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Abstract 

Rockfalls are one of the many geohazards that impact railways across Canada with the potential to cause 

operational delays, damage to infrastructure and the environment, and injury or loss of life. To minimize 

the risk associated with these scenarios, railways rely on slope management systems that standardize 

assessment procedures, slope inventories, and rockfall recording methods to help understand the spatial 

and temporal nature of rockfall occurrences and guide mitigation decisions. This study examines the slope 

management systems of Canadian Pacific Rail and the Iron Ore Company of Canada and aims to provide 

new insight into the triggering of rockfall events through an assessment of seasonal weather trends along 

track segments from each of the railways. 

The CPR Engineering and Management of Rock Slopes directive was designed to support the 

prioritization of maintenance work while the IOC Geohazard Management System was designed to 

conduct a life-loss assessment using a risk-based framework. This review highlighted that although 

intended for different goals, both systems benefitted from personnel training and participation and 

underlined the importance of developing standards and records to help learn about and effectively manage 

rockfalls. 

The relationship between monthly rockfall distribution, precipitation, and freeze-thaw trends - the two 

primary rockfall triggers - were assessed using the von Mises modelling methodology outlined in 

Macciotta et al., (2017) for the HeBa (CPR) and Gagnon Sud (IOC / QNS&L) segments. The HeBa 

analysis was conducted using a 26-year rockfall and weather record (209 events) and resulted in a 0.92 

correlation to the rockfall records, while the Gagnon Sud analysis used an 8-year rockfall record (76 

events) and 5-year weather record and resulted in a 0.86 correlation. Modelling from both analyses 

pointed to precipitation as the primary cause for rockfall events in the summer and fall, while spring 

events were mostly triggered by freeze-thaw action. Comparisons to previous work in western Canada 

showed that the more moderate climates tended to experience peak rockfall activity in the fall or winter, 

depending on the degree of cooling, while HeBa and Gagnon Sud in eastern Canada experienced peak 

rockfall activity in the spring after a deep winter thaw. 
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Chapter 1 

Introduction 

1.1 Purpose of Study 

In 2018, Canadian railways were responsible for over $16.6 billion in operating revenues and employed 

over 32,800 people across the country (Railway Association of Canada 2019). The railway industry in 

Canada accounts for around 70% of all intercity surface freight, with half of the country’s exports 

transported by rail. To accomplish this feat, a vast rail network that crosses the country is required. 

Frequently encountering remote and rugged terrain as well as a wide variety of climatic and geological 

conditions, this valuable infrastructure is exposed to various ground hazards of which landslides are the 

most prevalent (Bunce et al. 2006).  The occurrence of a rockfall, a type of landslide, can lead to 

operational delays due to track blockage or infrastructure damage as well as derailments and fatalities. To 

minimize the risk of rockfall events, railways have implemented various physical and operational 

measures which they continuously develop to improve the overall safety and efficiency of the railway. 

The Railway Ground Hazard Research Program (RGHRP), established in 2003, aims to advance the 

understanding of railway ground hazard processes, and the development of new methodologies for 

identifying, characterizing, and monitoring them. The research initiative is a partnership between 

industry, government, and academia led by CPR, CNR, Transport Canada, the University of Alberta, and 

Queen’s University. The work discussed in this thesis represents a portion of Queen’s University’s 

contributions to the RGHRP and focuses on the assessment of rockfall triggers and seasonal weather 

conditions, as well as an examination of slope management and inspection procedures. 

1.2 Thesis Goals and Objectives 

The main goals of this thesis are to conduct a review and comparison of the design and implementation of 

the CPR and Quebec North Shore & Labrador (QNS&L) railway slope management systems and examine 
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a potential application through modelling the relationship between their logged rockfall events and 

seasonal weather trends.  

These goals  were accomplished through the following objectives: 

1. Develop an understanding of the slope and rockfall management systems at the HeBa and 

Gagnon Sud sites through review of site materials and expert discussions.  

2. Determine the design components of each system and highlight the similarities and differences 

between their outcomes. 

3. Collect rockfall and weather records for the sites and evaluate the spatial, magnitude, and 

temporal distribution of rockfall events, as well as the seasonal weather patterns. 

4. Examine rockfall triggers at the respective sites by modelling the relationship between the 

seasonal weather trends and rockfall activity through methods proposed in Macciotta et al., 

(2017) and Pratt et al., (2018). 

1.3 Thesis Organization 

This thesis has been prepared in accordance with the requirements outlined by the School of Graduate 

Studies at Queen’s University, Kingston, Ontario, Canada. This thesis consists of five chapters and two 

appendices with the main portions of this work contained in Chapter 2, Chapter 3, Chapter 4, and 

Chapter 5. References are presented at the end of each chapter. The thesis document is composed of the 

following chapters and appendices: 

Chapter 1 – Introduction: This chapter serves as an overview of the research scope and objectives with 

relevant background information to the research objectives. 

Chapter 2 – Examination of Railway Slope Management and Rockfall Recording Procedures: This 

chapter presents a literature of the CPR and IOC slope management procedures, focusing on the HeBa 

and Gagnon Sud sites, and compares the different goals and objectives of the systems. 
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Chapter 3 – Analysis of Rockfall Triggers and Seasonal Weather Trends: This chapter analyses the 

trends of the weather and rockfall records at the HeBa and Gagnon Sud sites and models their 

relationship using circular von Mises distribution curves. 

Chapter 4 – Discussion: This chapter explores the findings of Chapter 2 and 3, discusses the 

methodology used, and compares the results of the von Mises distribution modelling to other previous 

works. 

Chapter 5 – Conclusion: This chapter summarizes the key findings of this research, explores potential 

applications of the current work, and recommendations for future research.  

Appendix A – Additional Site Analysis:  This appendix contains analyses of the site conditions at HeBa 

and Gagnon Sud that supported data interpretations in Chapter 3. 

Appendix B – Additional Modelling Results: This appendix contains results from the three analysis 

methods used at HeBa and Gagnon Sud and additional comparisons to previous work. 
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Chapter 2 

Examination of Railway Slope Management and Rockfall Recording 

Procedures 

2.1 Rockfall Classification 

Railways in Canada can be exposed to a variety of ground hazards such as hydraulic erosion, landslides, 

and subsidence. Landslides are the most prevalent ground hazard, with thousands occurring each year 

across the country, accounting for an estimated $200 to $400 million in direct and indirect costs annually 

(Bunce et al. 2006; Natural Resources Canada 2017). Defined broadly as “the movement of a mass of 

rock, debris or earth down a slope”, landslide is an umbrella term that captures various forms of slope 

movements summarized in Table 2-2 (Cruden 1991). Some of the key criteria used for the identification 

and classification of landslides are the type of movement, kind of material, rate of movement, geometry 

of the area of failure and resulting deposit, causes, and relation or lack of relation of slide geometry to 

geologic structure. The overall naming convention is a combination of two words, the first that defines the 

type of material and the second that defines the type of movement. A detailed discussion on each of the 

various landslide types can be found in Cruden & Varnes, (1993). 

Table 2-1: Abbreviated classification of slope movements from Varnes, (1978). 
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Within this classification rockfalls occur when bedrock material “falls”, defined as a detachment from a 

steep slope with little to no shear displacement which rapidly descends mainly through the air by falling, 

bouncing or rolling (Cruden & Varnes, 1993). The various spatial and temporal phenomena that result in 

a landslide occurring at a place in time are grouped into four classes for landslide causes (Table 2-2). 

Work in Chapter 3 focuses exclusively on physical rockfall causes. 

Table 2-2: Common types of landslide causes (Cruden and Varnes 1996). 

Class Common Causes 

Geological 
Weak materials, jointed materials, adverse 

structural orientations, etc. 

Morphological 
Glacial rebound, wave erosion at the slope toe, 

vegetation removal (forest fire), etc. 

Physical 
Intense rainfall, rapid snowmelt, freeze-thaw 

weathering, earthquakes, etc. 

Human 
Excavation, loading, artificial vibrations, reservoir 

drawdown, etc. 

2.2 Rockfall Databases 

To support the understanding of what primes and triggers rockfall activity, the technique of recording 

rockfall information, such as the location, timing, and size, to create a rockfall database has been 

developed and used by various roadway and railway groups (Morris et al., 2019; Pierson, 1992; Pritchard 

et al., 2005).  

Given the remoteness of railways in Canada, the recording of rockfall information can prove extremely 

challenging and often requires estimation and simplifications. Despite new advances in remote sensing 

technology that allow for near continuous monitoring of rock slopes (Kromer et al. 2019; Williams et al. 

2019) the large majority of rockfalls along railways go undetected unless they come to rest near, or 

interact with, the track area. As these events are typically reported upon visual confirmation, estimating 

the timing of a rockfall event can prove challenging without frequent visual assessments. Similarly, the 

location of a rockfall along a railway is logged as the mileage of the centre of debris, however the final 

location is a simplification of the complex interaction between the failure mechanism, trajectory, source 
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zone distance from the track, shape, and launch features along the slope, and may be distant from the 

source zone (Pratt, Macciotta, and Hendry 2018). Visual estimates of rockfall size are also challenging, as 

fragmentation during the descent will likely result in material being deposited on slope, near the track 

area, and potentially crossing the track and continuing downslope. 

Despite these challenges, the collection of rockfall incident records into databases permits various types 

of spatial and temporal analyses (Hungr, Evans, and Hazzard 1999; Pratt, Macciotta, and Hendry 2018). 

Additionally, the subsequent understanding of rockfalls permits the design of mitigation systems along 

the railway and supports systematic slope rating systems (Cruden and Varnes 1996; Ho, Leroi, and 

Roberds 2000). 

2.3 Heron Bay Site (HeBa) 

Located along the north shore of Lake Superior, roughly 275 km east of Thunder Bay, the Heron Bay site 

(hereafter referred to as HeBa) is a portion of Canadian Pacific Rail (CPR) track from the Heron Bay 

Subdivision within the Thunder Bay Division and Western Region.  
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Figure 2-1: HeBa subsection – local map. 

A particularly challenging portion of the track for CP which runs from mile 71.16 to 73.28, known as the 

Coldwell Slide Fence area, has been chosen for an in-depth analysis due to the relatively high frequency 

of rockfalls. The name is derived from the Coldwell geologic complex through which the tracks pass and 
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the electrical trip-wire slide fence installed in the late 1960’s which runs along much of the section. HeBa 

is characterized by its massive or blocky igneous rocks, as defined in Hoek & Brown, (2019), with nearly 

vertical slopes that range from being immediately adjacent to 100 m away from the track.  

 

Figure 2-2: HeBa inspection photos. A – Slope proximity to track at mile 73.0, B – Helicopter photo 

of the Red Sucker Tunnel showing proximity to lake around mile 71.5, C – Near vertical slopes 

showing well defined joints at mile 72.39. Photo A sourced from Canadian Pacific Railway, (2003).  

Photos B and C provided by Wood. 

In addition to the steep natural and engineered rock slopes, this section of track contains the Red Sucker 

(mile 71.506 to 71.577) and Mink (mile 72.86 to 72.87) tunnels. The shorter Mink tunnel is supported 

with spot bolting, while the Red Sucker tunnel contains pattern bolting with concrete arches installed in 

the western half of the tunnel (Wood - Personal Communication).   

A total of 212 rockfall events have been recorded in the area from 1995 to 2020 with volumes ranging 

from softball-sized (0.01 m3) to 36 m3. While rockfalls occur across nearly the entire Coldwell Slide 

Fence area, 42% of the recorded rockfalls have been logged within 160 m of the Red Sucker and Mink 
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tunnel portals with a few small and isolated rockfalls occurring inside the tunnels themselves (Wood - 

Personal Communication). Rockfalls at this location are also of particular concern to CP as derailed trains 

are likely to fall into Lake Superior. 

As part of a company-wide effort to improve the handling of geohazards across its rail network, CP began 

implementing methods to systematically assess slope remediation needs and efforts. This began with a 

four-stage plan developed in collaboration with Golder Associates. The work, outlined in various reports 

including V74194 (Golder Associates, 1974) and V76321-3 (Golder Associates, 1976), became the 

foundation for CP’s internal Engineering and Management of Rock Slopes directive (Canadian Pacific 

Railway, 1997), implemented across its rail network in 1995. Further discussed in Section 2.3.2, the CP 

directive presented methods for prioritizing slopes, recording rockfall events, and planning maintenance 

work, resulting in a safer and more efficient railway (Morris, Goldbach, and Wood 2019). Data recorded 

at HeBa has the benefit of having been collected by subdivision Signals and Communications (S&C) 

Maintainer Johnathan Rose (CP) as well as geotechnical specialists Anthony Morris (CP) and David 

Wood (David F. Wood Consulting Ltd.) who have conducted annual site inspections for much of the past 

25 years. Together, the team has also planned and implemented various rockfall maintenance and 

prevention projects since 1995.  

David Wood is a Rock Engineering and Engineering Geology specialist with over 40 years of experience 

in the fields of rockmass evaluation, rockfall hazard appraisal, rock slope stability assessment and 

stabilization design, and geotechnical field data-collection studies. As part of the research process for this 

thesis, Wood was directly contacted due to his extensive knowledge of the Heron Bay area.  

2.3.1 Geological Setting 

HeBa is located within an intrusive alkalic suite aged between 1.1 to 1.2 Ga and referred to as the 

Coldwell Alkalic Complex. A collection of three superimposed intrusive centers, most of the rocks in the 

area intruded as sub-horizontal sills during the early stages of the Midcontinental (Keweenawan) Rift 
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System.  The complex is composed of syenitic and gabbroic units as well as associated intermediate and 

mafic minerals, as shown in Figure 2-3 (Good et al. 2015). The surrounding area has been readily studied 

since the 1950’s due to the presence of various mineral occurrences of base metals (Cu, Ni) as well as 

platinum group elements (Walker et al. 1993).  
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Figure 2-3: Regional geology of the Coldwell Complex. HeBa located between red stars with the 

adjoining CP track shown in pale blue and HWY 17 shown in black. Modified from Good et al., 

(2015). 

HeBa has a mostly uniform lithology of nepheline syenite with the exception of the southern tip of the 

track where younger gabbroic rocks have intruded the syenite (Walker et al. 1993). The syenite units have 

pink to red colouring on fresh surfaces due to the alkali feldspars with persistent rough planar joints, as 

defined in Brown, (1981), leading to an angular and blocky nature. The gabbro units are a dark black 
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colour and have a more massive and fine-grained texture compared to the syenite units, with a mix of 

smooth undulating and rough planar joint surfaces that are shorter, rougher, and more irregular. 

Weathered slope surfaces in the area have a largely consistent black or grey colouring, making the 

gradational contacts between subsequent magmatic episodes challenging to detect in the field.  

Two of the most active rockfall zones along the track at the west portals of the Red Sucker and Mink 

tunnels are adjacent to faults (Walker et al. 1993). Regional structures are associated to the 

Midcontinental Rift which formed faults on either side of Lake Superior that dip inwards to create the 

basin. South-west of the HeBa site, the Michipicoten Island normal fault runs SE and the Ashburton Bay 

sinistral strike-slip fault runs NNE (Sage 1984). The result is a general NE-SW compression with near 

vertical faults and dykes cross-cutting the track at several locations as shown by Figure 2-4 (Walker et al. 

1993). 
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Figure 2-4: Structural features at HeBa. Area highlighted in Figure 2-1 shown in photos B & C. A – 

Regional fault map of N-E Lake Superior showing the Michipicoten Island (A) & Ashburton Bay 

(B) faults, and Coldwell Complex modified from Sage, (1984). B – Local fault map of HeBa with 

intersecting faults modified from Walker et al., (1993). C – Large scale faulting seen from 

helicopter site inspection. Photo C provided by Gauthier. 

2.3.2 CPR Operational History 

Several rockfalls have occurred along the HeBa subsection since its initial completion in the 1890’s 

making it a high priority area for the CP geotechnical team and roadmasters. At least five rockfalls larger 

than 10 m3 have occurred since 1966, posing a safety and operational risk to CP (Figure 2-5). The 
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following paragraphs discuss the operational history of the subsection along with the formation of CP’s 

current rockfall database. 

2.3.2.1 Coldwell Slide Fence – 1960’s 

To allow rail engineers to react swiftly in the case of a rockfall near the track area, in 1967 the Coldwell 

Slide Fence was installed from mile 71.16 to 73.45 and subdivided into the East (mile 71.16 to 72.20) and 

West (mile 72.20 to 73.45) Coldwell fences for operational purposes. The fence is composed of a series of 

parallel trip wires that carry a live current which when severed by rock or other material, break the 

current, and alert the nearby Signals and Communications (S&C) team. Despite being installed over 60 

years ago, it still operates today in a similar fashion. The slide fence comprises sets of wires strung 

horizontally between a series of 7 m high wooden posts spaced approximately every 12 m along the track 

and are installed in the upslope ditch. The wires spaced vertically along the pole are known as rockslide 

detection (RSD) wires, while of wires that run horizontally above the track are known as rockfall 

detection (RFD) wires and are installed in areas where rockfalls that may impact the track from directly 

above are suspected (Wood - Personal Communication). Depending on the likelihood of an event over an 

area, the density of wires between posts and the height of the lowest trip wire vary to catch as many 

events as possible, as smaller events can be precursory activity for larger events (Tom Edwards - Personal 

Communication). When it was initially constructed in 1967, the East Coldwell consisted of 1432 m (4700 

ft) of RSD wires and 411 m (1350 ft) of RFD wires, while the West Coldwell included 1737 m (5700 ft) 

of RSD wires and 884 m (2900 ft) of RFD wires (Wood - Personal Communication).  

