020) analyzed the landslide evolution and identified two primary factors contributing to 

its displacements: (1) the realignments of Highway 36, and (2) the filling of the reservoir. He also 

noted that that increasing reservoir water usage in the summer causes drawdown periods, further 

exacerbating the displacements. He concluded that the Chin Coulee landslide is characterized by 

a compound failure mechanism involving a combination of translational rotational sliding and 

lateral spreading. Rodriguez (2021) analyzed the landslide mechanism using Geocubes. 

Geocube SM-6, installed in the upper area, showed a downward component of movement, 

consistent with its location identified as a graben area, while SM-7 and SM-9 units installed at the 

landslide middle and toe areas recorded slightly upward movements (Figure 4.7). The small 

upward component of movement at the toe suggests a possible rotational movement near the toe 

to allow the kinematical feasibility of the displacements, increasing the complexity of the 

deformation mechanism (Rodriguez 2021). Rodriguez et al. (2021) also observed greater 

displacement trends due to reservoir drawdown. 

 
Figure 4.7 Chin Coulee landslide estimated failure mechanisms (After Deane (2020) and Rodriguez 

et al. (2021)) 

4.2.4 Common Landslide Behaviour in Western Canada 

The Chin Coulee landslide exhibits an instability mechanism commonly observed in weak bedded 

rock slopes in western Canada (Renani and Martin 2018), characterized by a translational 

movement over a weak layer (coal seam). These weak rocks and overconsolidated soils, such as 
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the siltstones, shales and tills typically exhibit a progressive decrease in shear strength through 

continuous slow movements (Skempton 1964, Hettler and Vardoulakis 1984, Renani and Martin 

2018, 2019). This behaviour is commonly known as strain-weakening or strain-softening (Terzaghi 

1936). Renani and Martin (2019) illustrated this behaviour in examples from Buchberg sandstones 

and Walton’s Wood clay (Kovari 1977, Skempton 1964, Renani and Martin 2019). Both materials 

showed that the residual is significantly lower than the peak shear strength, but the slopes of their 

strength envelopes are almost identical (Figure 4.8), indicating a gradual loss of cohesion due to 

strain, while the friction angle is relatively maintained (Renani and Martin 2019). 

 
Figure 4.8 Strength envelopes at peak and residual states: (a) Walton’s Wood clay and (b) Buchberg 

sandstone (Kovari, 1977, Skempton, 1964, Renani and Martin 2019) 

Renani and Martin (2019) suggested describing the strain-softening behaviour using the Mohr-

Coulomb (M-C) criterion with linearly degrading strength parameters (Potts et al. 1997, Troncone 

2005, Conte et al. 2010, Renani and Martin 2019, 2020) (Figure 4.9). This criterion considers an 

immediate and total loss of cohesion following failure (Cr= residual cohesion = 0 kPa) (Figure 

4.9b). This aligns with cases presented by Renani and Martin (2019), illustrating that the residual 

strength envelopes of soils displaying strain-softening behavior intersect at the origin (Figure 4.8 

and Figure 4.9b) (Renani and Martin 2019). The clay shales and tills at the Chin Coulee landslide 
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site are likely to exhibit similar behaviour because of their low liquidity index (LI) (<0.5), suggesting 

an overconsolidated and fissured state (Morgenstern 1967; Tweedie 1976).  

 
Figure 4.9 (a) Shear stress vs strain and (b) peak and residual strength envelopes in a linear 

degradation (Renani and Martin 2019) (Cp=peak cohesion, ϕp = peak friction angle, Cr= 
residual cohesion, ϕr = residual friction angle 

where 𝜏 is the shear stress, 𝜎𝑛 is the effective normal stress, 𝑐 is the cohesion, 𝜑 is the friction 

angle. Cohesion is generated by apparent cementation and intergranular bonds, while friction 

angles are related to the soil’s fabric and the confining stress (Renani and Martin 2019, 2020).  

4.3 Drawdown Stability Analysis Methodology 

The methodology presented aims to assess the current and future landslide stability under 

drawdown scenarios due to climate change (Figure 4.1). The methodology comprises three 

principal steps: (1) a steady- state seepage back analysis that determined the landslide 

permeability that reflect the measured pore water pressures, (2) a drawdown stability back 

analysis to assess the residual strength parameters for the mobilized materials (Figure 4.4) and 

to define the current conditions (baseline scenario). This stability considered a critical drawdown 

rate, estimated based on reservoir water levels, previously estimated permeabilities, and 

deformation and shear strength parameters; and (3) future drawdown scenarios assessment 

relative to the baseline scenario. 

A two-dimensional model was created, which considered the landslide section nearest to the 

drilled boreholes and instruments for a better representation of the stratigraphy and the current 
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conditions (Figure 4.3 and Figure 4.4). The seepage back analysis used the Slide2 software 

(Rocscience Inc., version 9.028), while the stability back analysis employed FEM model using 

RS2 software (Rocscience Inc., version 11.019). RS2 software allowed for the consideration of 

strain softening of the tills and clay shales using the M-C constitutive model with linearly degrading 

strength (Mebrahtu et al. 2022, Zhang et al. 2013). A uniform mesh comprising triangular nodal 

elements was used to discretize the landslide. The boundary conditions assumed for the seepage 

model were based on reservoir water levels, drilling observations and instruments records. The 