Whenever a trip wire is broken, the S&C team invokes a speed restriction which gives the train 

conductors time to observe and react to a potential hazard on track. Increased systematic monitoring has 

helped CP better understand the rockfall hazard at HeBa and given them the confidence to reduce the 

slide fence length to its current mile 71.16 to 73.28 length (Wood - Personal Communication). 
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Figure 2-5: HeBa Site - photos of the May 11th, 1983, rockfall at the West Portal of the Mink tunnel 

showing the source zone and runout of the slide. Coldwell slide fence poles can be seen between the 

rockface and CP track (Canadian Pacific Railway 2003). 

2.3.2.2 Slope Stabilization Initiative – 1970’s to 1980’s 

In 1974, an empty CP coal train hit rocks on track and derailed, resulting in two CP engineer fatalities. 

After the incident, the Canadian Transportation Board ruled that along with other measures an evaluation 

of all rock cuts along the CP rail network and a priority stabilization schedule of said slopes was required 

(Woodard 1974). This process began later in 1974 when CP hired the geotechnical engineering firm 

Golder Associates (Golder), led by geotechnical specialists C.O. (Chuck) Brawner and Ken Rippere, to 

help develop a methodology for assessing and prioritizing slopes. Four phases were outlined for the 

project: first, a preliminary assessment ranking the rock slopes into classes as the most likely to fail and 
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cause train derailment to the least (A to E); second, a detailed re-assessment of slopes initially assigned A 

or B priority; third, a detailed stabilization plan, timeline, and budget for the sites still ranked priority A or 

B; and fourth, completion reports for the stabilization work. Along with the stabilization work, the 

program also recommended that rockfall data, such as location, size, prior weather conditions, sight 

visibility, damage, and resulting delay be recorded. This methodology would go on to form the 

foundation of the CP Engineering and Management of Rock Slopes directive and their rockfall database 

(Section 2.3.2.3.5). The plan proposed that the stability assessment work be spread over three years. 

Starting in 1974, the initial assessments would take place, followed by the detailed assessments of priority 

A and B sites in 1975, and subsequent detailed inspections of all remaining slopes and an overall final 

report completed by 1977. Each phase of the stabilization program is discussed in the following 

paragraphs. 

2.3.2.2.1 Preliminary Cut Slope Stability Assessment Program and Rockfall Inventory  

From the Phase I report, the primary goal of the project was defined as “the development of a priority 

program for improving slope stability”, and also noted that the implementation of the program would 

have the following benefits (Golder Associates 1974): 

• Reduction in the number and cost of derailments 

• Improvement in safety 

• Increase in allowable train speed in some areas 

• Establishment of a definitive inspection program and problem inventory 

• Benefit in public relations and corporate image 

• Reduction in union reaction or pressure 

Based on literature and previous domain knowledge, the most common types of rock slope instability and 

associated causes were summarized in the report (Table 2-3). The main instability triggers for a variety of 

failure modes were geology, water pressure, and freeze-thaw cycles (FTC). This understanding of rock 

slope instabilities was used to inform the future assessments. 
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Table 2-3: Types and causes of instability along the CP railway from Golder Associates, (1974). 

Type of Instability Frequency of Occurrence Most Common Causes of Instability 

Rockfalls Ranges from high frequency 

in steep blocky rock to 

infrequent in massive rock. 

Statistically the most 

common form of instability 

on the railway. 

Weathering, temperature change, freezing and thawing, 

wetting and drying, water pressures in joints, root 

prying, joints dipping out of the slope, vibration of 

trains, presence of weak gouge in faults and shear zones 

which dip out of the slope. Poor blasting control on new 

projects. Some falls originate well above right-of-way. 

Running Slopes – 

Boulders and Talus 

Frequent in areas of talus, till 

slopes and coarse gravel 

slopes 

Slopes originally cut steeper than the angle of repose, 

erosion undercutting boulders or more resistant rock. 

Most frequent during spring melt or heavy rainfall. 

Snow Slides or 

Snow Avalanches 

Occur in steep mountain 

areas in snow belts. 

Infrequent elsewhere 

Excess depth of snow on steep mountain slopes. Melt 

run-off on rock slopes covered by snow. Heavy snow 

storms, followed by thawing. 

Soil Slides Infrequent Soil of inadequate shear strength, high water table, cut 

excavation steepening slopes, vibration of trains. 

Removal of vegetation. Construction above railway – 

clearing vegetation which results in high water table. 

Soil Flows Infrequent Fine grained soils which become saturated with water. 

Occur during the spring melt or heavy rainfall periods. 

Debris Avalanches Infrequent Slides and trees falling into and carried by creeks. May 

plug culverts or overtop fills. 

Filling Settlements - 

Sliding 

Infrequent Weak fill or fill foundation soils, high groundwater 

levels, vibration from trains. 

Fill Washouts Infrequent to frequent in 

river floodplains 

Plugged culverts resulting in water overflowing the fill 

or causing piping in the outer fill slope. Construction 

above tracks by others, which diverts creeks or removes 

vegetation.  

Slope Erosion May occur in areas of high 

precipitation. More probable 

on new construction 

Heavy to very heavy precipitation or snow melt on 

exposed soil slopes. Frequently more of a problem on 

slopes or new construction. 

Rock Slides (100 

cu.yds. or more) 

Very infrequent Geological weaknesses bounding large rock volumes 

which dip out of slope. Weak and weathered rock, high 

water pressures in rock slopes. Vibrations from trains. 
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The slope assessment ranking, termed the “Priority Areas Program”, was developed to systematically 

highlight areas believed to present the greatest potential for instability and subsequent train derailment 

from priority A, at the highest, to E, at the lowest. The program was designed to be uncomplicated and 

general, allowing it to be applied across a large number and variety of rock slope conditions. Stability 

specialists C.O. Brawner and K. Rippere were heavily relied on for their experience in visual assessments 

of potential rock slope instabilities, and possible consequences to CPR operations (Golder Associates 

1974). These priority rankings were defined as follows: 

Table 2-4: Priority Areas Program slope categories from Golder Associates, (1976). 

Priority Ranking Definition 

A 
Moderate probability of failure of sufficient volume to result in derailment if failure 

undetected. 

B 
Some probability of failure of sufficient volume to result in derailment if failure 

undetected. 

C Moderate probability of failure of small volumes which might reach the track. 

D 
Moderate probability of localized rocks or rockfalls occurring during extreme 

climatic conditions - Very heavy rainfall or run-off, extreme freeze-thaw cycles, etc. 

E 
Slight possibility of localized failures under extreme climatic conditions. Generally 

shallow cuts. 

Reviewing the priority ranking, three variables are key to the rock being assigned an A or B priority. 

Events must: pass a certain volume threshold (determined by rockmass structure); have the ability to 

reach the track (distance from track, ditch presence or effectiveness, and the presence of built or natural 

barriers); and could be seen at a reasonable stopping distance by the train operators or is known in 

advance of train arrival due to a warning. A notable decision was not to define a “sufficient volume”, 

leaving it up to the inspector, and not to assign slopes with rockfall volumes less than the threshold an A 

or B priority even if it has a moderate likelihood of failure. Other aspects of the potential rockfall, such as 

distribution, dimension, and shape do not appear to have been considered. 
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The priority system also recognized the importance of recording rockfall events and associated data to 

better understand the rockfall processes and locate hazardous areas along the track. The reports 

recommended creating a standard form to record all slide and rockfall occurrences that have the potential 

of causing derailment, which could be sorted electronically (on punch cards) for review purposes (Golder 

Associates 1976). A rockfall data collection template is shown in Figure 2-6. While the form is presented, 

specific applications of a rockfall database are not discussed in the reports. 
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Figure 2-6: Rockfall data collection template from Golder Associates, (1976). 
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Beyond the initial slope assessments and rockfall record database, additional recommendations were 

made to have a stability specialist conduct annual inspections of high priority areas to update the slope 

priority and inventory. The four stages of the rock cut prioritization and stabilization program are 

discussed in the following paragraphs. 

2.3.2.2.2 Phase I – Preliminary Slope Inventory 

The initial high-level prioritization of the slopes was intended to rapidly and effectively triage the slopes 

into two main categories – requires near term stabilization (A and B) or currently low risk (C, D, and E). 

Slope parameters recorded were intentionally broad, requiring a limited amount of precision, permitting 

inspectors to assess the slopes safely and quickly from a Fairmont track motor car. A completed data 

collection from the initial assessment of HeBa can be seen in Figure 2-7. As part of the preliminary 

assessment, slopes of interest were broken into segments of varying lengths defining roughly similar 

geologic and geotechnical zones. 
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Figure 2-7: Phase I preliminary slope assessment of HeBa by Ken Rippere from Golder Associates, 

(1974). 

During the preliminary assessment of the slopes, several factors only considered relevant for planning 

major stabilization work were ignored. This included: train frequency, track alignment (particularly as it 

relates to site visibility), slope topography, and associated derailment hazard.  

Based on the results of the preliminary HeBa survey, it is notable that only one of the 5 domains, the area 

slightly west of the Red Sucker tunnel, was given a Priority A rating, while the remaining segments 

received a Priority B rating. Subsequent inspections have shown that water sources and faults are present 

at several sections of track, notably near 71.6, 72.4, and 72.8, where the rockmass is described as massive 

with blocks at or above the 1-yard scale. This combination would warrant a Priority A rating. No 
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additional stabilization work was suggested for the area in 1974; however all slopes assigned priority A or 

B ratings would be automatically selected for a detailed assessment. 

2.3.2.2.3 Phase II – Detailed Stability Assessments 

The detailed stability assessment requires a significant amount of data to be collected from each slope 

compared to the preliminary Phase I inventory. More time is allotted for the inspector to classify smaller 

slope segments and extract information as they see fit. Partial ratings such as A/B or B/C are permitted 

allowing for increased granularity for later stabilization planning. A blank assessment form is shown in 

Figure 2-8. 
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Figure 2-8: Detailed slope stability assessment form from Golder Associates, (1974). 

Following the detailed Stage II survey across the Coldwell Slide Fence area, 16 different slope segments 

were assigned priority ratings. Table 2-5 summarizes the results of the detailed survey at HeBa in 1976. 

Table 2-5: Summary of Phase II detailed slope assessment of HeBa (Golder Associates 1976). 

Priority Ranking A A/B B B/C C C/D 

Count of Slopes 4 4 1 2 3 2 
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Compared to the detailed inspections of the ten subdivisions comprising CP’s Eastern Region in 1976 

(1450 km total), the Coldwell Slide Fence area (3.4 km) contained 36% of the priority A and A/B sites in 

the region (Golder Associates 1976). Areas that have experienced high rockfall activity based on rockfall 

records following the 1974 ratings, such as mile 71.6, 72.4, and 72.8, all received A or A/B priority 

ratings. A comparison between the ratings from the preliminary and detailed survey at HeBa is shown in 

Table 2-6. 

Table 2-6: Comparison between Phase I (Golder Associates 1974) and Phase II (Golder Associates 

1976) assessments at HeBa. Empty cells were not rated during the assessment. 

Mileage Phase I Priority Rankings Phase II Priority Rankings 

71.1 B A/B 

71.3 - B 

71.4 - A/B 

71.5a (RS – East Portal) A (not subdivided) A 

71.5b (RS – West Portal) A (not subdivided) A 

71.6 - A 

71.7 - B/C 

71.8 - C/D 

72.0 - C/D 

72.1 - C 

72.4 - A/B 

72.6 B A/B 

72.8a (Mink – East Portal) - C 

72.8b (Mink – West Portal) B A 

72.9 B - 

73.0 - C 

73.3 B B/C 

Comparing the results from the Phase I and Phase II assessment at the HeBa site, it is a promising sign 

that the ratings are similar and that both assessments recognize the same areas of high priority (A or B). 

Using the detailed priority ratings and stability assessment form (Figure 2-8) a stabilization method for 
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the relevant sites was historically proposed. It is worth noting that at this stage, slope segmentation was 

approximated to the nearest 1/10th of a mile and would be refined to the nearest 1/100th of a mile in later 

years (Wood – Personal Communication). 

2.3.2.2.4 Phase III & IV – Detailed Site Stabilization and Completion Reports 

The 1974 and 1976 reports highlight that slope stabilization is a very specialized field of knowledge, 

recommending that specialists be used to develop remediation concepts, designs, and priorities alongside 

the railways to select the most practical and economic programs. In the case where additional information 

was required to develop a site-specific stabilization program, a recommended investigational program 

was outlined at this stage. While designing a slope stabilization plan, typical information that should be 

assessed includes the following (Golder Associates 1974): 

• Traffic frequency, loading, and train length 

• Work space available 

• Work time available 

• Climatic conditions 

• Geological conditions 

• Hydrologic conditions 

• Slope location and dimensions 

• Cost of stabilization 

• Budget available 

• Priority rating 

The timeline for the stabilization work relies largely on the priority ranking assigned in the preliminary 

and detailed assessments. While helpful for design considerations, the ranking considers whether rock 

debris will reach the track and be visible to train operators, but does not explicitly consider other 

consequence related factors, such as the shape, distribution, and dimensions of the debris likely to cause 
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derailments, and the frequency at which trains pass through the area. These factors are meant to be 

considered by the specialist implicitly, noting “it is obvious that a priority A slope in a subdivision with 

many trains per day should be considered first for stabilization compared to a priority A slope in a 

subdivision where only a few trains travel daily” (Golder Associates 1974). The program recommends 

that each year’s stabilization work be determined in advance using the priority ratings as a “guide”, 

suggesting that expert domain knowledge can take precedence over earlier priority ratings (Golder 

Associates 1974). This is also the case for the suggested information to consider during stabilization. 

Common stabilization techniques frequently recommended by Brawner (Golder – Slope Stability 

Specialist) included the following (Wood – Personal Communication, Golder Associates, 1976): 

• Light Scaling 

• Heavy Scaling 

• Drilling / Blasting 

• Major Removal 

• Dowels / Pins 

• Rock Bolts 

• Shotcrete 

• Concrete Buttresses 

• Ditch Cleaning 

During any stabilization work, it is recommended that a specialist stability engineer should be onsite to 

oversee the construction and be relied on to make decisions such as which rock to remove, which to bolt, 

which to shotcrete, etc. (Golder Associates 1974). Upon the completion of site stabilization projects, a 

final report summarizing the assessments and work done was completed as part of Phase IV. Following 

the completion of stages I, II, III and IV in 1976, annual site inspections of what is now the Heron Bay 

subdivision would be conducted by Brawner to evaluate the slope condition, state of track and rockfall 

mitigation infrastructure, and help CP in planning future stabilization work (Wood - Personal 
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Communication). Moving forward, many of the techniques such as rockfall recording, site investigation 

methods, and the slope prioritization program would be integrated into the eventual CPR Engineering and 

Management of Rock Slopes directive. 

2.3.2.3 CPR – Engineering and Management of Rock Slopes directive (1995 – Present) 

Building off the collaboration between CPR and Golder Associates in the mid-1970s, the CP 

Geotechnical Engineering team developed an internal Rock Slope Directive which was implemented 

across much of the rail network in 1995. Described as “an organized process for the monitoring and 

investigation of rock slope stability and for the planning, design and implementation of rock slope 

stabilization measures as part of  the company’s service requirements for safety”, the work paved the way 

for CP to develop its own stabilization programs and is still currently in use (Canadian Pacific Railway 

2003). This section will discuss some portions of the CPR Rock Slope directive as they relate to HeBa, 

however Morris et al., (2019) provides a summary of the directive and the inspection, stabilization, and 

reporting process used across the CPR network and provided helpful guidance in this section. 

The main objectives of the directive as stated in Morris et al., (2019) are to: 

• Reduce rockfall hazards on Canadian Pacific Railway. 

• Improve safety and operating efficiency. 

• Encourage active participation in the program by CPR personnel. 

Which is achieved through the following processes: 

• Inventory and Record Keeping - of all rock slope information essential to effective management. 

• Inspection and Reporting - including planned annual inspections and reporting to determine 

priority ratings for all rockfall hazard locations; rockfall incident reports by CPR track personnel, 

detailed rockfall inspections and reporting; construction and other follow-up inspections. 

• Planning - to identify short-term and long-term program objectives. 

• Mitigation and Stabilization - at locations identified through the inspections and reporting 

process.  
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• Rockfall Hazard Awareness - to provide rockfall hazard awareness training to CPR employees.  

• Program Review – to assess the program effectiveness and to identify possible improvements. 

2.3.2.3.1 Inspection and Reporting 

Like the earlier system, rock cuts are divided into geotechnically similar segments of varying lengths to 

collect an inventory of all the possible slopes that may require stabilization. Slopes within the inventory 

are then assessed during annual rock slope inspections and assigned an inspection rating, which describes 

the rockfall potential and informs a required action, used to determine the type and time frame of remedial 

work. 

2.3.2.3.2 Definition of Inspection Ratings and Required Actions 

The four possible inspection ratings are classified as follows (Morris, Goldbach, and Wood 2019; Wood 

2019): 

Urgent Rating – Restricted to sites where a potential rockfall hazard could cause a derailment and/or 

serious injury to personnel, and failure may occur immediately or within the next few weeks or months. 

Two potential actions occur. 

• Requires Service Limits (Ex. slow order, halting traffic, personnel on site) below the slope as soon 

as practicable after the urgent condition is observed. 

• A Follow-Up Inspection is carried out within one week to re-evaluate the rating and recommend 

an appropriate action. If stabilization work is required, it should be carried out within one 

month’s time, depending on the severity. 

• In rare circumstances, a third action, Clean Ditch, may be considered as remediation when an 

adequate ditch is present. 

Priority Rating – Used at sites with evidence of movement or change in conditions from the previous 

year’s observation, and the volume of potential failure material could reach the tracks and cause 

derailment or injury. Four potential actions occur. 

• Current Year, the site is scheduled to be added to the current year’s stabilization program. 



31 

 

• A Follow-Up Inspection is carried out within three months to re-evaluate the rating and 

recommend an appropriate action. 

• 1-2 Years, the site is added to the list of sites considered for stabilization work over the following 

1-2 years. 

• Either the installation of Lock Blocks, or contract work to Clean Ditch, or similar catchment 

improvements. 

Observe Rating – Used at sites where potential rockfalls could impact the tracks, and where some 

deterioration in stability conditions are noted, such as loosening of blocks, minor ravelling, or continued 

rockfall activity. Two potential actions occur. 

• No Action may be required, provided that conditions do not deteriorate. 

• Long-Term, the site is added to the list of sites considered for long-term stabilization. Typically a 

substantial stabilization program that might include a rockfall ditch excavation, extensive rock 

bolting, shotcreting, slide fence installation, or lock block installation.  

OK Rating – Used at sites where no potential instability could influence the tracks, or, where some slope 

movement is observed, but there is minimal risk of failure at present. The result is No Action. 

Table 2-7: CP Engineering and Management of Rock Slopes directive – Inspection ratings and 

corresponding actions. Marked boxes are possible scores – e.g. Urgent inspection rating and No 

Action is not possible. From Morris et al., (2019). 

 

2.3.2.3.3 Rock Slope Inspections 

The CP Geotechnical team begins preparing the annual inspection schedule early in the year so 

appropriate rail operational arrangements can be made. Inspections are currently conducted exclusively 

from hi-rail vehicles, with the highest and most active slopes requiring a combination of helicopter and 
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hi-rail inspections. Mainline and highly active sites are inspected annually, while less active slopes are 

inspected once every two years (Morris, Goldbach, and Wood 2019). Slopes of the Heron Bay 

subdivision are formally inspected annually and informally many times during the year (Wood – Personal 

Communication). Information is collected on each rock cut using a consistent rock slope inspection form 

generated by CP’s database. These forms contain the last recorded rockfall, geology notes, cut height & 

length, most recent priority & required action ratings, and any recent remediation work that was carried 

out for each slope segment (Figure 2-9). Space is included for new observations, inspection ratings, and 

required actions to be added. A photo record of rock cuts can also be referenced to track instabilities from 

year to year, allowing for visual comparisons. In the case where Urgent or Priority sites are observed, 

inspection results are distributed to the CP Engineering personnel as soon as possible to inform them and 

provide time for stabilization planning. While slope ratings and required actions are typically updated 

during annual inspections, slopes may also be re-rated in the case that a detailed assessment, or a follow-

up inspection requested by a rockfall report deems it appropriate (Morris, Goldbach, and Wood 2019). 
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Figure 2-9: Example CP database form of the Cascade subdivision used by inspectors during track 

inspections from Morris et al., (2019).  

Inspections of the Heron Bay subdivision are typically scheduled for the early spring, shortly after the 

snow has melted, to see as much of the slope as possible before the typical peak of rockfall season in 

April and May (Wood – Personal Communication). The inspection process involves an initial desktop 

review of the prior year’s annual rock slope inspection sheets, paying specific attention to notes and 

photos from any Urgent, Priority, or Observe sites. A review of any rockfall reports from the previous 

year is also conducted. 

Since 1995, inspections at HeBa have been completed by A. Morris (CPR – Manager, Field Geotechnical 

Engineering), D. Wood (David F. Wood Consulting – President & Geotechnical Engineer), and a 

subdivision roadmaster from the cab of a hi-rail traveling along the track. With the previous inspection 
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sheets in hand, the inspectors begin assessing the slope conditions by looking for signs of previous 

rockfall activity, such as material present in the ditch, or damage to protective infrastructure. When 

evidence of previous activity is spotted, the rockfall source zone and process are logged by looking for 

fresh exposed surfaces, similar sized blocks, and loose debris paths on slope. Slopes are also assessed for 

potential rockfall activity, starting from top to bottom as higher events will have more potential energy, 

helping them reach the track. Common clues of rockfall potential include:  

- Visible water sources present on slope, in the ditch, or nearby. 

- Abundant vegetation. 

- Joint conditions, whether intersecting, large aperture, roughness, etc., 

-  Unfavourable geometry such as overhangs or slide potential. 

Given the slope conditions, previous or ongoing maintenance efforts nearby such as rock fences or ditches 

are assessed for effectiveness and any damage. Knowing the slope conditions and nearby remediation 

efforts, a preliminary rockfall risk is calculated focusing mainly on block size, slope distance from track, 

ditch capacity, and the presence of infrastructure such as underground fibers or hydro-poles. Throughout 

the process, inspectors make reference to notes and photos from the previous inspection and record any 

noteworthy changes (e.g. Increase in vegetation, Observed shoulder erosion, Ditch at capacity). A 

representative photo of the slope is taken, ideally trying to replicate the photo taken during the previous 

inspection. Finally, the slope rating and required action rankings are updated as necessary (Wood – 

Personal Communication). Several helicopter inspections have also occurred at HeBa, with the most 

recent flights being in 2002, 2008, and 2014. 
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Figure 2-10: CPR annual track inspection from a hi-rail vehicle from Canadian Pacific Railway, 

(2003). 

Tunnels, such as the Red Sucker and Mink at HeBa, are also inspected on a regular basis. Typically, local 

CPR track personnel will conduct less formal inspection on an annual basis while detailed inspections of 

stability conditions using hi-rail lift vehicles with equipped lighting are conducted by geotechnical 

consultants or CPR geotechnical staff in 5-year intervals (Morris, Goldbach, and Wood 2019). 

2.3.2.3.4 Construction Inspections 

During annual contract stabilization work, geotechnical consultants or CPR geotechnical staff carry out 

regular site visits to evaluate work progress and site conditions. The engineer on-site assesses the 

conditions of the slope and makes recommendations for stabilization measures including scaling, rock 

bolt or rock dowel installation, concrete buttressing, shotcrete, tree removal, etc. Inspections also allow 

for quality assurance and control, ensuring all specifications are adhered to and site reports are submitted. 
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Contractors working with CPR are required to complete a “Daily Work Report” including the personnel, 

equipment, and materials used for work during the day. CPR track personnel also supply information on 

track time available, and hours worked on the track that day. Once the stabilization work is finished, all 

the data is summarized in a “Work Completion” report and saved in the CPR database. 

2.3.2.3.5 Rockfall Recording 

CPR personnel patrol the track regularly and are required to report any signs of recent slope activity 

within 24 hours of being observed. While not formally defined, a rockfall report is generally submitted by 

track personnel if an event near or above dimensions of 1ft x1ft x 1ft (0.028 m3) is discovered on or 

adjacent to the track and there is concern that there may be more events in the future (Canadian Pacific 

Railway 2003). Reports are also submitted by S&C personnel when an RSD or RFD wire(s) is broken and 

an S&C team must go on site for repair. 

 

Figure 2-11: CPR boundaries for rockfall reporting under Engineering and Management of Rock 

Slopes system. From Canadian Pacific Railway, (2003). 
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Part of the rockfall reporting process involves collecting information on the event so it can later be added 

to and analyzed in the CPR rockfall database. A sample data collection form is shown in Figure 2-12. The 

form is broken down into 14 sections. While track personnel are encouraged to fill in as much information 

as possible, the event location, date, completion metadata, and whether a follow-up inspection is required 

are usually filled in at a minimum. Follow up inspections can be crucial following a rockfall event and 

should be carried out prior to restarting train operations (Section 14 of Figure 2-12). When applicable, 

photos of the event debris and resulting damage are included with the report and submitted to the CP 

Geotechnical team.  
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Figure 2-12: Electronic CPR rockfall reporting template used when rockfalls proximal to the tracks 

are observed. Provided by Canadian Pacific, October 2020.  

Several events smaller than the recommended 0.028 m3 (1 ft3) have been recorded at HeBa, likely due to 

the presence of the Coldwell Slide Fence. Review of historical rockfall records within the fence area 

indicate that the minimum detectable rockfall detection limit is a “softball sized” rock, around 500 cm3 

(0.0005 m3). Some rockfall events are logged without size or volume information. Given the nature of the 

area, it is probable that these are events which break slide wires, cross the tracks, and continue downslope 

into Lake Superior and cannot be estimated for size when S&C teams arrive onsite (Wood – Personal 
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Communication). The mileage logged on the rockfall report is typically the centre of the debris to the 

nearest 100th of a mile, but no required precision level is discussed, causing it to vary amongst reporters. 

Rockfall reports also permit CPR personnel to request a more detailed inspection by a geotechnical 

consultant or CPR geotechnical staff within a specific time frame. Detailed or follow-up inspections are 

required when more field information is needed to finalize stabilization design requirements and could 

potentially result in the re-rating of a slope. Once the detailed inspection is finished, a formal site report is 

completed, outlining observations and recommended actions.  

2.3.2.3.5.1 Quality Assurance of Rockfall Reporting 

While it is rarely possible to know the timing of a rockfall event with absolute certainty, several factors at 

HeBa support the notion that the timing of recorded rockfalls has a relatively high accuracy compared to 

other CP sites. The Coldwell Slide fence which runs between the track and the slope for 87% of the area 

allows the S&C team to be alerted immediately when a wire is severed. Once a wire is severed a speed 

limitation is immediately enforced on that portion of track until the fence is repaired. This reduction in 

operating efficiency is added incentive for the S&C team to assess the situation, file a rockfall report, and 

repair the fence as quickly as possible (Wood – Personal Communication). To avoid multiple reports 

being written about the same rockfall, track personnel are instructed to mark rocks for which a report has 

already been created with spray paint. 
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Figure 2-13: Rockfall debris at HeBa tagged with date information to ensure multiple reports are 

not logged for the same debris. Photo provided by Wood.  

Rockfall reports are almost exclusively submitted by CPR track personnel, while CPR geotechnical staff 

or consultants are responsible for reviewing the records and making detailed inspections. This ensures 

responsibilities are kept separate and there is limited confusion on the report submission process. In 

addition, since 1995, HeBa has benefitted from a largely consistent team of S&C maintainers for rockfall 

reporting, and geotechnical engineers responsible for site inspections suggesting that any site terminology 

has been consistent over this period. 

To raise awareness about the potential for rockfall hazards and the process of planning slope maintenance, 

track personnel are expected to attend Rock Slope Hazard Awareness seminars given by the CP 

Geotechnical team (2.3.2.3.8), all of which increases rockfall reporting consistency. In the rare case where 
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subsequent follow-up or annual inspections note that a previous rockfall event has been logged at an 

incorrect or imprecise location, a correction can be submitted to the database, to ensure records are as 

accurate as possible.    

While the above measures act to improve the accuracy of the rockfall record, it is important to note that 

rockfalls that do not reach the track area due to the presence of rock catchment fences or lock block walls 

are not logged. This potentially results in fewer annual rockfalls being logged following the installation of 

these barriers despite the events still occurring. However, the state of the ditch behind any hazard 

containment measure is consistently noted during annual inspections. 

2.3.2.3.6 Planning 

Annually, upon the completion of site inspections, the planning of stabilization programs in the short-

term (current year) and long-term (4-5 years) are conducted based on the assigned slope ratings. Priority 

for selecting short-term projects is as follows (Morris, Goldbach, and Wood 2019): 

1. Sites included in previous year’s work program but were not completed for budgetary or 

operational reasons. 

2. Priority sites identified during the annual inspection 2 years prior, where action within a 1-2 year 

timeline was recommended but were not included in the previous year’s work program. 

3. Priority sites identified during the previous year’s annual inspection where action was 

recommended in 1-2 years. 

4. Other priority sites identified either during previous inspections or because of recent follow-up 

inspections or detailed site assessments of recent rockfall locations; or 

5. Any sites rated as “Follow-up” during the current year’s inspections, that after field investigation 

were re-rated as current year sites. 

Sites that require a detailed geotechnical investigation or surveying to determine stabilization work are 

rated as “Long-Term”. Typically, these slopes require stabilization work that cannot be completed in one 

field season because of the following reasons: 

• The required work involves several construction stages.  
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• Detailed design investigations must be completed prior to any construction. 

• Operational restraints such as availability of track time, track personnel are restrictive.  

• Budgetary restraints prevent completion. 

2.3.2.3.7 Mitigation and Stabilization 

Mitigation and stabilization measures for each priority site are determined to fall within either the annual 

short-term program, or a long-term program which may take several years. Sites with an Urgent rating are 

typically not considered part of program work, as more immediate stabilization is required.  

Stabilization work that occurs on an annual basis is considered a short-term program. First, work sites are 

selected based on the priority ratings described in 2.3.2.3.2, then stabilization methods are chosen, and 

cost estimates are made for each subdivision. These estimates include the number of workdays required, 

as well as the materials needed. Each CPR Division then tenders contracts for the work based on the 

estimates. Annual stabilization budgeting including all costs for engineering and CPR’s own forces can 

then be conducted for the current year’s work program.  

CPR groups its stabilization measures into five categories for approaching the task: Remove Hazard, 

Reinforce Rock Mass, Support Rock Mass, Contain Hazard, and Protect Against Hazard. Several 

common stabilization techniques and their associated approaches are shown in Table 2-8. Long-term 

stabilization work is generally stretched over several years due to the size and cost of the projects. 

Typically, this work requires careful planning, design, and high-level approval, but is aimed at 

eliminating a potential high hazard location and improving operating conditions over the long-term. 

Beginning in the early 2000’s, a total of three highly detailed site inspections were completed by Morris 

and Wood at HeBa to support the transition from planning annual short-term maintenance work to more 

effective multi-year maintenance solutions (Wood – Personal Communication). 
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Table 2-8: Common CPR slope stabilization techniques. Modified from Canadian Pacific Railway, 

(2003) and Morris et al., (2019). 

Stabilization Approach Short-Term Stabilization 

Techniques 

Long-Term Stabilization 

Techniques 

Remove Hazard 

 

• Hand scaling 

• Tree removal 

• Machine scaling 

• Trim blasting 

• Slope excavation 

Reinforce Rockmass 

(Internal) 

• Rock bolt / dowel installation • Major rock bolting  

Support Rockmass 

(External) 

• Shotcreting 

• Concrete buttressing 

• Major shotcreting 

Contain Hazard 

 

• Rockfall catchment barriers 

• Lock block wall construction 

• Ditch cleaning 

• Major ditch widening 

• Rockfall catchment fences 

 

Protect Against Hazard 

 

- • Rockfall sheds 

• Warning fences (RSD / RFD) 

The HeBa subsection has relied on a variety of stabilization measures in addition to the RSD and RFD 

wires of the Coldwell Slide Fence since 1995, comprising a combination of short- and long-term 

techniques. While the slide fence has proved effective at reducing operational and safety risks, it is a 

reactive method to protect against rockfalls and derailment and works best when paired with the other 

stabilization approaches. Instances of these approaches being applied include: 

• Remove Hazard - Hand and machine scaling as well as blasting have been used continuously. 

Most notably east of the Red Sucker Tunnel at mile 71.29 in 2010 to remove unstable debris. 

• Reinforce Rockmass - Cable and rock bolts have been installed at mile 72.9 and 73.03 

respectively prior to 1995 to reinforce the rockmass at a heavily jointed location.  

• Support Rockmass - A concrete buttress wall was installed roughly 100 m vertically above the 

track from mile 73.02 to 73.15 to prevent massive blocks from dislodging and reaching the track. 

It was constructed from 1997 to 1999. 
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• Contain Hazard - Lock block walls (two or three high) have been installed in the ditch over 330 m 

of the track since 2007. Geobrugg and Maccaferri rockfall catchment fences of 2000 kJ strength 

have been installed in the ditch over 395 m of the track since 2002. 

  

  

  

Figure 2-14: Various maintenance and stabilization efforts at the HeBa site. A – Blasting at mile 

72.33, B – Concrete Buttress Wall at mile 73.15, C – Geobrugg catchment fence at mile 71.69, D – 

Rock bolt installation at mile 72.33, E – Hand scaling at mile 72.33, F – Slide fence repair. Photos A, 

C, D, E, and F provided by Wood. Photo B sourced from Canadian Pacific Railway, (2003). 

2.3.2.3.8 Rockfall Hazard Awareness Program 

A 

F E

 

D C 

B 
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In 1995, a rockfall resulted in the derailment of a CPR train and two CPR personnel fatalities. In 

response, CPR developed the internal Rockfall Hazard Awareness Program to raise awareness for all CPR 

track employees about the potential for rockfall hazard (Morris, Goldbach, and Wood 2019). The 

seminars are hosted by the CP Geotechnical team, occasionally alongside 3rd party geotechnical 

consultants. The internal training discusses the initial 1974 failure that started the slope prioritization 

program and presents the goals of the program, the slope rating system, data collection processes, analysis 

results, and several CPR case studies. Rockfall reporting forms are examined and explained in detail, and 

rockfall records showing the rockfall frequency and occurrences across the CP system are presented, as 

well as a formal review of the CPR “Safe Work Practice for Working in Rockfall Zones” manual. 

Examples of factors that influence rock stability, such as discontinuities, groundwater pressures, 

excessive blasting and vegetation are shown and discussed, as well as different rock failure modes. 

Training sessions are scheduled by subdivision at the discretion of the CP geotechnical team every few 

years. 