FEM model boundaries consisted of fully fixed nodes at the sides and base, allowing free 

movement on the landslide slope. A flow chart illustrating the steps for the assessment is 

presented in Figure 4.10, Figure 4.11 and Figure 4.12. 
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Figure 4.10 Drawdown back analysis flow chart: Initial Geologic model and Seepage Back Analysis (1 

of 3) 
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Figure 4.11 Drawdown back analysis flow chart: Drawdown back analysis (FoS= Factor of Safety) (2 

of 3) 
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Figure 4.12 Drawdown back analysis flow chart: Future drawdown stability (FoS= Factor of Safety) (3 

of 3) 

A Shear Strength Reduction (SSR) analysis was used to solve the back analysis FEM model. This 

analysis consisted of employing different trial strength reduction factors (SRFs) on shear strength 

parameters until the slope reached the point of failure, preventing numerical convergence. This 

critical failure point is identified as the Critical SRF which is equivalent to a FoS in Limit equilibrium 

method (Renani and Martin 2019). This SRF value serves as a stability index, for example, a SRF 

greater than one can indicate a reduction in the required mobilized strength compared to the 

observed current strength (Hendry et al. 2015), or it can suggest an increase in stability relative 

to the current conditions. In the M-C criterion (Figure 4.9b), cohesion and effective friction angle 

are reduced by applying the SRF (Troncone 2015; Renani and Martin 2019).  

Equation 4.1 𝐶𝑡𝑟𝑖𝑎𝑙 =
𝑐

𝑆𝑅𝐹
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Equation 4.2 tan 𝜑𝑡𝑟𝑖𝑎𝑙 =
tan 𝜑

𝑆𝑅𝐹
 

Where 𝐶𝑡𝑟𝑖𝑎𝑙 and tan 𝜑𝑡𝑟𝑖𝑎𝑙 are the trial values of cohesion and effective friction angle associated 

with a specific SRF. 

As previously mentioned, the M-C with linear degrading was applied to the clay shales and the 

tills. For the fill and the coal seam, and elasto-perfect plastic behavior was assumed, resulting in 

equal peak and residual shear strength. This model was applied to the coal seam, assuming it is 

at its residual shear strength, which is typically common in bedding planes. The sandstone was 

considered to have elastic behavior for model simplification.  

4.3.1 Shear Strength, Stiffness, and Permeability Properties 

4.3.1.1 Shear Strength 

Consolidated undrained triaxial tests (CUTX) on the fill provided an effective friction angle (ϕ’) of 

27.5º and cohesion (c’) of zero. Amec (2015) estimated a ϕ’ between 22º to 25º and zero cohesion. 

Chan and Morgenstern (1987) proposed a ϕ’ of 25º for a silty clay fill at the Edmonton. A ϕ’ of 25º 

and a c’ of 0 kPa were considered representative of both peak and residual shear strength (Figure 

4.13a). 

Direct shear tests (DS) on till samples at elevation 877 m, indicated a ϕ’ of 25.6º and c’ of 

21.5 kPa. Golder (1998) estimated a ϕ’ of 18º and a c’ of 5 kPa. Amec (2005) suggested a c’ of 

30 kPa and a ϕ’ of 18º. However, in 2015 Amec proposed a ϕ’ between 25º to 27.5º and zero c’. 

Hayley (1968) characterized the tills in Northern Alberta with a ϕ’ of 27º and a c’ of 14.4 kPa. 

Triaxial test on tills from Edmonton CN Tower showed a ϕ’ of 24º and a c’ of 14 kPa (DeJong and 

Harris 1971, Elwood and Martin 2010). Medeiros (1979) characterized tills with a ϕ’ of 40º based 

on CUTX from Churchill and Central LRT Stations in Edmonton (Elwood and Martin 2010). 

Wittebolle (1983) estimated a ϕ’ between 31.5º to 33.5º, and c’ between 15 kPa to 25 kPa (Elwood 

and Martin 2010) based on till samples from Nipawin Dam foundation in Saskatchewan and the 
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Epcor building in Edmonton (Elwood and Martin 2010). Elwood (2015) constructed a M-C failure 

envelope based on data from Mederios (1979) and Wittebolle (1983), resulting in a ϕ’ of 49.9º and 

a c’ of 38.3 kPa. Overconsolidated tills from Toronto indicated a ϕ’ ranging from 31º to 45º 

(Average of 33º) and a c’ between 0 kPa to 50 kPa (Average of 10 kPa) (Manzari et al. 2014). 

Elwood (2015) estimated the residual ϕ’ ranges from 89% to 99% of the peak friction angle. A ϕ’ 

of 26º and a c’ of 25 kPa were considered suitable for the peak shear strength for both 

unweathered and weathered till (Figure 4.13b, c). This simplification was made due to the limited 

laboratory tests performed and to avoid overcomplicating the model. 

Golder (1998) and Amec (2005) considered a ϕ’ of 25º and a c’ of 50 kPa for the clay shale, while 

Amec (2015) proposed ϕ’ from 30º to 35 º with no cohesion. Deane (2020) suggested ϕ’ of 30º for 

the clay shale. Locker J. (1969) conducted DS on siltstones from Edmonton and the Paskapoo 

formation in central Alberta. The siltstones exhibited ϕ’ between 35 º to 40º and c’ between 

140 kPa to 420 kPa (Thomson and Morgenstern 1979). Based on triaxial laboratory tests from 

the Leseur slide in Edmonton, Thomson (1971) determined a ϕ’ = 24º and c’ = 65 kPa for the clay 

shale (Thomson and Morgenstern 1979). Eigenbrod and Morgenstern (1972) proposed a ϕ’ = 33º 

and c’ = 9.5 kPa for the weathered clay shales of the Devon slide located in Edmonton. Chan and 

Morgenstern (1987) recommended ϕ’ of 21º and c’ of 48 kPa for the clay shale. Davachi et al. 