2.3.2.3.9 Program Review 

The slope management program undergoes an annual audit from the CPR geotechnical team. The review 

focuses on the effectiveness of inspections, inspection ratings, rockfall inspections, rockfall reporting, 

construction inspections, follow-up inspections, stabilization activity, and status of short-term and long-

term stabilization sites to make improvements for the following year. Similarly, the effectiveness of the 

Rockfall Hazard Awareness Program is assessed. While stabilization is typically thought of at the 

subdivision level, the annual audit permits the CP geotechnical team to learn from experiences across the 

rail network and understand large scale rockfall trends. 
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Figure 2-15: Total reported rockfalls across the CPR system by subdivision from 1974 – 2018. Used 

as part of the 2018 annual audit. From Morris et al., (2019). 

2.3.2.4 Comparison between the Priority Areas Program (1974) and the Rock Slope Directive (1995) 

Overall, both systems follow a very similar framework, starting with annual slope assessments and 

prioritization, followed by remediation planning and stabilization work, all while constantly observing the 

slope and reporting rockfalls on consistent forms when necessary. Despite the similarities, some minor 

differences, such as the slope prioritization mindset, system flexibility, and operational measures 

implemented by CPR will be discussed. 

The initial prioritization system, designed in the wake of a train derailment and fatality, was concerned 

with gathering as much relevant information as possible on the CP rock cuts and rockfall events, allowing 

them to prioritize which track segments were most vulnerable to a future train derailment and therefore to 

plan stabilization. This led to a focus on collection of quality rockfall data, construction of a slope 

inventory, and a ranking of slopes based on derailment concerns. Building from the slope ranking system 
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and trends shown from the rockfall records, the 1995 Engineering and Management of Rock Slopes 

directive is an effort to further integrate the initial system into CP’s pre-existing structure. The new slope 

prioritization system has an increased focus on the timing associated with a potential rockfall as suggested 

by the rating criteria, labeling the highest priority sites as “Urgent”, and the addition of the “Required 

Action” rating. This change to a more operational perspective has led to an increased focus on the cost 

and timing associated with stabilization work, transforming the primary question from “which slopes are 

most likely to cause derailment?” to “how urgently is remediation required?”. It should be stated 

however, that this shift in mentality does not reflect a reduction in safety considerations and is a logical 

evolution of analysis with increasing data and understanding of the issue.  

Table 2-9: Comparison of slope rating categories between the 1974 and 1995 systems. From 

Canadian Pacific Railway, (2003). 

Priority Areas Program (1975 – 1995) Rock Slope Engineering Directive (1995 – Present) 

A* Urgent 

A Priority 

B Priority 

C Observe 

D OK 

Unlike the Priority Areas system, the Engineering and Management of Rock Slopes directive categories 

automatically define the type of stabilization work that can be considered for the slope, while the earlier 

system ultimately left the scope and type of remediation work to be decided by the specialist conducting 

the investigation. This decision leads to more consistent stabilization techniques being applied across the 

rail network, and reduces the amount of expert decision making required during the planning phase. The 

internally developed program also allowed CP to reach beyond the initial system, by specifying the 

timing and type of slope mitigation required. The directive uses the inspection rating to dictate the 

timeline for the completion of any stabilization work and allows it to integrate operational consideration 

such as service limits on trains.  
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Comparing the rockfall reporting forms, the Priority Areas Program (Figure 2-6) defines the requirements 

for recording as “a movement or fall of rock that has the potential of causing a derailment” while the 

directive (Figure 2-12) requires any event within either track ditch above a certain size to be logged. 

Rockfall records from the Heron Bay subdivision mark a stark contrast between the two systems, in the 

number of annual events recorded before and after 1995 (Figure 2-16). This suggest that rockfall events 

were underreported under the 1974 guidelines. The later rockfall form also has space for the reporter to 

note whether the debris landed on the track, in the ditch, or both, while the earlier system does not record 

the final location of a rockfall relative to the track. A section removed from the 1995 rockfall reporting 

forms, present in the earlier version, is the visibility of the rockfall debris area relative to the train 

operator at the time the event was observed.  

 

Figure 2-16: Count of rockfall events recorded along the Heron Bay subdivision from 1974 to 2003. 

The Engineering and Management of Rock Slopes directive was implemented in 1995. From 

Canadian Pacific Railway, (2003). 
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It should be noted the initial system developed in 1974 was well ahead of its time. With 20 years of 

additional industry knowledge, the Engineering and Management of Rock Slopes directive enhanced the 

system, reflecting further understanding of the hazards and the results of 20 years of rockfall hazard 

mitigation.     

2.3.3 Future Developments 

As noted by Morris et al., (2019), new technologies are increasingly being used as part of the rock slope 

management program. GPS coordinates of rock cuts are being logged to help easily identify locations 

during helicopter inspections. Drones are being used to collect structural data in inaccessible areas 

typically occluded from the inspectors’ line of sight. LiDAR surveying is used to collect topographic 

information and generate DEMs and conduct change detection monitoring. This influx of new data 

acquisition techniques and methodologies should prompt a review and update of the 1995 directive, 

especially as they relate to handling 3D data, permitting it to continue to build on previous work and 

improve rail safety and operations.  

Current inspection forms used by the CPR geotechnical team do not have a standard format for taking 

notes, leaving the inspector to determine the most relevant information for defining appropriate 

stabilization work. While these forms are commonly used by highly senior geotechnical specialists such 

as Anthony Morris, David Wood, and Duncan Wylie, they present a level of uncertainty and ambiguity 

for early career geotechnical team members. Adding increased structure to the inspection forms would 

lead to increased consistency in the slope rating inventory and the relevant notes regardless of the 

inspector. 

2.4 Gagnon Sud Area 

Located in northeastern Canada, the Quebec North Shore and Labrador (QNS&L) Railway operates 

privately for the Iron Ore Company of Canada (IOC) as part of an integrated production system. The track 

runs a total of 418 km with stocked trains leaving from the IOC mine in Labrador City, Newfoundland 
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and Labrador, and unloading at the port and stockpile in Sept-Iles, Quebec. The track runs through a 

heavily forested area, with most of the track only accessible by train, hi-rail, or helicopter. The route 

crosses into the Laurentian Plateau, covering roughly 600 m of elevation from its highest to lowest point 

at the southern terminus. 

 

Figure 2-17: Overview of the IOC integrated production system. Provided by Sirois. 

Gagnon Sud, an operational section of the QNS&L Railway, contains an 8 km stretch of track running 

from mile 12-17 that experiences frequent geohazard activity, specifically rockfalls, and was chosen for 

in-depth analysis for this thesis. This portion of track follows deep valley cuts through Precambrian 

paragneiss, as it runs along the east bank of the Moisie River (Moukhsil, Solgadi, and Jannin 2017; 

Woods, Pryer, and Eden 1959).  
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Figure 2-18: Gagnon Sud subsection – local map. 

Nearly vertical slopes ranging from 6 to 40 m in height run adjacent to the track. While most of the 

Gagnon Sud subsection was built on bedrock, portions of the track are constructed atop valley fill, 

comprised of sensitive post-glacial silts & clays, which are actively being eroded by the Moisie River 
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(Woods, Pryer, and Eden 1959). Various forms of rockfall and geohazard protection are present along this 

section of track, such as ditches, slope drainage pipes, draped rock meshes, trip wire fences, and rock 

bolts. 

 

Figure 2-19: Gagnon Sud subsection of the QNS&L railway. A – Steep slopes with draped rock 

meshes and bolts at mile 16.76. B – Winter ice mounds forming on slope at mile 12.30. C – Proximal 

rock slope showing downslope debris and the Moisie River (bottom right) around mile 13. Photos A 

and B provided by Sirois. Photo C provided by Gauthier.  

Starting in 2015, the IOC recruited BGC Engineering (BGC) to aid in developing a track-wide 

management plan aimed at systematically prioritizing life-loss risk from a variety of present geohazards. 

The work started with detailed slope assessments of all rock cuts adjacent to the track, creating a slope 

inventory. The assessments were also used to calculate relative hazard, consequence, and risk ratings for a 

given geohazard scenario (rockfall, earth and debris landslide, washout, etc.) at each location. The IOC’s 

 

 

 

 

A 

C 

B 



53 

 

annual stabilization programs and routine site investigations are planned and scheduled based on the most 

recent hazard, consequence, and risk ratings of the rock cuts.  

To monitor the climate conditions along the track, eight private weather stations were installed at 

convenient locations for setup, maintenance, network connectivity, and specific areas of interest to the 

IOC. These stations were then used to subdivide the track into eight operational sections split at the 

halfway points between stations. The sections were more concentrated in the southern portion of track 

where the geohazard risks are higher based on previous site experience (Sirois – Personal 

Communication). 

Table 2-10: Weather station locations and operational sections along the QNS&L track. Provided 

by Sirois. 

 

Based on the current and prior weather conditions along an operational section of track, a Trigger Action 

Response Plan (TARP) level is calculated for each section of track every 15 minutes. The work also 

established a formal process for recording data related to rockfalls and other geohazard events. Any 

tabular, report, or photographic data collected is stored in a web-hosted platform, allowing QNS&L 

personnel to easily access and analyze the current and historical records related to site geohazards from 

the central IOC GHMS database.  

QNS&L manages rail operations, rockfall reporting, stabilization planning & execution, and the response 

& implementation of the TARPs and is overseen by Principal Railway Engineer & Maintainer, 

Dominique Sirois. Currently, QNS&L / IOC hires BGC to handle the data management, site inspections, 
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and TARP threshold portions of the initiative supported by various specialists including Senior 

Geological Engineer & Engineering Geologist, Dave Gauthier. Both experts were consulted during the 

research process due to their understanding of the site and slope management system. 

2.4.1 Geological Setting 

The bedrock surrounding the Gagnon Sud site is a Precambrian paragneiss comprised mostly of quartzite 

and amphibolite which formed during the Grenville Orogeny roughly 1.1 to 1.2 Ga. The lead up to the 

eventual continental-continental collision caused regional magmatism and metamorphism, producing a 

core of stable and resistant igneous and metamorphic bedrock units known more broadly as the Grenville 

Province and in the region north of Sept-Iles, as the Laurentian Plateau (Moukhsil, Solgadi, and Jannin 

2017). The orogeny would be one of several tectonic collisions that helped to form the Rodinia 

supercontinent and eventual rifting and normal faulting would result in the St. Lawrence rift system and 

the opening of the Iapetus Ocean around 613 Ma (O’Brien and van Der Pluijm 2012). Following the 

breakup of the supercontinent, various rivers, including the Moisie River, sourced from the resistant 

Laurentian Plateau began to flow south towards the Gulf of St. Lawrence. Sections of river rapids and 

waterfalls are known to occur at the edge of the Laurentian Plateau, known as the Laurentian Escarpment, 

which coincides roughly with mile 20 of the QNS&L track (Parks Canada 1976; Woods, Pryer, and Eden 

1959). The Moisie River carved deep valleys into the bedrock, which were later filled with post-glacial 

silts and clays during the retreat of the Champlain Sea (Faessler 1945). Once the inland ocean retreated, 

the Moisie once again began to flow south, eroding much of the valley fill from mile 12 - 16 where the 

track was built on the paragneissic bedrock while mile 16 – 17 was constructed on the fill, including 

banded “Leda” clays, known for their instability (Woods, Pryer, and Eden 1959).  

The exposed bedrock slopes in this area have a Geological Strength Index (GSI) that typically ranges 

from 50 to 75 with Fair to Good joint surface conditions and blocky to massive structures as described in 

Hoek & Brown, (2019). The rock cuts gradually increase in height as the track travels north towards the 

Laurentian Escarpment boundary. Surface water tends to seep through joints in the rockmass at various 
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locations, forming ice mounds during the winter months. Ice can break off and fall into the ditch or onto 

the track, as shown in Figure 2-19, and cause degradation through frost action. Beyond M 16, bedding 

planes of the post-glacial clays are often sloping towards the rivers, sometimes very severely, with units 

saturated past their liquid limit sampled at depths up to 50 m in the area (Woods, Pryer, and Eden 1959). 

Post-glacial relaxation causing jointing of the valley bedrock slopes is believed to be the primary 

geotechnical contributor to rockfall activity in the area (Gauthier – Personal Communication). 
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Figure 2-20: Surficial geology map of the Gagnon Sud subsection. Rough sketch of QNS&L track 

shown in black. Modified from Dredge, (1983).  
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Regional geological mapping from Dredge, (1983) indicates the presence of major N-S faults and smaller 

echelon faults in the Precambrian bedrock along the Quebec North Shore but does not map the structural 

planes. Geophysical interpretations of the Lower St. Lawrence Seismic Zone (LSZ), located south of 

Sept-Iles, from Lamontagne et al., (2003) mapped the presence of several lineaments and “probable 

faults” that trend NE-SW and E-W in the Gagnon Sud area (Figure 2-21). Nearby structures, such as the 

NE-SW trending buried valley of glacial sediments (Figure 2-20), also noted in Woods et al., (1959), 

further support the presence of these faults. The combination of the Grenville Orogeny and the LSZ are 

believed to have resulted in a potential mix of NE sinistral strike slip faults formed during the orogeny as 

well as E trending normal faults from the larger St. Lawrence rift arm system around the track area. 
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Figure 2-21: Structural interpretations of the Lower St. Lawrence Seismic Zone (LSZ) from 

magnetic anomaly data (line thickness = strength of lineament). Rough sketch of Gagnon Sud area 

shown in red and adjoining QNS&L rail shown in black (modified from Lamontagne et al., 2003). 

2.4.2 QNS&L Operational History 

The QNS&L railway was constructed for the purpose of transporting ore from pit to port and is owned 

and operated by the IOC. The first trains began running from Sept-Iles in the early 1950’s, and the 

connection to Labrador City was completed in 1958. The initial construction of the railway was met with 

considerable engineering challenges due in part to the rural location, harsh climate, and the presence of 

banded Leda clays in the first 50 km of track, described in Woods et al., (1959). During construction of 

the Gagnon Sud area bedrock excavation and blasting was required to remove 760,000 m3 of rock from M 

N 
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12-16, while three observed landslide events, one totaling 45,000 m3 of material, occurred in banded clays 

around mile 12 (Woods, Pryer, and Eden 1959).  

Geotechnical assessments and slope stabilization efforts at hot spots for geohazard activity were 

continuously carried out along the track, spearheaded by Journeaux Associates in the years prior to 2014 

(Gauthier – Personal Communication). In 2014, an undetected rockfall on the track caused a train to derail 

and enter the Moisie River, resulting in a locomotive engineer fatality. Following the event, in 2015, the 

IOC hired BGC to help design and implement a Geohazard Management System (GHMS) for the track. 

The primary goal of the project was to develop a systematic method of assessing the life-loss risk to train 

operators caused by geohazard events. The system also afforded the IOC the ability to systematically plan 

slope maintenance, automate portions of geohazard monitoring, conduct back-analysis of geohazard 

events, and effectively communicate geohazard risks to stakeholders. The GHMS uses a risk-based 

framework to evaluate the hazard, consequence, and risk associated to a geohazard event at discrete 

slopes along the track, further discussed in 2.4.2.1.  

The rockfall risk assessment portion of the GHMS builds off similar work conducted from 1995 to 1997 

by BGC and Oboni Associates in collaboration with the Canadian National Railway (CN) that saw the 

development of a risk-based framework for managing rockfall activity across the CN mainline track in 

Western Canada, and has since been implemented in Eastern Canada as well (Abbott et al., 1998, 

Gauthier – Personal Communication). Readers are encouraged to review the 2005 AREMA Conference 

paper by Pritchard et al., (2005), which summarizes and discusses this work, for insight on an earlier risk-

based system for rockfall assessment along railways and foundational ideas about the method.  

2.4.2.1 Risk-Based Approach for Geohazard Management 

While the definition of risk varies depending on the application, VanDine, (2012) used the following 

definition for landslides  “landslide risk is a measure of the probability and consequence of an adverse 

effects to human health and safety, property, aspects of the environment and/or financial interests”, which 

remains a suitable definition for more general geohazard risk as well. Estimation of risk is typically done 
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using a mix of semi-quantitative metrics, relying on field inspections, engineering judgement, and 

established literature on the subject. The goal is to calculate the probability of occurrence for a possible 

scenario(s) by mapping out the process(es) which could lead to it, known as a risk chain, and estimating 

the probability of each step occurring. The parameters required to define each step of the risk chain are 

grouped together into a risk equation, which can be solved for different locations. The methodology can 

also be repeated at various spatial and temporal scales for multiple scenarios. This permits risks across an 

area of interest to be measured, compared, monitored, and remediated in a systematic way. Other 

important aspects of risk-based geohazard frameworks outside the assessment stage include determining 

risk tolerance and risk communication but are not discussed in this review as they are more applicable to 

societal risk scenarios. Readers interested in these topics are directed to Porter & Morgenstern (2013) who 

discuss the concepts as they relate to landslide management in Canada. 

The primary goal of the IOC system was to prioritize action based on the risk of a geohazard event 

causing a fatal derailment, which was used as the defining scenario in the framework. Currently, the 

system is used to characterize and monitor five types of geohazard events: rockfalls, earth and debris 

landslides, bank erosion, washout, and avulsion. However, only the process of evaluating rockfall risk 

will be presented in the following discussion.  

From foundational work by Ho et al., (2000) in Quantitative Risk Assessment of Hong Kong slopes, the 

risk (R) of a geohazard event is defined as the product of the hazard (H), the likelihood of occurrence, and 

the consequence (C), of the outcome if the event occurs (Equation 2-1). Both the hazard and consequence 

components are discussed separately in sections 2.4.2.1.1 and 2.4.2.1.2 respectively. The relationship is 

expanded in Equation 2-2 as it relates to the IOC GHMS and integrates new branches 𝐿𝑖𝑡  (likelihood of 

impassable track) and 𝐿𝑑  (likelihood of derailment) to the risk chain (Lato et al. 2019). The methodology 

presented below is specific to the IOC GHMS system, discussed in-depth in BGC Engineering Report 

1463-005 (2015). 
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Equation 2-1: Risk equation for a geohazard event from Ho et al., (2000). 

𝑅 = 𝐻 ∗ 𝐶 (2 − 1) 

Equation 2-2: Risk equation for a geohazard event causing derailment on the QNS&L track from 

Lato et al., (2019) 

𝑅 = (𝑃𝑔ℎ ∗ 𝐿𝑖𝑡) ∗ (𝐿𝑑 ∗ 𝑉 ∗ 𝐸) (2 − 2) 

Which Lato et al., (2019) define in the context of the IOC GHMS as:  

R = Risk. The expected loss, in this case the annual expected likelihood of loss of life from a 

geohazard‐related derailment due to a geohazard event at a specific location along the QNS&L railway. 

H = Hazard. The annual probability of track being impassable to rail traffic from a geohazard. 

C = Consequence. Probability of a derailment resulting in fatality given the presence of impassable track. 

𝑃𝑔ℎ  = Geohazard probability. Annual probability that a geohazard will initiate at a specific location and 

reach its zone of influence on the infrastructure (e.g. track, embankment). This term includes both the 

annual frequency of occurrence and the spatial component of the event reaching its zone of influence. 

𝐿𝑖𝑡 = Likelihood of impassable track. Likelihood that the given geohazard with a specific magnitude 

reaching the zone of influence will make the track impassable to a train at normal track operating speed. 

𝐿𝑑  = Likelihood of derailment. Likelihood a train will encounter the impassable track condition and 

derail. 

𝑉 = Vulnerability. Vulnerability of the element at risk (e.g. train crew in the locomotive) to loss, defined 

as the likelihood that elements at risk will suffer defined consequences (e.g. at least one fatality) given the 

derailment of a train. 
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𝐸 = Elements at risk. A measure of the value of the element at risk. In this case, E = the number of 

persons exposed to loss of life in the event of a derailment. The typical case assumes one train worker on 

QNS&L trains. 

A note regarding the variables of Equation 2-2 is that they all range from 0 to 1, resulting in equal 

weighting for each variable in the risk calculation.  

2.4.2.1.1 Assessment of Rockfall Hazard (H) 

The hazard potential (H) for a given slope is the product of two variables, the probability that a rockfall 

will occur and reach the track area (𝑃𝑔ℎ), and the likelihood of impassable track as a result (𝐿𝑖𝑡). To 

simplify their estimation, both 𝑃𝑔ℎ and 𝐿𝑖𝑡 are calculated for three separate volume classes where: 

- V1 is < 1 m3 

- V2 is between 1 m3 and 3 m3 

- V3 is > 3 m3 

These boundary conditions were based on previous rockfall risk management work by Abbott et al., 

(1998) for CN’s track in British Columbia. The project noted that the source volume and debris size of a 

rockfall have a major impact on the probability of derailment. The result is 𝑃𝑔ℎ−𝑣𝑛 and 𝐿𝑖𝑡−𝑣𝑛 which are 

estimates at their respective volume ranges, which add to form an overall annual hazard probability as 

shown in Equation 2-3. 

Equation 2-3: Annual hazard probability of impassable track from a rockfall event at the QNS&L 

track. From BGC Engineering, (2015). 

𝐻𝑣𝑛 =  𝑃𝑔ℎ−𝑣𝑛 ∗   𝐿𝑖𝑡−𝑣𝑛  (2 − 3𝑎) 

𝐻 =  𝐻𝑣1 + 𝐻𝑣2 + 𝐻𝑣3 (2 − 3𝑏) 
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The 𝑃𝑔ℎ−𝑣𝑛 is further subdivided into the probability of a specific rockfall event volume occurring on a 

given slope (𝑃𝐹𝑣𝑛) and the spatial probability of a specific rockfall event volume reaching the tracks (𝑆𝑣𝑛) 

defined in Equation 2-4 and are further subdivided in Equation 2-5 and Equation 2-6.  

Equation 2-4: Annual probability of a rockfall occurrence that reaches the QNS&L track. From 

BGC Engineering, (2015). 

𝑷𝒈𝒉−𝒗𝒏 = 𝑷𝑭𝒗𝒏 ∗ 𝑺𝒗𝒏 (𝟐 − 𝟒) 

Equation 2-5: Annual probability of a rockfall occurrence. From BGC Engineering, (2015).  

𝑃𝐹𝑣𝑛 = 𝐸𝑝−𝑟𝑓 ∗
(𝐹𝑀𝑣𝑛 + 𝑉𝑑−𝑣𝑛)

2
(2 − 5) 

Where: 

𝐸𝑝−𝑟𝑓 = Field estimate of the cumulative frequency of rockfall occurrence for a given segment of the 

railway, determined from site inspection. 

𝐹𝑀𝑣𝑛 = Expected typical proportion of V1, V2, and V3 magnitude rockfall events based on published 

rockfall frequency-magnitude relationships. 

𝑉𝑑−𝑣𝑛 = Field estimated proportion of rockfall source zone volumes present on the rock slope. For all 

slopes 𝑉𝑑−𝑣𝑛 < 1 and 𝑉𝑑−𝑣1 + 𝑉𝑑−𝑣2 + 𝑉𝑑−𝑣3 = 1. 

Field inspections are required to complete Equation 2-5. When estimating the annual probability of a 

rockfall event along a track segment (𝐸𝑝−𝑟𝑓), geotechnical engineers are expected to observe the 

following: 

• Presence of rockfall debris 

• Rockfall currently detaching from the slope 

• Tension cracks 

• Presence of detachment scars on the slope 

• Impact marks in the track ballast, ties, or rails 
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• Damaged vegetation above or adjacent to track 

• Information / experience from track personnel and train operators 

• Presence of kinematically feasible rock failure mechanisms based on orientation of existing joints 

𝐹𝑀𝑣𝑛 is a constant that reflects the relationship between the expected frequencies of different magnitude 

rockfalls. Given the brief record of rockfall events since 2015, frequency-magnitude (F-M) relationships 

for rockfall activity along the QNS&L railway are unknown. Estimates are sourced from various rock 

slopes along transportation corridors in Western Canada, published in Hungr et al., (1999), and 

proportional F-M distribution shown in Table 2-11 are applied.  

Table 2-11: Volume proportion frequency-magnitude relationships applied to QNS&L slopes. From 

BGC Engineering, (2015). 

Volume Category 𝐹𝑀𝑣1 (V1: < 1m3) 𝐹𝑀𝑣2 (V2: 1 to 3m3) 𝐹𝑀𝑣3 (V3: > 3m3) 

𝐹𝑀𝑣𝑛 0.5 0.3 0.2 

𝑉𝑑−𝑣𝑛 is a field estimation of the portion of rockfall source zones within a specified volume category 

present on slope. The volume and dimensions of rockfalls have a large influence on the train derailment 

probability (Abbott et al. 1998). The field value, 𝑉𝑑−𝑣𝑛 and an independent estimate from published work, 

𝐹𝑀𝑣𝑛, are averaged together in Equation 2-5 and is the only instance where variables are not multiplied.  

Equation 2-6: Spatial probability of a rockfall reaching the QNS&L Track. From BGC 

Engineering, (2015). 

𝑆𝑣𝑛 = 𝑀𝑚𝑏𝑛−𝑣𝑛 ∗ 𝑆𝐷𝑣𝑛 ∗ 𝑆𝑆𝑣𝑛 (2 − 6) 

Where: 

𝑀𝑚𝑏𝑛−𝑣𝑛 = Factor ranging between 0 and 1 that considers the rockfall runout reduction associated with 

existing mitigation measures. Rockfall runout mitigation may be achieved by methods such as draped 

mesh, berm, or rockfall fence. The effectiveness of the different runout mitigations will vary depending 

on factors including the expected source zone volume classes and slope geometry. 
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𝑆𝐷𝑣𝑛 = Ditch exceedance probability based on the slope and ditch geometry; this is the proportion of 

falling rocks, of the given volume class, that are expected to run out past the existing ditch and reach the 

tracks. Ditch exceedance probability is estimated as 1 – Ditch Effectiveness, where ditch effectiveness is 

estimated based on data published by Pierson et al. (2001). 

𝑆𝑆𝑣𝑛 = Short slope qualifier. For slopes less than 6 m above railway grade with a ditch greater than 3 m 

wide the factor is set to 0.1 and is otherwise 1. This is a way to identify slopes that have a 99% likelihood 

of events not reaching the track (Figure 2-23). 

The amount of rockfall runout mitigation (𝑀𝑚𝑏𝑛−𝑣𝑛) is assessed by evaluating any engineering structures 

such as draped mesh, berms, or rockfall nets, and their ability to limit the proportion of rockfall events to 

reach the tracks. Values are determined for each volume category ranging from 0.1, being the most 

effective with 90% of events stopped, to 1, where no mitigation is present, or the mitigation is ineffective.  

Rockfall runout mitigation resulting from an existing ditch is calculated using the Pierson et al., (2001) 

measure for ditch effectiveness parameter (1 −  𝑆𝐷𝑣𝑛) which incorporates the slope height, slope angle, 

ditch width, and ditch angle of a given slope (Figure 2-23). While the Pierson et al., (2001) ditch 

effectiveness tables were developed using individual blocks less than 1m3, the results are assumed to be a 

reasonable approximation for the QNS&L track. A poor ditch condition or capacity due to accumulated 

debris or vegetation is not directly accounted for in the ditch effectiveness parameter, however, field 

engineers are able to communicate this information on detailed rock slope assessment forms, shown in 

Figure 2-24. It is notable that the system uses a consistent ditch effectiveness value, regardless of the 

rockfall volume class being evaluated. 

2.4.2.1.2 Assessment of Rockfall Consequence (C) 

To evaluate the consequence (C) portion of Equation 2-1, likelihood of a train derailment (𝐿𝑑), as well as 

the number (𝐸) and vulnerability of elements at risk (𝑉) must be estimated. Both 𝐿𝑑 and 𝑉 are calculated 
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from the track parameters in the area and E = 1 as QNS&L train crews are only one person. The GHMS 

system defines 𝐿𝑑 as a combination of the speed at which the train encounters impassable track 

(depending in part on the initial track speed), the presence of effective warning systems, and the line-of-

sight of the train operator (Figure 2-22).  

 

Figure 2-22: Likelihood of derailment and element vulnerability estimate given impassable track. 

From BGC Engineering, (2015). 

The track speed provides an estimate of the energy involved in a collision, with higher train speeds 

leading to more energy, and an increased likelihood of derailment. The track speed boundaries define 

semi-quantitative baselines for derailment likelihoods along sections of the track (Figure 2-22). The 

presence of an effective geohazard warning system in the rockfall area can alert approaching train 

operators of potentially impassable track conditions, reducing the likelihood of an encounter. The GHMS 

notes that an effective warning system (1) must be able to detect the geohazard, and (2) the train operator 

must respond to the warning systems and act according to the guidelines. This requires timely 

communication with the train operator, within stopping distance of the impassable track, so they can react 

in an appropriate time window to mitigate a potential collision. While warning systems can reduce the 

consequence and risk substantially, they are unable to eliminate the risk. The line-of-sight (LoS) of the 

train operator similarly affects their ability to react to impassable track and brake to avoid collision. While 

in practice, braking distance can vary based on train and track conditions, a threshold of greater than 320 

m is used to determine an adequate or inadequate visual stopping distance for an QNS&L train operator. 
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The LoS distance is calculated from the center of the rockfall in both the north and south directions of 

track with a field of view of 5º on either side, to account for the inability to see around curves. The lower 

of the maximum LoS distances is used to calculate 𝐿𝑑. Relying on the track speed, warning system, and 

LoS distances inputs, 𝐿𝑑 is determined using the workflow shown in Figure 2-22.  

The vulnerability of the train crew (V) is heavily influenced by the topographic and environmental 

features surrounding the potential rockfall area. Given a derailment, the most vulnerable situations are 

steep downhill slopes, proximal water bodies, and tunnels (Figure 2-22).  

Combining the parameters into Equation 2-2 and Table 2-12, the overall consequence can be calculated in 

either a quantitative or semi-quantitative fashion, respectively. While the GHMS aims to determine the 

relative consequence of a train encountering impassable track, it is not intended to provide quantitative 

values for the likelihood of a fatality. Consequence indices are defined in Table 2-15. 

Table 2-12: Matrix for rockfall consequence calculation. From BGC Engineering, (2015). 
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Figure 2-23: Rockfall catchment ditch design chart for a 12.2-m high slope (4V:1H - 76º) adjacent 

to a highway. Definition of parameters used to calculate SDvn shown in the top-right box. From L. 

A. Pierson et al., (2001). 

Following the estimation of rockfall probability of occurrence and reaching the track (𝑃𝑔ℎ), the likelihood 

of impassable track resulting from an event within each volume class (𝐿𝑖𝑡−𝑣𝑛) is calculated as part of 

Equation 2-3. This is highly dependent on the volume of material that has reached the track, as well as the 

size and energy of individual blocks that may damage the track. Based on industry experience, the 

estimated  𝐿𝑖𝑡−𝑣𝑛 is shown in Table 2-13.  

Table 2-13: Estimated likelihood of impassable track per rockfall volume category along the 

QNS&L railway. From BGC Engineering, (2015). 

Volume Category 𝐿𝑖𝑡−𝑣1 (V1: < 1m3) 𝐿𝑖𝑡−𝑣2 (V2: 1 to 3m3) 𝐿𝑖𝑡−𝑣3 (V3: > 3m3) 

𝐿𝑖𝑡−𝑣𝑛 0.03 (Unlikely) 0.3 (Likely) 0.93 (Very Likely) 
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Solving and then combining Equations 2-3 to 2-6 and Table 2-13, gives a specific rock cut overall hazard 

score (H). For easier interpretation and communication of the hazard rating, 𝑃𝑔ℎ and 𝐿𝑖𝑡 are also used to 

calculate a semi-quantitative value of H using Table 2-14.  

Table 2-14: Matrix for rockfall hazard probability calculation. From BGC Engineering, (2015). 

 

Where the indices are defined in Table 2-15: 

Table 2-15: Hazard and consequence indices descriptions. From BGC Engineering, (2015). 

Hazard / Consequence Indices Description 

Low Event unlikely to occur within the lifetime of the railway 

Moderate Event may occur once within the lifetime of the railway 

High Event likely to occur one or more times within the lifetime of operation 

Very High Event typically occurs every few years 

2.4.2.1.3 Assessment of Rockfall Risk (R) 

Upon calculating rockfall risk (R), as defined in Equation 2-2, and scored within a pre-defined 

classification using Table 2-16. R, compared to H and C, has added granularity as the rating scale is 

expanded from 4 to 7 levels. The seven levels are split into four classes, Critical (Level 6 and 7), High 

(Level 4 and 5), Moderate (Level 2 and 3), and Low (Level 1). Transforming the hazard, consequence, 

and risk ratings into a defined classification with associated descriptive language also allows the railway 

to readily compare the geohazard risk to other risks associated with broader operations and to 

systematically allocate time and resources accordingly. The process also facilitates risk communication 

with IOC Mining operations, Rio Tinto, and other relevant stakeholders.  
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Overall, it is noteworthy that no single parameter or variable is meant to dominate the entire risk 

calculation; each portion of the risk calculation should be considered as part of a greater whole. The 

individual equations are meant to each communicate general information about the risk, and while 

variables can be examined at the individual basis, they should all be interpreted within the greater risk 

context. 

Table 2-16: Matrix for rockfall risk calculation. From BGC Engineering, (2015). 

 

2.4.2.2 Application of the IOC Geohazard Management System (GHMS) 

Based on initial discussions, a specific risk scenario and list of geohazards to be assessed was agreed upon 

for the GHMS. The first step of implementing the risk-based framework required field and desktop 

assessments to develop an initial slope inventory. This was done by segmenting all rock slopes adjacent to 

the track into sections with similar parameters defined in Equation 2-2 to Equation 2-6. The most used 

slope parameters for segmentation included rockmass conditions, slope height and angle, presence of any 

rock stabilization measures, and ditch width and depth. Further segmentation of the slopes occurs as 

different database entries are logged depending on which side of the track a slope is on and which 

geohazard is being assessed. Along the entire track the database has 885 segments logged, each with a 2D 

location and unique ID, allowing them to be stored within the IOC GHMS.  

Upon segmentation of the slopes, a detailed field inspection of each slope is conducted using standardized 

site characterization forms (Figure 2-24). Field inspections are carried out by geotechnical engineers, and 

the standardized inspection form helps to log the relevant information for completing a risk assessment. 
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Additional geotechnical information not directly evaluated in the risk assessment, such as the presence of 

water, joint conditions, slope failure modes, vegetation, and ditch material, can be optionally included on 

the forms. Other field documents, such as reports or photos, can be linked to a segment ID and stored in 

the IOC GHMS for later review. 

Given the various geohazards and environments present along the track, inspections can occur in a variety 

of ways depending on the slope segment being analyzed. Most slope inspections occur on foot, with rare 

inspections from a hi-rail at low-risk sites, and additional helicopter review of certain sites (Gauthier – 

Personal Communication). Large landslides are assessed on slope and around the head scarp, while rock 

slopes are commonly assessed at track level. 
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Figure 2-24: Detailed rock slope field assessment form for rockfall risk evaluation. From BGC 

Engineering, (2015). 

Once detailed inspections of the slopes are completed, the hazard, consequence and risk of each segment 

is calculated using Equation 2-2 to Equation 2-6. Before being officially entered into the GHMS, all 
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ratings are reviewed by a senior geotechnical specialist. This combination of a standardized rating system 

and expert engineering judgement at the final rating stages adds a layer of flexibility and confidence to 

the results.  