(1991) conducted direct shear tests at the Oldman River dam site in southwest Alberta, 

suggesting ϕ’ = 35º and c’ = 200 kPa for unweathered siltstones, with zero cohesion for weathered 

siltstones. Renani and Martin (2020) proposed a ϕ' = 35º and c' = 250 kPa for clay shales in 

western Alberta (Cornish and Moore 1985). A ϕ’ of 30º and a c’ of 100 kPa was considered for the 

clay shale, based on these literature review (Figure 4.13d, e) 
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Figure 4.13 Initial shear strength parameters for (a) fill material, (b)(c) glacial till and (d)(e) clay shale 

(CUTX = Consolidated undrained triaxial test and DS= Direct shear test) 
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Golder (1998) and Amec (2005) proposed a ϕ’ between11º to 16º for the coal seam, while Amec 

(2015) suggested a ϕ’ between 8 º to 9.5º. Ringheim (1964) estimated ϕ' = 9º for soft shales based 

on back analyses. Hayley (1968) determined that clay shales of the Little Smoky River landslide 

was at its residual strength with ϕ’ = 14º and c’ = 0 kPa. Eigenbrod and Morgenstern (1972) 

determined a ϕ’ = 8º with no cohesion for bentonite seams. Cornish and Moore (1985) reported a 

ϕ’ of 9 º for bedding planes in Western Alberta (Renani and Martin 2020). Davachi et al. (1991) 

recommended a ϕ’ between 10º to 16º for bedding planes. For the coal seam, ϕ’ values between 

8º to 12º, with no cohesion were evaluated to determine the value that provides an SRF equal to 

1 (Figure 4.14).  

 
Figure 4.14 Initial shear strength parameters for coal seam 

Golder (1998) and Amec (2005) proposed a ϕ’ = 40º and c’ = 200 kPa for the sandstone. Locker 

J. (1969) suggested a ϕ’ = 35º and a c’ = 140 kPa for the claystones (Thomson and Morgenstern 

1979). Davachi et al. (1991) recommended a ϕ’ of 60º for sandstones. For the sandstone a ϕ’ 

equal to 40º and a cohesion of 100 kPa was considered. The initial shear strength parameters for 

the back analysis are in Table 4.1. 

4.3.1.2 Stiffness 

Chan and Morgenstern (1987) proposed an elastic modulus (E) of 25 MPa for the silty clay fill. 

Pressuremeter tests on Edmonton tills provided E between 125 MPa to 140 MPa (Eisenstein and 

Morrison 1973). Medeiros (1979) determined tills’ E between 142 MPa to 164 MPa, while Chan 

and Morgenstern (1987) suggested a value of 92 MPa. Elwood and Martin (2010) statistically 
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estimated the average E of tills as 197 MPa, combining results from DeJong and Harris (1971), 

Medeiros (1979), and Eisenstein and Morrison (1973). Elwood (2015) suggested that E between 

125 MPa to 200 MPa and a Poisson’s ratio (υ) of 0.325 for tills based on in-situ and laboratory 

tests in Edmonton. It was considered a E of 120 MPa for the tills (Figure 4.15). 

 
Figure 4.15 Initial elastic modulus for glacial till 

Chan and Morgenstern (1987) proposed a minimum E of 138 MPa and a υ of 0.40 for clay shales, 

based on back analyses of excavation projects. Renani and Martin (2020) considered an E of 

400 MPa for clay shales and 100 MPa for bedding planes in western Canada, with a υ of 0.25 for 

both materials. Morrison (1972) conducted pressuremeter tests on clay shales in Edmonton, 

estimating E between 87 MPa to 900 MPa (Average of 500 MPa). Elwood (2015) recommended 

an E of 425 MPa and a υ of 0.35, for the Edmonton bedrock, comprising sandstones, siltstones 

and claystones. For this study, E of 140 MPa was considered for the clay shale, following Chan 

and Morgenstern (1987). An E of 100 MPa and 400 MPa were considered for the coal seam the 

sandstone, respectively, based on Renani and Martin (2020). Plaxis (2021) recommends a υ less 

than 0.35 to ensure accurate computational outcomes, hence, a υ of 0.30 was considered for all 

materials. The initial shear strength and stiffness parameters for the back analysis are in Table 

4.1. 

Table 4.1 Initial shear strength and stiffness parameters for back analysis 

Stratigraphy Unit 
γ 

(kN/m3) 

Shear Strength Stiffness 
Cp 

(kPa) 
ϕp (º) 

Cr 

(kPa) 
ϕr (º) E (MPa) υ 

Clay Fill 21 0 25 0 25 25 
0.3 Till: Weathered and 

Unweathered 
22 25 26 0 26 120 
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Stratigraphy Unit 
γ 

(kN/m3) 

Shear Strength Stiffness 
Cp 

(kPa) 
ϕp (º) 

Cr 

(kPa) 
ϕr (º) E (MPa) υ 

Siltstone/Shale 22 100 30 0 20 140 

Coal Seam 21 0 
8 / 9 /10 
/11 /12 

- - 100 

Sandstone 22 100 40 - - 400 

γ= unit weight, Cp= peak cohesion, ϕp = peak friction angle, Cr= residual cohesion, ϕr = residual friction 
angle, E = Elastic modulus, υ = Poisson ratio 

4.3.1.3 Permeability Properties 

Ameratunga (2016) suggested that fill materials have permeabilities (k) between 1x10-6 m/s to 

1x10-9 m/s based on its Unified Soil Classification System (USCS), while Deane (2020) estimated 

a k of 1x10-7 m/s for this fill (Figure 4.16a).  

Tills are considered a crucial material governing groundwater level (GWL) within the landslide, 

particularly the dual permeability unweathered till, with higher values close to the toe (Deane 

2020). Hendry (1982) classified tills in southern Alberta into two hydrogeological units, suggesting 

a permeability of 2x10-7 m/s for upper weathered tills, while lower unweathered tills exhibited 

values between 1x10-10 m/s to 5x10-9 m/s. Deane (2020) proposed values below 1x10-7 m/s for 

all types of tills.  

To accurately characterize this unweathered till, two permeabilities (1x10-6 m/s and 1x10-7 m/s) 

were evaluated near the landslide surface, and three (1x10-8 m/s, 1x10-9 m/s and 1x10-10 m/s) 

were assessed farther away from the slope (Figure 4.18) (Table 4.2). For the weathered till, a 

permeability of 1x10-7 m/s was assigned based on Deane (2020) (Figure 4.16b, c). 
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Figure 4.16 Selected permeabilities for (a) fill, (b)(c) glacial till, (d) sandstone, clay shale and coal seam 

Permeabilities for sandstones in the Milk River Formation, similar to the Foremost Formation, 

range from 1x10-8 m/s to 3x10-6 m/s (Glass 1990, Lawrence 2011). The Porcupine Hills 
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Formation in southwestern Alberta exhibits diverse permeability, varying from low-permeability 

shales, siltstones, and mudstones to highly permeable sandstones, for instance, permeability 

within this formation varies from 6.5 x 10-5 m/s to 6.1 x 10-8 m/s (Bayliss 2022). In western central 

Alberta, the Paskapoo formation comprises siltstones, sandstones, and mudstones. The 

sandstone in this formation has permeabilities ranging from 1x10-8 m/s to 1x10-7 m/s, while the 

mudstones, siltstones and shales exhibit values around 1x10-9 m/s (Hughes et al. 2017). A 

permeability of 1x10-8 m/s was selected for the clay shale and the sandstones based on Glass 

(1990) and Hughes (2017), while for the coal seam a permeability of 1x10-9 m/s was considered 

based on Hughes (2017) (Figure 4.16d). The initial permeabilities for the back analysis are in 

Table 4.2. 

Table 4.2 Initial permeabilities for seepage back analysis 

Stratigraphy Unit 
Permeability 

KH (m/s) KH/KV 

Clay Fill 1x10-7 

1 

Weathered Till 1x10-7 
Unweathered Till (near slope) 1x10-6 / 1x10-7 

Unweathered Till (away from slope) 1x10-8 / 1x10-9 /1x10-10 
Siltstone/Shale 1x10-8 

Coal Seam 1x10-9 
Sandstone 1x10-8 

KH = Horizontal permeability, KH/KV = Horizontal permeability/Vertical permeability 

4.3.2 Seepage Back Analysis 

The seepage back analysis initially considered permeability parameters from Table 4.2. These 

parameters were then refined, considering that the appropriate permeabilities should provided 

with a groundwater level within the limits of piezometers records (Figure 4.18).  

Three hydraulic boundary conditions were assumed for the calibration of the seepage model. The 

boundary condition at the landslide toe was defined based on historical reservoir levels from 

Alberta Environment and Parks (AEP), with an average level of 844.2 m considered 

representative (Figure 4.17).  
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Figure 4.17 Historical reservoir water level 

At the slope crest, boundary conditions are estimated based on observations during drilling and 

piezometer records. The GWL at the crest is assumed to be at elevation 878 m (12 m deep) (See 

section 4.2.2). On the landslide surface slope, a ‘Seepage Face Condition’ was applied to prevent 

the total head from exceeding the elevation head (Figure 4.18). 

Upper and lower limits of groundwater elevations within the landslide, corresponding to the 

maximum and minimum observed piezometer records, were established for comparison with 

computed values. Currently, there are only piezometer records at the landslide crest (2018 VWP), 

however due to constant and stabilized measurements in the 1998 toe piezometer records (Figure 

4.6). The 2018 VWP data with the 1998 piezometer records were merged to establish 

groundwater limits for the seepage model. The boundary conditions and piezometer limits are 

shown in Figure 4.18 and Table 4.3. 

Table 4.3 Piezometer Upper and Lower Limits 

Piezometer 
1998 Piezometers 2018 VWP 

GA98-5 GA98-4 
VW18-

02B 
VW18-01B 2018 Combined 

Location Near landslide toe At the crest 
Lower Limit (m) 845.4 849.2 859.7 871.6 859.7 
Upper Limit (m) 847.2 850.3 871.1 872.3 872.3 
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Figure 4.18 Boundary conditions and piezometer limits for seepage analysis 

4.3.3 Drawdown Back Analysis Modelling under Observed Conditions (Baseline 
scenario) 

Drawdown rates are influenced by factors like water demand and the physical characteristics of 

the reservoir. Water demand depends on factors such as climate, land use and demographics. 

However, reservoir water level fluctuations (Δ) can offer an indirect measurement of this demand. 

For this study, reservoir water level fluctuations are calculated as the difference between the 

highest levels observed at the end of the rainy season, just before peak demand, and the lowest 

level at the end of the dry season. This approach considers that landslide stability is most critical 

when fluctuations are at their highest. The annual reservoir water fluctuations, along with its 

calculation example for year 2019, are presented in Figure 4.19. 