Rated slopes are then scheduled for future inspections and remediation based on their risk rating. The 

higher the rating, the more frequently they are inspected. Critical risk slopes (6 & 7) are typically re-

inspected annually, with moderate (2 & 3) and low risk slopes (1) being re-inspected every 5-10 years. 

Site specific inspections are usually planned for the early spring and fall months so the slope and ditch are 

free of snow. Subsequent inspections help to monitor the evolution of the slope and update any of the 

ratings as necessary. Special seasonal inspections of the entire track also occur in the spring and fall 

months each year to evaluate the overall slope conditions. While formal detailed site inspections are 

scheduled periodically, informal inspections of the track are continuously conducted by track personnel 

during the year. 

While not designed explicitly for the purpose of planning slope remediation, the GHMS ratings allow for 

specific parts of the risk chain to be targeted and permit specialized stabilization programs to be 

developed. The GHMS also provides the benefit that any maintenance decisions can be directly tied back 

to data records, which helps with future stabilization planning and conducting back-analysis. Upon 

completion of the initial risk ratings, the IOC focused on remediating all critical slopes and is now 

transitioning to manage high risk (4 & 5) sites. 

A breakdown of the risk level for the Gagnon Sud subsection (mile 12-17), is shown in Table 2-17. 

Despite comprising 2.2% of the entire QNS&L rail line, the subsection makes up 36% of the total number 

of High rockfall risk slope segments and contains one of five critical slopes at mile 16.7.  
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Table 2-17: Rockfall risk ratings of Gagnon Sud subsection slopes. Sourced from IOC GHMS, July, 

2021. 

Rockfall Risk Rating Critical (6 & 7) High (4 & 5) Moderate (2 & 3) Low (1) 

Count of Segments 1 41 16 1 

2.4.2.3 Geohazard Event Reporting 

To support the slope risk assessment work, the IOC GHMS also implemented a geohazard reporting 

system to help document and analyze historical events such as rockfalls. Reports are completed by filling 

out the template shown in Figure 2-25 when a rockfall event occurs and lands in either ditch, or on the 

track itself.  
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Figure 2-25: Sample IOC GHMS rockfall reporting form. Provided by Sirois. 
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The reports require primary information, such as the mileage, date, type of geohazard, impact location, 

largest dimension, prior weather conditions, and source area, with space for secondary information such 

as detection method, consequences, and general notes to be added. Geohazard reports can also be linked 

to field photos of the event. Rockfall size information is recorded as the longest dimension of the largest 

piece of rock debris and put into one of three categories: 

- Longest dimension is < 2 ft 

- Longest dimension is between > 2 ft and < 6 ft 

- Longest dimension is > 6 ft 

The groupings are based on previous work by Abbott et al., (1998) on the dimensions of rockfall debris 

that are most likely to cause train derailments, also used when estimating slope rockfall hazard (2.4.2.1.1). 

As the system was designed to be a life-loss risk rating system, only the debris dimensions which relate to 

the derailment potential, and not the cumulative volume, were deemed necessary for the records. This also 

simplifies the challenge of precisely estimating the cumulative volume of a rockfall event when out in the 

field, as debris can wind up on slope, in the ditch, on the track, down slope of the track, or in the river. 

The distribution or spread of the rockfall debris is also recorded, which can help define the failure 

mechanism, source area height, and rockmass competence. Together, the location, distribution, and size 

of debris can give an estimate as to how likely the rockfall is to lead to impassable track and whether 

follow-up inspections are required. Small, scattered rocks around the track pose a smaller risk to 

derailment, compared to a large pile of small rocks (Gauthier – Personal Communication). Recording the 

prior weather conditions can additionally provide insight into triggering mechanisms for future events and 

noting the detection method can help evaluate warning system effectiveness. 

In the case of a rockfall event, a team of QNS&L track inspectors, usually accompanied by the Principal 

Railway Engineer, go on-site to evaluate the slope and scan for potentially incipient or imminent events 

and any potential damage to the track or grade. Depending on the complexity of the slope and size of the 

rockfall, additional follow-up inspections or surveys with a geotechnical slope specialist may be 
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requested. Operational decisions beyond the initial investigation are subject to the investigator(s) or the 

rockfall observer. 

2.4.2.3.1 Quality Assurance of Rockfall Reporting 

Reports can be submitted by members of the track personnel, or detailed inspection teams upon visual 

confirmation of a rockfall event. Once a report has been completed, the information must be approved by 

the Principal Railway Engineer, before it is formally input to the IOC GHMS. Filed reports are then 

redistributed to track employees to ensure that all parties are aware of recent events, the potential of 

rockfall activity along the track, and involvement in reporting remains high. While track personnel are 

actively looking for evidence of rockfall activity in ditches or on track, ultimately there is no way to know 

precisely when most rockfall events occurred (Gauthier – Personal Communication). A large portion of 

the annual rockfall reports are logged during detailed slope inspections which occur in April and May as 

snow is melting and debris buried during the winter months is exposed. This results in a concentration of 

events logged in the spring months, some of which may have occurred several days or weeks prior to 

reporting and were missed during standard operations (Sirois – Personal Communication). 

To avoid making repeated recording of the same event, spray paint is used to mark rockfalls that have 

already been reported, or to mark rocks that were removed from the slope as part of maintenance efforts 

(Figure 2-26). 
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Figure 2-26: Rockfall (A) and scaling (right) debris at the IOC site tagged with spray paint to 

ensure multiple reports are not logged for the same debris. Photos provided by Sirois.  

Prior to the implementation of the IOC GHMS in 2015, geohazard reports were only logged if the event 

was noticed by a train operator and operations needed to stop (Sirois – Personal Communication). For this 

reason, they are believed to be a less reliable record of rockfall activity, and only records from 2015 

onwards will be assessed in Section 3.4.2. 

2.4.2.4 Geohazard Monitoring Techniques 

The QNS&L track is split into eight sections, each of which contain a continuously monitoring weather 

station near their respective centres. Each station records the daily maximum, minimum, and mean 

temperatures (ºC) and precipitation (mm) with some stations recording daily maximum wind speed (m/s) 

and direction (º). At mile 14.9, a stream gauge is used to continuously monitor the discharge rate (m3/s) of 

the adjacent Moisie River. Both the weather stations and the stream gauge data can be viewed and 

A B 
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downloaded through the IOC GHMS web portal and are used to calculate an appropriate TARP response 

for the track sections. 

 

Figure 2-27: Gagnon Sud weather monitoring station at mile 15.5. Photos provided by Sirois. 

Aerial LiDAR surveys (ALS) of the Wacouna subdivision were conducted in 2015 and 2021 and were 

used to generate bare-earth models of the track area. The scan provides helpful insight into the site 

topography and can be overlain with various other data sets to visualize the different geomorphological 

features, and how they impact hazard, consequence, and risk ratings. Photo sets from helicopter surveys 

can be made into 3D point cloud models of the slopes by using Structure from Motion (SfM) 

Photogrammetry. Like the LiDAR scans, the photogrammetry models present a digital snapshot of the 

slope and can be used to visualize current and historical slope conditions as they relate to risk ratings. 

Subsequent photogrammetry or LiDAR scans allow for changes between models to be measured, and the 

evolution of geohazards can be tracked as the slopes deform. 

2.4.2.5 TARP Procedures 

A Trigger Action Response Program (TARP) is a set series of automated precautionary operational 

actions to be taken in the case that a monitoring system passes a certain predetermined threshold. They 
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provide an immediate response to a potential hazard, allowing personnel to respond swiftly and 

effectively as hazard levels change. Along the QNS&L railway, TARP thresholds are monitored and 

recalculated every 15 minutes for each of the eight track sections based on the measured climatic 

conditions. Each of the sections have a separate TARP rating for landslides and rockfalls ranging from 1 

(lowest) to 4 (highest), with increased rail traffic and inspection measures at each step. Based on the 

current and prior track weather conditions, operational actions range from increased track inspection 

frequency and mandated inspector communication, to track speed reductions and train stoppages. Once a 

TARP threshold has been passed, each level has a pre-set, automated decay period before it decreases to a 

lower level. The current TARP thresholds are based mostly on the hourly intensity and overall duration of 

rainfall in the section of interest. 

In the rare case where IOC track inspectors believe the current TARP rating does not accurately reflect 

the current hazard, the duration of elevated TARP ratings can be changed. This requires substantive track 

inspections to review the slope conditions, discussion amongst site personnel, and approval from all 

relevant parties. To date, the duration of a TARP rating has only been changed once since being 

implemented in 2015 (Sirois – Personal Communication).  

2.4.2.6 Risk Remediation Efforts 

Starting in 2015, the IOC began undertaking slope remediation projects with the goal of shifting all the 

Critically rated slopes into the High (or lower) category. To date, all slopes with a level 6 or 7 risk rating 

have been remediated, and resources are quickly allocated to slopes that are upgraded to a critical rating. 

Some slopes that consistently remain at a level 6 risk rating are monitored more frequently, using 

techniques that protect against the hazard, such as trip wire fences that have been installed at mile 14.6 

and other locations along the track (Gauthier – Personal Communication). With this process now firmly 



81 

 

underway, the QNS&L team is taking steps to further reduce the overall risk by prioritizing the level 4 

and 5 risk slopes. 

Remediation work is planned on a per slope basis by considering the hazard and consequence separately 

as different ways to address the overall risk. Several remediation techniques have been used in the 

Gagnon Sud area. Most often, however, a combination of hazard removal (hand and/or machine scaling), 

hazard containment (mesh drapes), and rockmass reinforcement (rock bolting), in addition to regular ditch 

maintenance have been applied. When required, additional methods, such as tree removal and 

groundwater drainage conduits are used, as well as equipment such as trip wire fences and inclinometers.  

 

 
A 
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Figure 2-28: Remediation efforts around the Gagnon Sud area. A – Rock mesh drapes and bolting 

at mile 15.12. B – Trip wire fence. C – Slope drain conduits and rock bolting at mile 14.57. D – 

Rock mesh installation at mile 16.76. Photos provided by Sirois. 

2.4.3 Future Developments 

Efforts to modernize various portions of the GHMS are ongoing. One of the undertakings has been the 

construction of a central spatial and temporal database that can be leveraged to support monitoring and 

B C 

D 
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back analysis of the system. Each slope or track segment is stored in the system with a unique ID and set 

of 2D coordinates, allowing it to be viewed and compared to other slopes or spatial data such as satellite 

imagery or LiDAR rasters. The IOC GHMS also stores all logged rockfall event reports, climate data 

from the live monitoring stations, as well as current and previous TARP levels. The system operates on a 

web-based platform that can be used to visualize, query, and export the data. Steps are being taken to 

develop a mobile application which would allow for users to create and submit reports from the field, and 

automatically update the ratings for each slope segment. Opportunities to integrate new technologies into 

the existing system, such as weather forecasting, artificial intelligence, and 3D visualizations with 

augmented and mixed reality are currently being explored for future development (Lato et al. 2019). 

 

Figure 2-29: Map visualization from the IOC GHMS of track segments and associated geohazards. 

Provided by Sirois. 
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Any decisions regarding interpretation of slope ratings or stabilization work are made by geotechnical 

experts and not through the GHMS. However, steps are being taken to support the specialists in their 

decision making and this, as well as several other design limitations discussed in Lato et al., (2019) are 

being evaluated. Continuing to integrate the slope hazard and consequence ratings into the slope 

remediation process would allow for the development of more specialized stabilization projects by 

targeting specific portions of a slope risk chain. Developing a specialized solution that addresses the 

weakest point in a slope risk chain can result in more effective risk reduction compared to selecting a 

generalized solution and typically requires fewer resources. 

2.5 System Comparison 

This discussion will centre around the methods developed by CP and QNS&L for prioritizing rock slopes 

based on field inspections, and the collection of incident information into rockfall databases. While this 

comparison is meant to encourage discussion regarding slope prioritization and rockfall reporting, it is not 

meant to describe either system as better or worse, as both were designed in and for different 

circumstances, and at substantially different times. Both systems include design trade-offs as they aim to 

produce useful results while striking a balance between analyses that are efficient and high-level or 

complex and detailed. Table 2-18 provides a summary of some of the key design elements of the two 

systems. 

Designed in 2015, the IOC Geohazard Management System (GHMS) is a modern system that has 

benefitted from developments in data collection and analysis methods, as well as new research and shared 

industry knowledge. The system is applied to the private pit to port operation of the QNS&L railway, 

which is wholly concerned with determining the “life-loss risk” related to a fatal train derailment caused 

by a geohazard event.  

Developed in 1995, the CPR Engineering and Management of Rock Slopes directive improved on an 

earlier system which aimed to prioritize slopes where stabilization work was required across the CPR 
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network. The directive was designed to outline the process from initial slope rating to stabilization 

planning and implementation as well as to standardize the event reporting and review processes.    

2.5.1 Program Philosophy 

The IOC GHMS uses a systematic risk-based approach which involves creating and solving a risk 

equation for the scenario of a rockfall causing a train derailment and resulting in a fatality (2.4.2.1). The 

risk equation involves individual analysis of each step of the rating process, permitting communication 

and comparison to IOC’s broader mining operations. The methodology requires a level of standardization 

to allow the resulting hazard, consequence, and risk ratings to be compared across the entire track, 

resulting in less flexibility for inspectors to communicate their implicit knowledge or opinions outside of 

the inspection form notes (Figure 2-24). The parameters for the risk equations are evaluated separately 

based on field inspections with each equation leading into the next. Any assumptions made to determine 

the parameters are carried through to the final rating calculations which may result in error propagation. 

While it may be subject to revision upon final review of field-based assessments, the slope rating 

algorithm is a fixed semi-quantitative calculation that leads to consistent results. Additional qualitative 

slope context that may ultimately impact the ratings cannot be included in the rating. Once approved, the 

interpretation of any ratings and subsequent stabilization actions are handled by the QNS&L.  

The CPR system follows an expert-based approach, which relies on the experience and judgment of 

senior geotechnical engineers to make the decision on how and why a slope should be prioritized. While 

brief notes can be provided on the site inspection forms (Figure 2-9), prioritization ratings are ultimately 

decided through a series of internal calculations and discussions by the site inspectors. This allows the 

specialists to make a more complex decision by integrating various implicit, explicit, and historical 

factors into a custom interpretation of a given slope but means that the decision-making process is not 

documented in a consistent fashion. Once a slope prioritization is determined, a certain subset of actions 

must be followed in accordance with the rating (2.3.2.3.2). 
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In both cases slope inspections are conducted by railway and/or external geotechnical specialists which 

provides the railways with a broader base for the interpretation and prioritization of slopes as well as 

potential maintenance work. 

2.5.2 Inspection Planning 

CPR currently manages rockfall hazard along 2,655 km of track across Canada and the United States, 

which is a fraction of its larger operation, amounting to 22,500 km of rail across the continent (Morris, 

Goldbach, and Wood 2019; Transport Canada 2020). The QNS&L railway is 418 km of track, all of 

which operate privately for the IOC and does not provide passenger service. Given the different scales of 

the two programs, both railways have made several operational decisions that relate to the frequency and 

coverage of inspections.  

 

Figure 2-30: CPR track network with rockfall hazard locations shown in white. From Morris et al., 

(2019). 

CPR schedules annual inspections for specific subdivisions or portions of subdivisions of their tracks, 

which can vary in length based on their relative rockfall activity and importance to the broader rail 

network. Most mainline and active rockfall areas are inspected annually, while other, less active slopes 
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are inspected once every two years (Morris, Goldbach, and Wood 2019). In the brief window between 

severe winter conditions and spring thaw, before rockfall activity tends to peak, site inspections through 

Ontario and upstate New York occur in quick succession to provide CP sufficient time to allocate 

resources and implement necessary stabilization measures. During a traditional inspection season, the 

Heron Bay subdivision which encompasses the Coldwell Slide Fence area is inspected in several hours to 

half a day depending on slope visibility and track availability (Wood – Personal Communication).  

QNS&L takes a similar approach when scheduling slope inspections, applying it at the site scale, rather 

than the subdivision scale. Future inspections are scheduled based on the site risk rating. Usage frequency 

is not considered as QNS&L operates as single track and therefore is a mainline by default. Given that 

inspections are planned at the individual slope scale, the frequency ranges from annually to every 10 

years, depending on the risk rating. Detailed inspections are typically scheduled in the spring or fall 

months with multiple sites being inspected in one field session to minimize the delay to the railway 

operations due to the need for track occupancy. 

Special inspections are conducted when an incident occurs at both sites before operations resume. 

Similarly, detailed inspections occur before any construction work is undertaken to ensure the slope 

conditions were as initially thought. 

2.5.3 Rockfall Reporting 

When recording rockfall events, the IOC GHMS form (Figure 2-25) captures magnitude information as 

the dimension of the largest debris observed at track level, which can be logged in one of three categories 

(< 0.6 m, > 2 m, or in between). This design decisions stems from the idea that overall volume is 

challenging to accurately evaluate in the field and that it is not always representative of the derailment 

likelihood, which is the IOC’s primary concern (Gauthier – Personal Communication). Unlike the CPR 

form, the IOC reporting form also includes boxes to describe the distribution of material on track, which 

provides additional information to consider when assessing the derailment likelihood. The form also 

explicitly logs the detection method for the rockfall event. 
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The CPR rockfall reports typically record magnitude as the cumulative debris volume on the track or in 

the ditch, with information such as the number, dimensions, and weight of rocks occasionally included in 

the damage comments on the form. Descriptions of size such as “softball, football, or hand sized” rocks 

are occasionally used in place of a quantitative estimate. In the case where the rockfall reporter feels that 

further inspections of the slope and rockfall are required, they can request one within a specific timeline. 

The reports also contain specific follow up questions regarding the presence or condition of the ditch after 

a rockfall event. In addition to a rockfall date, CPR reporting forms also include a date for report 

completion and when the rockfall information was provided. The additional metadata gives increased 

confidence in the rockfall record and subsequent work and provides added context if a review of the event 

is desired. Both CPR and IOC GHMS forms log whether the rockfall debris reached the track, ditch, or 

both. 

2.5.4 Maintenance and Scheduling 

Both railways take a slightly different approach with regards to maintenance. CPR operates on an older 

rail network across the country and has gained experience prioritizing and maintaining the same rock 

slopes for many years. The CPR approach to slope stabilization is that slopes should be considered and 

managed as assets. The goal is to determine the most effective way of allocating the annual stabilization 

resources across the network to achieve long-term asset health. To do so, CPR continuously and 

proactively maintains their slopes through cost-effective methods and occasional long-term capital 

projects (Wood – Personal Communication). Each year, subdivisions roadmasters request a budget for 

standard maintenance as well as capital construction projects planned to be completed in the following 

field season. Upon budget approval, each subdivision tenders the work accordingly.  

Relying on the hazard, consequence, and risk ratings, the IOC plans maintenance along the QNS&L 

railway on an annual basis, focusing on sites that have the highest risk ratings. Stabilization work is 

planned before a budget is provided, with the goal of determining what currently needs to be addressed to 
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reduce the overall likelihood of a fatal derailment. Once resources have been approved for the projects, 

maintenance work begins.  

Table 2-18: Summary of key differences between the CPR Engineering and Management of Rock 

Slopes directive (Canadian Pacific Railway 1997) and the IOC Geohazard Management System 

(BGC Engineering 2015). 

Metric CPR Rock Engineering Directive IOC GHMS 

General 

Established 1995 2015 

Coverage 2,655 km 418 km 

Operation Private / Public rail Private rail 

Goal Rock slope maintenance prioritization 
Life-loss risk assessment to 

support action decisions 

Approach Expert-based asset management Risk-based framework  

Formal Inspections and Maintenance 

Inspection Scale 
Individual slopes within subdivision / 

subdivision segment 
Slope / slope segment 

Inspection Scheduling 
Minimum interval: 1-year 

Maximum interval: 2-years 

Minimum interval: 1-year 

Maximum interval: 10-years 

Inspection Timing Early Spring Early Spring and/or Fall 

Assessment Scale Slope / slope segment Slope / slope segment 

Assessment Technique Expert assessment and interpretation 

Expert assessment and 

interpretation through risk 

equation 

Assessment Results Slope Rating, Required Action 

Rockfall Hazard, 

Consequence, and Risk 

Ratings 

Common Rockfall 

Maintenance Techniques 

Scaling, ditch cleaning, rock fences, 

lock block walls 

Scaling, ditch cleaning, 

rockfall mesh, rock bolting 

Rockfall Reporting 

Rockfall Location 

Threshold Reporting 
Debris visible between either ditch 

Debris visible between either 

ditch 

Rockfall Magnitude Greater or equal to 0.3 m x 0.3 m x 0.3 Any visible volume 
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Threshold for Reporting m (1 ft x 1 ft x 1ft) 

Magnitude Recording 

Method 
Cumulative Volume (m3) 

Largest piece dimension at 

track level: 

• < 0.6 m (2 ft) 

• 0.6 m to 2 m (2 – 6 ft) 

• > 2 m (6 ft) 

2.6 Context of Current Work 

The purpose of reviewing the CPR Engineering and Management of Rock Slopes directive and the IOC 

GHMS is to highlight the similarities and differences between the two slope management solutions and 

help understand how they impact data analysis and interpretation capabilities.  

Based on the review of site records and discussions with site experts, further context can be added to the 

results of the modelling analysis and potential applications to either system can be suggested. This 

practice of developing a thorough understanding of the data is believed to be progressively more 

important as both the complexity and automation of our models increases. 
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Chapter 3 

Analysis of Seasonal Weather Trends as Rockfall Triggers 

3.1 Background on Weather Trends and Rockfall Triggers 

While qualitatively it is understood that rockfalls generally occur during periods of rain, snowmelt, and 

freeze-thaw, correlations between rockfalls and weather trends can be difficult to identify as their 

occurrences are often too rare for traditional statistical analysis techniques and the relative weightings of 

these factors is not well understood (Delonca, Gunzburger, and Verdel 2014). Previous studies focusing 

on the correlation between the two have shown that rainfall and freeze-thaw activity are the two primary 

triggers for rockfall activity (D’Amato et al. 2016; Delonca, Gunzburger, and Verdel 2014; Macciotta et 

al. 2015). Previous work in this field often swaps between freeze-thaw cycles (FTC) and some form of 

precipitation being the primary rockfall triggers, however the methodologies and relative weighting 

techniques vary (Table 3-1). A simplified schematic of how freeze-thaw and precipitation conditions may 

create hazardous rockfall conditions for railways is shown in Figure 3-1.  

 

Figure 3-1: Weather induced rockfall schematic along a railway. Freeze-thaw jacking on the left 

and precipitation reducing shear strength on the right. 
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Table 3-1: Comparison of previous works on weather trends and rockfall triggering. 

 Delonca et al., 

(2014) – Réunion 

Delonca et al., 

(2014) – 

Burgundy 

Delonca et al., 

(2014) – 

Auvergne 

Strunden et al., 

(2015) 

D’Amato et al., 

(2016) 

Matsuoka, 

(2019) 

Bajni et al., 

(2021) 

Primary Geologic 

Units 

Layers of basaltic 

and pyroclastic 

strata 

Layers of 

limestone and 

marl 

Volcanic and 

plutonic 

magmatic rocks 

Limestone Limestone Sandstone 

and shale 

Metamorphosed 

carbonates and 

plutonic 

granites 

Slope Normal 

Orientation  

N E N-W 

(southern 

hemisphere) 

E and W 

(valley) 

SE SE S, W, and E 

(three slopes) 

Primary Rockfall 

Trigger 

Cumulative 

rainfall <= 15 (2 

days) 

 

Cumulative 

rainfall <= 15 

mm (3 days) 

 

Min. 

temperature <= 

5ºC (FTC) 

Min. 

temperature 2 

months prior* 

(FTC) 

Mean rainfall 

intensity > 5 

mm/h 

Late spring 

- summer 

FTC 

(largest 

average 

volume) 

FTC 

Relative 

Weighting  

Daily rockfall 

probability = 

0.13 (halved 

when not 

occurring) 

Daily rockfall 

probability = 

0.02 (halved 

when not 

occurring) 

Daily rockfall 

probability = 

0.029 (halved 

when not 

occurring) 

Correlation = 

0.6 (Rockfalls 

<= 1 m3) 

Rockfall 

probability up 

to 27 times 

greater (7 times 

for FTC) 

NA 70% of spring 

events 

 

* Only antecedent weather conditions evaluated 
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As the results currently stand, drawing further comparisons beyond the two primary rockfall triggers is 

challenging. The studies represent various different geological settings, as well as weather parameters and 

data frequencies, making the comparisons challenging. The results of previous work suggests that further 

efforts need to be made to create a standard methodology for calculating weather parameters and to 

integrate temporal and geotechnical considerations into the analysis.  

Work in this thesis expands on a previous methodology introduced in Macciotta et al., (2017) which 

modelled the relationship between monthly weather and rockfall records by using circular von Mises 

distributions, further discussed in Section 3.6.1. The analysis used a mixture of three von Mises 

distributions which were fit to the distribution of 102 observed rockfall events for CN’s Squamish 

subdivision in British Columbia to determine their relative influence on triggering rockfall activity. The 

methodology proved to be more accurate at modelling monthly rockfall probabilities compared to using 

monthly binomial distributions. The results from the modelling showed that precipitation had the largest 

influence on rockfall activity along the subdivision with a weight of 81% while freeze-thaw activity had a 

weight of 19%. 

Following this work, Pratt et al., (2018) conducted a similar assessment using von Mises distributions 

along CN’s Yale subdivision, roughly 130 km inland of Squamish. The distributions were fit to annual 

precipitation and freeze-thaw trends which were then mixed to model the distribution of 220 observed 

rockfall events. Conducting the analysis in this order helps ensure that the trends highlighted from the 

modelling are based on real-world phenomena, allowing for more grounded interpretations. Due to a lack 

of active weather stations in the location where the rockfalls were recorded, data had to be sourced from a 

station roughly 50 km south of where the events were logged. The modelling of the weather trends 

produced strong correlation coefficients of 0.88 for precipitation and 0.95 for freeze-thaw activity. The 

mixture of the two curves also had a very strong correlation to the rockfall distribution of 0.97, with 

precipitation weighted at 30% and freeze-thaw cycles weighted at 70%. 
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3.2 Study Sites 

To assess the impacts of weather conditions on rockfall activity, two railway segments known to 

experience high relative rockfall frequency were selected for in-depth analysis. The Coldwell Slide Fence 

area is a 3.4 km subsection of the Heron Bay (HeBa) subdivision owned and operated by Canadian 

Pacific Railway (CPR) which runs along the north shore of Lake Superior near the town of Marathon, 

Ontario (see Section 2.3). The track is constructed on the plutonic Coldwell Complex and intersected by 

various faults. In addition to the slide detector fence which runs along most of the track, the area has 

undergone various slope stabilization efforts, especially around the Red Sucker and Mink tunnels. The 

second location, Gagnon Sud, is an 8 km segment of the Quebec North Shore and Labrador (QNS&L) 

railway which operates privately to transport ore from pit to port for the Iron Ore Company of Canada 

(IOC) as discussed in 2.4. The stretch of track is 15 km north of Sept-Iles, Quebec and travels adjacent to 

the east bank of the Moisie River which empties into the nearby Gulf of St. Lawrence. The railway is 

constructed on a mix of paragneissic bedrock and sensitive glacial “Leda” clays. The rock slopes adjacent 

to the track are managed by scaling and at various points along the track, by combinations of rock bolting 

and rockfall to limit rockfall activity.  

The Köppen-Geiger system classifies global climates into five main classes and 30 sub-types based on 

threshold values, seasonality of monthly air temperature, and precipitation. Current modelling classifies 

both HeBa and Gagnon Sud as cold climates without dry season experiencing long cold winters and short 

warm summers (Beck et al. 2018). Both sites are similarly located within the Boreal Shield Ecozone, a 

densely vegetated region of Canada known for its many lakes and rivers (ESTR Secretariat 2014). HeBa 

is adjacent to Lake Superior which locally moderates the temperature and reduces seasonal extremes, 

while Gagnon Sud is located 15 km inland of the St. Lawrence River and experiences slightly warmer 

summers and slightly cooler winters. Table 3-2 provides a summary of annual weather conditions for the 

two study sites. 
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Table 3-2: Annual weather summary of HeBa and Gagnon Sud.  

 Annual Precipitation  Max Temp (ºC) Min Temp (ºC) Annual Freeze-Thaw Days 

HeBa 670 mm (Peak: Sept.) 20.3 (Aug.) -18.0 (Jan.) 62 (Peak: Apr.) 

Gagnon Sud 1020 mm (Peak: Oct.) 24.3 (Jul.) -18.9 (Feb.) 65 (Peak: Apr.) 

The process for recording rockfall records for HeBa and Gagnon Sud are discussed in previous Sections 

2.3.2.3.5 and 2.4.2.3 respectively, while analysis of the weather and rockfall records is discussed in 

Sections 3.3 and 3.4 respectively. 

3.2.1 Survey Windows 

To instill the highest confidence in the analysis results, survey windows for each site were chosen to 

coincide with times when the reliability of rockfall records (date, location, size, damage, etc.) and weather 

data was best. A survey window from January 1st, 1995 to December 31st, 2020 was chosen for HeBa (26 

years). The decision was guided by the increased consistency of rockfall reporting after the 

implementation of the CPR Rock Slope Engineering Directive in 1995 (Figure 2-16), and the continuous 

annual slope inspections conducted by A. Morris (CPR – Manager, Field Geotechnical Engineering) and 

D. Wood (David F. Wood Consulting – President & Geotechnical Engineer) from this point onward. A 

survey window from July 6th, 2016 to July 5th, 2021 was selected for the Gagnon Sud site (5 years). The 

decision relied on the availability of weather data for the site which began continuous collection starting 

in July, 2016. Rockfall records were collected starting late 2014. 

3.3 Weather Station Data 

For HeBa and Gagnon Sud, nearby weather stations providing continuous data were selected for the 

analyses. The daily weather data records were extracted for both sites. This was done to allow for an even 

comparison to the rockfall records for which only a small portion of records contained hourly timestamps 

(7% for HeBa, none for Gagnon Sud). Potential challenges associated with selecting daily data are 

discussed in Section 3.3.1.3.  
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Limitations of the weather records include the difference between measured atmospheric temperatures 

and actual near-surface rockmass temperatures, as well as local temperature variations between the 

weather stations and the slopes of interest resulting from elevation changes, incidence of sunlight, and 

shadow effects. Based on the weather records from both study sites, the limit of detection for precipitation 

and temperature is 0.1 mm and 0.1ºC respectively. The reader should note that several figures in this 

section use potentially unfamiliar formatting to allow for easier comparison to previous work by 

Macciotta et al., (2017) and Pratt et al., (2018). Readers are strongly encouraged to read all axes, legends, 

and captions carefully for any modifications. 

3.3.1 Pukaskwa National Park Weather Station (HeBa) 

For the HeBa site, no on-site weather stations are available. Historic weather data was sourced from the 

nearby Pukaskwa National Park weather station operated by Environment and Climate Change Canada 

(ECCC). The weather station is located 25 km south-east of the site along the north shore of Lake 

Superior within the boundaries of the park. Due to the station’s distance from the site, recorded weathered 

conditions are expected to differ from true site conditions. However, any variations in recorded data are 

expected to be systematic and consistent throughout the monitoring period, resulting in equivalent 

temperature trends being recorded. Additionally, Lake Superior acts as a heat sink and source, leading to 

stable climate patterns along the coast and similar temperatures at both locations (Scott and Huff 1996). 

Located 13 km south-east from HeBa, the Marathon Airport operates a more proximal public weather 

station, but it was deemed unsuitable as it did not record precipitation data, contained an eight-year data 

gap between 1999 and 2007, and is located roughly 5 km inland. Pukaskwa station data was collected 

using the Weathercan package, designed for the R programming language, and included daily 

temperature, precipitation, and wind data records (E. LaZerte and Albers 2018; R Core Team 2020).  
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Figure 3-2: Pukaskwa weather stations (4041, 10918, 49848) and in-land Marathon airport station. 

The records were collected in tabular format, with data parameters for each day stored in a single row 

chronologically. Each record included relevant metadata for each date (station name, ID, lat, long, 

elevation, etc.) for a given station. Daily dynamic data – including minimum, maximum, and mean 

temperatures (˚C), direction & speed of the fastest wind gust (azimuth and km/hr), and precipitation (mm) 

– was included. Three separate monitoring stations were accessed over the 26-year survey window as 

older stations were taken out of commission and replaced. All stations measured similar metadata and 

dynamic parameters. 

23.5 km 

10.5 km 

N 
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Figure 3-3: Pukaskwa weather station data usage for daily temperature, precipitation, and wind 

measurements. 

3.3.1.1 Weather Station Comparison – HeBa 

Information was not available on the make and model of weather stations used during the survey window. 

To compare measurement discrepancies between weather stations, temperature and precipitation data of a 

200 day overlap period were analyzed (Table 3-3). The difference between stations was measured as the 

absolute percentage difference between the sum of records during the overlap and a count of the number 

of incomplete records. A significant difference between station 4041 and 10918 was noted in both 

temperature and precipitation, as well as the number of missing records. Stations 10918 and 49848 

presented identical temperature readings but showed a slight difference in overall precipitation. These 

results suggest that both stations 10918 and 49848 represent a fairly consistent record of measurements 

from August 13th, 1996 to December 31st, 2020, while station 4041 is an outlier and offers a somewhat 

incomplete record from January 1st, 1995 to August 12th, 1996. This change in accuracy is likely due to 

equipment and operational improvements at the sites, as station 4041 is older and began recording data in 

1983. Due to this discrepancy between stations 4041 and 10918/49848, and because station 4041 did not 

record wind speed and direction, it was used for as short a time window as possible (590 days). Given that 

the stations are all within 2 km of each other, any local weather variations are expected to be minimal, 

and potentially censored given the 24hr measurement period (Figure 3-2).  
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Table 3-3: Pukaskwa weather station comparison during 200 overlapping days.  

 

3.3.1.2 Weather Data Quality – HeBa 

The compiled climate record of the three Pukaskwa weather stations spans over 26 years (9498 days) and 

is a best effort to create a continuous data set for HeBa; however, it is not a complete record. 1590 days 

(16.7%) are missing precipitation data, and 556 days (5.8%) contain missing temperature and 

precipitation data. The missing data records are temporally distributed, with only 3 of the 26 years not 

recording any missing data days; however, station 4041 contains the highest proportion with 218 

incomplete days. Additionally, there appears to be a seasonality associated with the frequency of missing 

records (Figure 3-4). A concentration of missing records in the coldest months of the year, suggests that 

the harsh winter conditions lead to breakdowns which are of longer duration, given the challenge of 

outdoor equipment repairs. Despite the missing records, the data is extracted from the same source as 

other similar studies such as Macciotta et al., (2017) and Pratt et al., (2018) and is believed to be of 

sufficient quality for analysis. ECCC also notes on their website that they actively monitor the system for 

incorrect data to ensure the data sets are as high quality as possible (Environment and Climate Change 

Canada 2021).  