 
Figure 4.19 (a) Annual reservoir water fluctuation and (b) 2019 Fluctuation calculation 

The annual drawdown rate is calculated by dividing the annual reservoir water fluctuation by the 

time it takes for this fluctuation (Equation 4.3). The highest estimated drawdown rate was 

0.19 m/day in 2017, corresponding to a water fluctuation of 8.2 m (drawdown time ≈ 43 days) 
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(Figure 4.20). This scenario, representing the worst-case, is the one evaluated for the drawdown 

back analysis. 

Equation 4.3 𝐷𝑟𝑎𝑤𝑑𝑜𝑤𝑛 𝑟𝑎𝑡𝑒 =  
𝑊𝑎𝑡𝑒𝑟 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛 (Δ)

𝑡𝑖𝑚𝑒
=

𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐸𝑙𝑚𝑎𝑥−𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝐸𝑙𝑚𝑖𝑛

𝑡𝑖𝑚𝑒
 

 
Figure 4.20 Drawdown rate vs reservoir water fluctuation 

At the crest, the piezo elevation was initially set at 878 m, then reduced to 877.1 m. An average 

variation of 0.9 m was adopted based on 2018 VWP records (one year after the critical scenario), 

showing the ground water level at the crest varies from 0 m to 2 m in the till. At the slope's toe, it 

was considered a reservoir water elevation of 845.7 m, decreasing to 837.5 m based on the 2017 

reservoir water records. The initial and final hydraulic boundary conditions for the back analysis 

are in Figure 4.21. 

 
Figure 4.21 Hydraulic boundaries before and after drawdown period 
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4.3.4 Possible Drawdown Scenarios due to climate Change 

Reservoir water fluctuations and drawdown rates exhibit an upward trend (Figure 4.1 and Figure 

4.19a) potentially impacting landslide stabilities. When grouping some years, three distinct trends 

emerged corresponding to low, average, and maximum values (Figure 4.22). These trends also 

exhibited an increasing pattern which appear to be influenced by climate change, the reservoir 

water supply system and equipment leading to a significant increased demand for irrigation in the 

dryer years. 

 
Figure 4.22 Low, average, and high drawdown rate trends 

Due to the uncertainty in forecasting the increasing trend, a simple linear trend was employed for 

extrapolation to estimate the plausible scenarios for drawdown rates (Figure 4.23). Given the 

years of data available, forecasting beyond 2050 would be associated with excessive uncertainty. 

In this study, the drawdown stability analysis was conducted for year 2050's maximum rate 

(0.23 m/day in red in Figure 4.23). While not ideal, this rate was considered adequate to 

investigate the potential magnitude of drawdown rates and their effect in slope instability given 

the uncertainties associated with projecting climate change scenarios, and adequate to provide 

information for long term planning. 
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Figure 4.23 Drawdown rates trend 

The water fluctuations would be limited by the required freeboard of the reservoir dam and the 

elevation of the outlet structure. Since there was no available data on these physical constraints, 

the model adopted the maximum historical fluctuation for the 2050 scenario equal to 8.8 m (Figure 

4.19a), equivalent to a drawdown time of 38 days. For the future worst-case scenario modeling, 

the hydraulic boundary at the slope’s toe considers the maximum historical average reservoir 

water level (Figure 4.17). At the crest, conditions resemble the 2017 scenario due to limited 

information on regional groundwater levels and data on their variation with precipitation or 

snowfall is unavailable. 

Additional scenarios were evaluated to (1) assess whether a slower drawdown rate and shorter 

fluctuation improve stability compared to the 2017 scenario (baseline), and (2) explore the impact 

of extreme drawdown rates higher than the 2050 scenario on the landslide stability. For enhanced 

stability evaluation, an average drawdown rate of 0.09 m/day and an average fluctuation of 4.80 m 

were considered (drawdown time ≈ 53 days) (Figure 4.24). To explore potential further instability, 

two extreme drawdown rates— 0.3 m/day and 0.4 m/day —were selected, corresponding to 

drawdown times of approximately 29 days and 22 days, respectively. The boundary conditions for 

the extreme scenarios mirrored those of the 2050-year scenario. However, for the stability-

increasing scenario, the initial reservoir water level was adjusted to the average reservoir water 

level of 844.2 m (Figure 4.17). The drawdown rates, drawdown times, fluctuations, and boundary 

conditions for all scenarios are summarized in Table 4.4. 
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Figure 4.24 Additional scenario to compare increases in stability 

 
Table 4.4 Drawdown rates, drawdown times, fluctuations, and Boundary conditions for scenarios 

Item 
Locati

on 

Drawdown Rate (m/day) 

2017 
scenario 

2050 
scenario 

Further 
Instability 
scenario 

Enhance 
stability 
scenario 

0.19 0.23 0.3 0.4 0.09 

Reservoir Fluctuation (Δ) (m) 8.2 8.8 8.8 4.8 

Drawdown Time (days) 43 38 29 22 53 

Hydraulic 
Boundaries 

Before 
Drawdown Slope 

Toe 

845.7 846.4 844.2 

After 
Drawdown 

837.5 837.5 839.4 

Before 
Drawdown 

Crest 
878 

After 
Drawdown 

877.1 

 

4.4 Results 

4.4.1 Seepage Analysis 

For the weathered till, a permeability equal to 1x10-7 m/s showed a good agreement with the 

established piezometer limits and literature review (Figure 4.16b,c), while for the unweathered 

tills near the landslide surface values above 1x10-7 m/s caused the groundwater table to reach 

the surface, contrary to field observations. Unweathered tills far from the landslide surface showed 

that permeabilities below 1x10-8 m/s showed little variation, but at 1x10-9 m/s, the groundwater 

table fell within the middle of the piezometer limits and is consistent with the findings in Hendry 

(1982) (Figure 4.16b, c). 
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Figure 4.25 Seepage back analysis results 

4.4.2 Baseline Drawdown Back Analysis 

The baseline back analysis (drawdown rate of 0.19 m/day) provided a slip surface closely aligned 

with the observed failure mechanism (Figure 4.7 and Figure 4.26). The GWL falls within the limits 

of the piezometer records. The M-C criterion with linearly degrading strength successfully 

captured the development of a steep back scarp, the formation of a shear zone at the basal weak 

coal seam and continuing to the toe of the slope. This indicates a suitable balance between 

modeling practicability and capturing the failure mechanism. However, it was observed that the 

model did not clearly depict the formation of the shear zone separating the driving and passive 

wedges of the landslide. This could be attributed to the need for larger displacements to develop 

for internal shearing or the requirement to increase the brittleness of the till material. An ϕ’ of 11º 

and no cohesion for the coal seam provided a Strength Reduction Factor (SRF) equal to unity. 

This shear strength aligns with Deane's (2020) findings and is within the observed range for this 

material type in Western Canada (Figure 4.14). The estimated landslide material properties align 

with values observed for similar stratigraphic units and, are in Table 4.5. 



91 

 
Figure 4.26 Back analysis: Critical SSR factor and slip surface obtained from SSR method 

Table 4.5 Estimated landslide material parameters from back analysis 

Stratigraphy Unit 
γ 

(kN/m3) 

Stiffness Shear Strength Permeability 

E (MPa) υ 
Cp 

(kPa) 
ϕp 

(º) 
Cr 

(kPa) 
ϕr 

(º) 
KH (m/s) 

Clay Fill 21 25 

0.3 

0 25 0 25 1x10-7 
Weathered Till 22 120 25 26 0 26 1x10-7 

Unweathered Till 22 120 25 26 0 26 

1x10-7 (Near 
surface) 

1x10-9 (Far from 
surface) 

Siltstone/Shale 22 140 100 30 0 30 1x10-8 
Coal Seam 21 100 0 11 - - 1x10-9 
Sandstone 22 400 100 40 - - 1x10-8 

γ= unit weight, E = deformation modulus, υ = Poisson ratio, Cp= peak cohesion, ϕp = peak friction angle, 
Cr= residual cohesion, ϕr = residual friction angle, KH = Horizontal permeability 

4.4.3 Possible Drawdown Scenarios due to climate Change 

The drawdown analysis, considering a rate of 0.23 m/day (Corresponding to year 2050), would 

still provide an appropriate characterization of the failure mechanism and model the expected 

groundwater table. The critical strength reduction factor (SRF) under this condition was equal to 

0.95, indicating a 5% decrease in the landslide stability (Figure 4.28a) compared to the baseline 

case.  

For the extreme drawdown rates, the model encountered convergence problems, possibly due to 

the complete instability of the landslide. To address this, the convergence tolerance in the model 

was increased from 0.001 to 0.002 for these scenarios. After this adjustment, the slip surfaces 

also modelled adequately the expected slip surface. The SRFs were 0.92 and 0.89 for the 
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0.3 m/day and 0.4 m/day, respectively (Figure 4.28b, c), suggesting that the slope would be 

showing accelerated movements and may be transitioning towards collapse. 

In the scenario aiming to model episodes with increased stability during a drawdown period (when 

compared to the base line – drawdown rate of 0.09 m/day), the resulting SRF is 1.01 (1% increase 

in stability) (Figure 4.28d). This was considered a marginal, non-significant change in the stability 

conditions of the landslide. The results of all scenarios are presented in Table 4.6 and Figure 4.27. 

Table 4.6 Future drawdown rates: stability results summary 

Scenario 
Drawdown 

rate (m/day) 
Fluctuation 

(Δ) (m) 

Drawdown 
Time 

(Days) 
SRF Difference 

Current Condition 0.19 8.2 43 1.0 ----- 

Year 2050 0.23 8.8 38 0.95 -5% 

Further instability scenario 
0.30 8.8 29 0.92 -8% 

0.40 8.8 22 0.89 -11% 

Enhance stability scenario 0.09 4.8 53 1.01 +1% 

 

 
Figure 4.27 SRF vs drawdown rate and drawdown time 
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Figure 4.28 Stability results based on different drawdown rates(m/day): (a) 0.40, (b) 0.30, (c) 0.23 and 

(d) 0.09 
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4.5 Conclusions 

This paper presents a methodology for analyzing the impacts of current and potential future 

drawdown scenarios on landslides resulting from climate change. It includes the estimation of 

reservoir water levels, drawdown rates, definition of hydraulic boundaries, shear strengths, and 

permeability properties. The effectiveness of the methodology was tested on the Chin Coulee 

landslide, known for increased displacements during summer when the reservoir water demands 

increase. The main conclusions of our work are as follows: 

▪ The methodology provided landslide material properties consistent with previous studies in 

the area and similar materials in the region. The groundwater table within the landslide aligned 

perfectly with historical piezometer records for the current scenario and for the future 

scenarios, however, future groundwater levels were near the upper piezometer limits due to 

higher drawdown rates. Additionally, the slip surface obtained by the methodology matched 

previous studies, traversing the weak coal seam, indicating that the Mohr-Coulomb (M-C) 

model employed, featuring linearly degrading strength parameters with no cohesion at the 

residual state, adequately modelled the material behavior in the region. 

▪ Estimating future drawdown rates is challenging, dependent on factors such as weather 

characteristics (evaporation, precipitation, and temperature), social factors, and physical 

constraints. The type of trend that drawdown rates may follow is uncertain. However, a 

practical approach suggested in this study is a linear trend, providing an average estimation 

and a glimpse of potential future scenarios. These extrapolations should be limited to a short 

period of years. In our case, approximately 29 years of data was then extrapolated 

approximately 25 years into the future. This constitutes a significant extrapolation and 

represents one of the challenges when forecasting the effects of climate change. 

▪ Considering this linear trend, an estimation of the change in stability was conducted, observing 

a decrease in stability (5%) for a drawdown rate of 0.23 m/day, and this trend continued with 
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extreme drawdown rates, leading to a reduction in stability of up to 11% (for a drawdown rate 

of 0.40 m/day). These instabilities trends suggest that the Chin Coulee landslide could 

experience more displacement velocities or even transition towards collapse in the future if 

drawdown rates are not controlled, potentially affecting Highway 36 located near the 

headscarp. 

▪ As the drawdown rates increase, the hydraulic boundary conditions at the landslide head 

scarp can change over time. This was not evaluated in the current study, and a simplification, 

considering a constant hydraulic boundary for all drawdown cases, was applied. However, 

with more information about the regional groundwater levels and infiltration rates, a detailed 

evaluation can be conducted as part of the workflow presented here. Additionally, the 

constitutive model considered in the present methodology accounts for small strains in the 

landslide material. However, as the drawdown increases, the formation of large strains also 

begins to occur, which needs to be considered depending on the failure mechanisms.  

This manuscript has presented a practicable approach for estimating changes in landslide hazard 

because of potential drawdown scenarios due to climate change. The practicability of the 

approach has been demonstrated in a case study in Alberta, although it can be deployed in other 

jurisdictions. The authors are eager to see the implementation of this methodology in diverse 

jurisdictions, aiming to assess its resilience and suitability in varied settings and climatic 

conditions. 
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5 CONCLUSION AND FUTURE WORK 

The thesis objectives are to develop tools to enhance the risk management of landslides in the 

Canadian Plains under climate change scenarios, considering enhanced cost-effective monitoring 

strategies and landslide analysis methods. These objectives were accomplished by developing a 

practical methodology to assess landslide stability under current and future drawdown scenarios 

caused by climate change and customizing a low-cost monitoring system and further tested and 

deployed to determine its viability and reliability for monitoring displacement in the severe 

Canadian climate. The method and monitoring tool were tested through their application to a real 

case in southern Alberta. The key findings and outcomes of this study are presented in the 

following sections. 

5.1 Cost-effective GNSS system 

The geological features in the Canadian plains contribute to its vulnerability to landslides, a risk 

that may be exacerbated by how climate change impacts precipitation, temperature, and 

vegetation patterns in the region. Traditional displacement monitoring technologies like 

inclinometers are expensive, which restricts the number of monitoring points or their application 

in projects with limited resources. Due to this constraint, a low-cost alternative technology, 

consisting of two SparkFun GNSS rovers installed at the landslide mass and one SparkFun base 

point (Figure 3.8), was evaluated as landslide displacement monitoring tools in aspects such as 

accuracy, precision, cost, and resilience to the Canadian environment. The main conclusions after 

their assembly, deployment, and testing for six months are detailed below: 

▪ The SparkFun rovers recorded data every sixty seconds, demonstrating it high frequency 

recording necessary for a displacement’s evaluation. 

▪ Both SparkFun rovers maintained horizontal and vertical accuracies of 14 mm and 10 mm, 

respectively, for more than 95% of the testing time. Additionally, the SparkFun errors in the 

horizontal direction ranged from 2.5 mm to 6.2 mm, while those in the vertical direction ranged 
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from 9 mm to 12.5 mm (Figure 3.17). These accuracies and error fall within the manufacturer's 

specified range. 

▪ The SparkFun system reported smaller displacements in the horizontal and vertical 

displacements than the Geocubes. This discrepancy may be related to the SparkFun's shorter 

monitoring period (6 months compared to the 14 months of the Geocubes), which ended at 

the end of May. However, the monitoring data did indicate a rise in displacements during May 

(Figure 3.18), aligning with the period when the landslide displayed higher displacements. 

▪ The SparkFun system displacement direction aligned both horizontally and vertically 

throughout the monitoring months with the Geocubes (Table 3.4 and Figure 3.20). For 

example, downward displacement at the headscarp (Rover 949E) and upward displacement 

near the landslide toe (Rover 9532) were identified, consistent with the identified failure 

mechanism of the landslide (Figure 3.20).  

▪ During winter, the SparkFun units had power supply troubles, which caused difficulties in 

getting corrections and data gaps. However, these issues can be addressed by incorporating 

insulated battery boxes, installing a larger solar panel (above 50 Watts), and sealing the 

connections between the USB plug and the USB cables with electrical tape. Additionally, 

regular maintenance should be considered to guarantee the system's reliability as a 

monitoring system. 

▪ The system had the limitation of not having a longer monitoring time, however, enhanced 

robustness, high-frequency recording, alignment with past monitoring campaigns, and failure 

mechanisms, combined with a capital cost of roughly USD$2000 per SparkFun unit, led to the 

conclusion that the SparkFun system is a promising and cost-effective solution for slow-

moving landslides (Cruden and Varnes 1996). It enables installation at multiple locations to 

improve kinematic characterization at each site without incurring expensive costs and 

addresses the potential for additional slides induced by climate change in the region.  
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5.2 Methodology to assess Drawdown scenarios induced by Climate 
Change 

The Canadian Plains are experiencing the effects of climate change, which include rising 

temperatures, more evaporation, and less precipitation. As a result, water reservoirs are used 

more frequently to irrigate agricultural lands, resulting in larger fluctuations in reservoir water 

levels. Drawdown has a significant impact on slope stability, with the potential to create and affect 

larger landslides in the region. To help agencies manage this hazard more effectively, a practical 

methodology for analyzing the effects of current and future drawdowns on landslide stability is 

provided.  

The practicability, flexibility, and effectiveness of this methodology were assessed through its 

application to the Chin Coulee landslide. This landslide experiences larger displacements during 

the summer months when there is a greater reliance on reservoir water for irrigating nearby 

farmlands (Deane 2020, Rodriguez et al. 2021). The primary conclusions are as follows: 

▪ The proposed methodology outlines a clear workflow that can be readily applied to numerous 

sites in the region. Furthermore, its use of a 2D model for landslide stability analysis provides 

flexibility compared to a site-specific 3D model. 

▪ The methodology proposes to conduct a back analysis that considers the historical maximum 

drawdown rate and its corresponding fluctuation to estimate the most appropriate landslide 

material parameters. It also suggests reviewing site investigation reports, monitoring 

instrument reports, and similar works in the literature to pre-select these parameters. 

▪ The back analysis results provided groundwater levels consistent with piezometer records. 

The estimated permeability and shear strength property values were also aligned with those 

from previous studies conducted in the landslide area and the literature review (Table 4.5).  

▪ The method adopts the Mohr-Coulomb (M-C) constitutive model with linearly degrading 

strength parameters and no cohesion at the residual state to model material behavior in the 

Canadian Plains. The constitutive model provided a slip surface to be consistent with the 
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findings in studies by Deane (2020) and Rodriguez (2021), both of whom observed that the 

slip surface traverses the weak coal seam and extends to the landslide scarp (Figure 4.26), 

which demonstrate the ability to capture the landslide behavior in a practicable manner.  

▪ The approach uses water reservoir levels to estimate present and future drawdown rates, 

which can be easily obtained from government websites or institutions without incurring 

significant costs. Due to uncertainties in forecasting future drawdown rates since it depends 

on factors such as human activities, environmental changes, or reservoir geometry. A linear 

extrapolation up to 26 years into the future is suggested as a simplified tool to evaluate 

potential instability. Further projections into the future were considered erroneous because 

the reservoir's historical data spans just 29 years. 

▪ Applying a drawdown rate for the year 2050, the landslide stability analysis revealed a 5% 

reduction in stability compared to the current condition (Figure 4.28a). Extreme drawdown 

scenarios higher than the 2050-year scenario showed landslide stability decreased up to 11% 

(Figure 4.28b, c), while a lower drawdown rate provided an increase in stability of 1% (Figure 

4.28d). These results indicate the methodology's sensitivity to changes in stability relative to 

the current conditions, providing a tool for entities to establish reservoir threshold levels to 

prevent larger displacements.  

▪ These stability changes and overall results provided an insight that methodology allows 

informed decisions based on possible landslide hazard change using a practicable soil 

constitutive model, information open to the public to estimate variations in reservoir levels and 

drawdown rates. However, it's worth noting that the approach was tested on a slow-moving 

landslide in the Canadian Plains. Applying the approach to additional landslide places in 

Canada would help to assess its applicability and practicability. 
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5.3 Future Work 

Some potential improvements to the proposed methodology and GNSS monitoring technology 

are as follows: 

▪ The SparkFun dGNSS network was tested in a slow-moving compound landslide. For future 

work, this monitoring technology could be deployed on landslides experiencing higher 

velocities, such as moderate or slow landslides (Cruden and Varnes 1996). Additionally, it can 

be applied to other failure mechanisms to further assess its applicability. For example, 

retrogressive translational landslides and non-circular slope surfaces (Biagini et al. 2022) 

which also exist in Alberta.  

▪ The SparkFun dGNSS network was deployed in a location with clear satellite signal reception 

and line-of-sight between the base and rovers. For further testing of its potential to establish 

the dGNSS network, the SparkFun technology might be deployed in a different location, such 

as western Alberta and British Columbia, where the presence of mountains may limit the 

number of satellites received to determine its position. 

▪ The SparkFun dGNSS network exhibited good agreement with the Geocube displacement 

directions. However, comparing overall displacement magnitudes was challenging because 

the SparkFun's monitoring period was nearly half that of the prior Geocubes monitoring 

programs. For future studies, the SparkFun system should be tested for a longer monitoring 

period, particularly during the summer months when landslides may be affected by drawdown, 

potentially resulting in higher movements. 

▪ The batteries, insulation of the battery boxes, and the USB plug encountered various issues 

during the monitoring period. For future research, it is recommended to explore more robust 

components to withstand the Canadian climate. 

▪ The methodology evaluates the drawdown scenario induced by climate change. However, the 

snow patterns have also experienced changes (Joyse et al. 2016, St-Jacques et al. 2018). 
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The impact of earlier snowmelt on present and future landslide stability should be investigated, 

and a practical methodology for evaluating this impact should be provided. 

▪ The methodology established hydraulic boundary conditions for the landslides head only 

using piezometers data, without considering other aspects like precipitation, infiltration, and 

evaporation. Future research should explore whether these boundary conditions at the 

headscarp are affected by the factors above mentioned, as well as how they vary over time. 

▪ The methodology proposed the use of Mohr-Coulomb constitutive modeling with linear 

degradation to characterize the glacial till and shales found in the Canadian Plains. While the 

model was in good agreement with the observed slip failure, it did not clearly show the creation 

of the shear zone that separated the landslide's driving and passive wedges. Future studies 

could incorporate complex constitutive models like strain-softening into the methodology. This 

would help in determining whether the shear zone is more clearly defined.  
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