Station ID Precip Precip (NA) Max Max (NA) Min Min (NA) Mean Mean (NA) Dates

4041 183.2 111 257.3 47 -709.4 28 -309.7 47

10918 300 14 457.8 14 -1239.7 9 -356.1 14

10918 515.2 2 1733.9 1 -479.4 0 632 1

49848 457.1 5 1733.9 1 -479.4 0 632 1

% Difference (4041 to 10918) 48% - 56% - 54% - 14% -

% Difference (10918 to 49848) 12% - 0% - 0% - 0% -

1996-08-13 to 

1997-02-28 

2012-01-01 to 

2012-07-17
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Figure 3-4: Seasonality of missing weather records at the Pukaskwa weather station. Note: months 

have been re-ordered for visualization purposes. 

Pukaskwa weather stations only record maximum daily wind speed and direction data if the maximum 

speed is greater than 30 km/hr. For lower speeds, the entry is stored as “NA”. The result is that the data 

quality of the wind records is challenging to assess due to the lack of distinction between when wind data 

has not been logged, or when it is simply below 30 km/hr for a given day.  

3.3.1.3 Calculated Weather Parameters 

Beyond the raw weather records, some additional weather parameters were derived from the original data 

to extract further weather trends. Typical parameters include freeze-thaw cycles (FTCs), diurnal 

temperature range (DTR), and 3-day temperature averages, while extended parameters include tracking 

days above or below 0ºC and the minimum temperature gradient. The calculated parameters are 

summarized in Table 3-4. 



 

105 

 

Freeze-thaw action is when water in confined spaces of the rockmass (joints or cracks) freezes and 

expands, applying outward pressure on the rockmass, and further propagates or opens discontinuities. 

Subsequent thawing of ice allows the process, known as freeze-thaw cycling, to repeat, resulting in 

physical weathering of the rockmass and degradation of slopes. It has been observed that rockfalls 

frequently occur after a freezing period when the temperature is positive (D’Amato et al. 2016). For the 

data analysis reported here, an estimated count of FTCs was kept, using a binary counter (0,1), based on 

the daily maximum and minimum temperatures. A FTC was considered to have occurred if the daily 

maximum was above 1ºC and the minimum was below -1ºC. The +/-1ºC boundary was selected to 

eliminate days when temperatures were near 0ºC but would be unlikely to freeze water within joints of 

the rockmass. This approach is consistent with previous rockfall trigger analysis studies from Macciotta et 

al., (2015), (2017); Pratt et al., (2018). It is noteworthy that using daily temperature data and a binary 

counter potentially censors the true count of FTC on a given day, as multiple freezing and thawing 

periods may occur on the same day. To extract long-term trends, the count of FTCs of the previous 3, 5, 

10, and 20 days were also calculated. 

Based on the concept of heating and cooling days (above or below 18 ºC) used to predict regional energy 

consumption, the count of days entirely above or below (AoB) zero were tracked. The goal of this metric 

was to capture the long-term temperature trend of the rockmass and track how long it had been 

continuously cooling or warming. A weather record is labeled with 1,0, or -1 if the daily maximum and 

minimum temperatures are above, crossing, or below zero respectively. To extract longer term trends, the 

most recent streak of successive above or below zero days was tracked, as well as a cumulative count of 

above or below zero days from the first recorded day. The cumulative above or below zero count was also 

tracked for the prior 3, 5, and 10 days. 

In addition to the daily precipitation, the cumulative precipitation from the previous 3, 5, 10, and 20 days 

was recorded. Using precipitation at the daily temporal scale means that interpretation of the intensity of 

precipitation events is limited. A large amount of precipitation over a few hours will appear equivalent to 



 

106 

 

a small amount of precipitation spread out across the day. Previous research has shown cumulative 

precipitation to be positively correlated with rockfall events (Delonca, Gunzburger, and Verdel 2014). 

Temperature trends, such as the DTR and the minimum temperature gradient were calculated to highlight 

the scale of temperature changes to see if the occurrence of rockfall events were related to the intensity 

and the speed of freezing. Averages for max, mean, min, and min gradient temperatures over the prior 3 

days were also calculated. 
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Table 3-4: Calculated weather parameters from raw weather data. 

Calculated 

Parameter 

Interval Calculation method Notes 

Cumulative 

precipitation (mm) 

3, 5, 10, and 20 

days prior 

Sum of previous daily precipitation Measures the 

precipitation consistency 

over the previous days 

Freeze-Thaw Cycles 3, 5, 10, and 20 

days prior 

Sum of previous daily freeze-thaw  Measures the freeze-thaw 

consistency over the 

previous days 

Day Above or Below 

Zero (AoB) 

Daily Max_T > 0, Min_T > 0 = 1 

Max_T > 0, Min_T < 0 = 0 

Max_T < 0, Min_T < 0 = -1 

Measured from daily 

temperature data 

Cumulative AoB 

Zero 

3,5, and 10 

days prior 

Sum of previous AoB Measures the AoB 

consistency over the 

previous days 

Streak AoB Zero Daily AoB (n) = (n-1)  → AoB (n) + (n-1) 

AoB (n) =/= (n-1) → 0   

Measures the amount of 

continuous days AoB 

zero 

Minimum 

Temperature 

Gradient (ºC) 

Daily Min_T (n) – (n-1) Intensity of minimum 

temperature change 

Temperature Range 

(ºC) 

Daily Max_T (n) – Min_T (n-1) Diurnal temperature 

range 

Temperature 

Averages (ºC) 

3 days prior Average (n-1, n-2, n-3) Measured for max, mean, 

min temperature and min 

gradient 

3.3.1.4 HeBa Monthly Weather Trends 

Monthly weather statistics for precipitation and temperature were calculated for the 26 complete years of 

Pukaskwa weather data to highlight seasonal trends in the Heron Bay area. While a 26-year window is 
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slightly below the traditional 30-year monitoring period for calculating climate normals, seasonal trends 

are notable.  

 

Figure 3-5: Average monthly precipitation trends at the Pukaskwa weather station. 

A precipitation peak of 80 mm occurs in the early fall months (September and October), with annual 

minimums of 30 mm occurring in the late winter and early spring (February and April). The summer and 

fall months experience the most variance with a peak in October, while precipitation stabilizes over the 

winter months with a minimum variance in February. The precipitation trend appears somewhat jagged, 

which is potentially the result of missing data (Figure 3-4), monitoring equipment limitations (3.3.1.1), 

and a less than 30-year survey window. The completeness of the monthly precipitation record is measured 

as the percent of recorded days over the total days within the 26-year survey window and is analogous to 

confidence in the monthly average results. As shown in Figure 3-5, confidence in the monthly 

precipitation trends range from 95.2% in August to 67.2% in March.  
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Figure 3-6: Daily precipitation distribution for the Pukaskwa weather station. 

Over the 26-year period, 5999 days (63%) either experienced no precipitation or did not log any 

precipitation data. Of the days with recorded precipitation, 2624 days (73%) experienced less than 5 mm, 

and 36 days (1%) experienced more than 35 mm with a maximum of 104 mm on July 5th, 1995 (Figure 

3-6). 

Plotted in Figure 3-7, temperatures peak in July and August at 20ºC and reach a minimum in January of -

18ºC. As shown by the grey dashed line, temperatures tend to go below 0ºC in early November, and 

remain below 0ºC until April, marking the start of the freezing and thawing periods. The minimum 

temperature curve exhibits a higher annual variance compared to the maximum temperature curve, but 

both follow a similar trend of peak variability in January and the winter months, as well as peak stability 

in the summer months. The distance between the two curves, representing the DTR, is greatest in the late 

winter and early spring and smallest in the fall. This is likely caused by external factors such as sun 
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intensity and exposure during the day, leading to a large temperature gradient between the near surface 

and subsurface resulting in more FTCs occurring around this time. Overall, the temperature trends are 

smoother and more cyclical in nature compared to the precipitation curve. The completeness of the 

temperature records ranges from 98.3% in June and July to 87.1% in February.  

 

Figure 3-7: Average maximum (red line) and minimum (blue line) monthly temperature trends at 

the Pukaskwa weather station. 

Due to the nature of the wind data discussed in Section 3.3.1.1, limited seasonal trends can be inferred 

from the days (53%) containing wind speeds greater than 30 km/hr, therefore a standard deviation was not 

calculated. Given the added challenge of interpreting the duration, direction, and magnitude of wind 

events, for simplicity any analysis will focus solely on the magnitude.  
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Figure 3-8: Monthly trends of wind data from the Pukaskwa weather station.  

As shown in Figure 3-8, the daily maximum wind speed average is similar throughout the year with a 

slight increase in the fall months and a dip in the summer months. Completeness of the wind record 

ranges from 64.7% in November, to 38.2% in July. While it is not possible to differentiate between days 

with less than 30 km/hr winds and days when equipment was not recording, it can be inferred that months 

with more complete records experience more intense wind events on average. 

To assess whether the weather trends recorded at the Pukaskwa weather station over the 26 years are 

reasonable, the monthly climate averages were compared to the 30-year climate normals of the closest 

weather station along the north shore of Superior, in Wawa, located 90 km S-E. These curves are plotted 

and compared in Figure 3-9 and Figure 3-10.  
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Figure 3-9: Seasonal weather trends at the Pukaskwa weather station. 

 

Figure 3-10: Seasonal weather trends at the Wawa weather station. 
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While the Wawa station experiences more precipitation overall, both precipitation curves follow a similar 

trend of a maximum in September, and a minimum in February. The temperature trends are nearly 

identical at both sites, crossing 0ºC twice, around mid-November and early April. Overall, Wawa 

experiences slightly warmer summers and colder winters. The comparison gives added confidence to the 

HeBa data trends and insight into what a more complete weather data set for the site may look like. It 

should be noted, however, that the years over which the data is available is aggregated from 1995 to 2020 

for HeBa and from 1980 to 2010 for Wawa. As such, the data may be altered by any general climate 

trends acting over these time frames. 

3.3.1.5 Long-Term Weather Trends 

The cumulative count of days above or below 0ºC during the 26-year survey period was used to monitor 

and assess long-term temperature trends at HeBa (Table 3-4). Tracking the count of days over the survey 

period provides an annual curve which gives an impression of the length and intensity of heating and 

cooling streaks. Typically, the curve reaches a local maximum during the fall season as average 

temperatures decrease and a local minimum in the spring as average temperatures increase. A sample of 

the 26-year curve is shown in Figure 3-11. 
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Figure 3-11: Sample of the heating and cooling curve at the Pukaskwa weather station from 2012 to 

2020. 

Given that the site experiences more days above 0ºC than below, the cumulative count increases year over 

year. The various peaks and valleys along the curve represent times when the temperature crossed 0ºC 

and the speed at which the change occurred is represented by how defined the respective peaks and 

valleys are. Looking at the above graph, various trends such as the shorter cooling period in 2016 can be 

observed as well as a more immediate transition across 0ºC in 2018 and 2019 compared to a slower 

transition in 2012 and 2016. When analyzing the complete trend, the long-term baseline of the average 

annual increase of the curve can be modelled with a 2nd degree polynomial which had a slightly higher R2 

value (0.996) compared to a linear fit (0.987) as the curve generally flattens over time. This small 

deviation from a linear curve suggests that the number of days hovering around 0ºC is gradually 

increasing over the survey window. By subtracting the polynomial fit from the cumulative count, the 

effects from the long-term baseline can be minimized and shorter-term trends on a year-to-year basis can 

be analyzed (Figure 3-12).  
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Figure 3-12: Sample of the heating and cooling curve at the Pukaskwa weather station with long-

term baseline removed.  

Visual analysis of the data appears to show roughly 3-year segments of the curve where the temperature 

trends follow a similar amplitude for heating and cooling. In the above figure, example segments where 

the data shows similar trends year over year are seen from 2012 to 2015, 2015 to 2017, and 2017 to 2020. 

While the curve amplitude varies depending on the quality of the long-term trend polynomial fit, typical 

amplitude is around 60 cumulative heating or cooling days (Y-axis) with 190 days (X-axis) spacing from 

valley to peak, representing the average duration above 0ºC, and 160 days (X-axis) spacing from peak to 

valley, representing the average duration below 0ºC. 

3.3.2 Gagnon Sud Weather Station Data 

Weather data for Gagnon Sud is provided by a privately operated weather station located within the area 

of interest at mile 15.5 of the Wacouna subdivision (Figure 2-18). Currently, Gagnon Sud only records 

maximum, mean, and minimum temperature data (ºC), as well as precipitation (mm) data. While some of 
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the other on-site weather stations for the rail line record wind direction and speed (m/s), the Gagnon Sud 

station currently does not. Daily weather data is stored and accessed through the IOC-GHMS online 

portal. Exported data is organized in tabular format with each row representing a single day with 

temperature and precipitation data. No daily metadata is present in the data set, as only one station has 

been accessed throughout the monitoring window. The Gagnon Sud weather station data is a nearly 

complete record with 3 days (0.17%) missing temperature or precipitation records during the survey 

window and for this reason record completeness was not assessed. Based on the raw weather records, the 

same additional weather parameters calculated for HeBa were calculated at Gagnon Sud (3.3.1.3). Some 

discrepancies in the precipitation records are discussed and corrected in Section 3.3.2.2. 

3.3.2.1 Gagnon Sud Monthly Weather Trends 

As noted for HeBa, a traditional weather monitoring period for developing climate normals is 30-years. 

The record at Gagnon Sud has only recorded for a total of five complete years, meaning some trends may 

be poorly defined.  

Plotted in Figure 3-13, the peak monthly precipitation is 210 mm in November, with an annual minimum 

of 15 mm occurring in February. Peak precipitation variance also occurs in November with an additional 

local maximum in April, and the minimum variance occurring in February and January. It is noteworthy 

that the raw data shows a tremendous amount of precipitation occurred on November 29th and 30th of 

2019, with a total of 405.6 mm falling over the 48 hrs, likely skewing the trends shown in the brief survey 

window. The overall precipitation curve is expected to smooth as the data volume increases.  
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Figure 3-13: Average monthly precipitation trends at Gagnon Sud. 

Shown in Figure 3-14, average monthly temperatures are the highest in the summer months with a peak in 

July at 24ºC and reach a minimum in February and January of -19ºC. As shown by the dashed grey line, 

0ºC is crossed twice, once in late October, and a second time in late March, marking the beginning of the 

freeze and thawing periods respectively. Overall, the minimum temperature curve shows more variance 

than the maximum curve, with both curves experiencing peak variance in January, and a minimum in the 

July and August summer months. The greatest distance between curves, representing the highest average 

DTR, occurs in February (14ºC) and March (13ºC), and is smallest in November (7ºC).  It is assumed that 

FTCs are most likely to occur in months with the greatest daily temperature ranges. Overall, seasonal 

temperature changes follow a smoother curve than the precipitation data. 
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Figure 3-14: Average maximum (red line) and minimum (blue line) monthly temperature trends at 

Gagnon Sud. 

To assess the accuracy of the weather trends, the monthly climate averages were compared to the 30-year 

climate normals of the closest public weather station operated by the ECCC in Sept-Iles, located 15 km S-

W (Figure 3-17). These curves are plotted and compared in Figure 3-15 and Figure 3-16.  
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Figure 3-15: Seasonal weather trends at Gagnon Sud from 2016 to 2021. 

 

Figure 3-16: Monthly climate normals at Sept-Iles from 1980 to 2010. 
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Comparing the results from Gagnon Sud to the 30-year climate normals from Sept-Iles, the seasonal 

temperature trends appear to agree with each other, with Gagnon Sud experiencing slightly warmer 

summer months on average. The precipitation trends from both stations differ in magnitude, most notably 

in November and April, as well as in overall winter trends, with far lower precipitation logged at Gagnon 

Sud. Potential precipitation increases in November and April are addressed in Section 3.3.2.1, while the 

dip in measured precipitation during the winter months is believed to be caused by the heated tipping 

bucket measuring system, which struggles to keep up with snowfall, most prevalent in January and 

February (Gauthier – Personal Communication). 

3.3.2.2 Quality Verification of Gagnon Sud Precipitation Data 

Given the shorter survey window for the Gagnon Sud site compared to Pukaskwa / HeBa (5 years vs. 26 

years), erroneous data records or data anomalies will have a larger impact on the measured, average 

weather trends at Gagnon Sud. Also of note, previous issues with incorrect high precipitation 

measurements have been observed in the Gagnon Sud weather data record on rare days when extremely 

high winds cause the internal tipping bucket sensor to oscillate and erroneously log instances of 

precipitation (Sirois, Gauthier – Personal Communication). Given the presence of several extreme 

precipitation days within the survey window, a deeper analysis and comparison of the ten highest 

precipitation days was conducted to evaluate their validity. 

The precipitation records of the Gagnon Sud station were compared to the nearest QNS&L station 

(Nicman Nord – 30 km north), a public ECCC weather station operating in Sept-Iles (Station 42683 – 16 

km south), and the adjacent stream gauge which monitors the Moisie River (Figure 3-17). The result is a 

comparison between four stations, at three locations, using two data types, and two data sources. 
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Figure 3-17: QNS&L weather stations (Gagnon Sud & Nicman Nord) and public ECCC station 

(42683) with the QNS&L rail line shown in red. Local map of Gagnon Sud shown in Figure 2-18. 

Considering the ten highest precipitation days recorded at the Gagnon Sud station, the precipitation and 

flow rate records for three days prior and following (seven days total), were extracted from each station. 

The goal of the analysis was to pin-point erroneous data at Gagnon Sud by highlighting days when 

precipitation greatly differed from the other nearby stations and when the flow rate of the Moisie River 

showed a limited response to an apparent extreme precipitation event. The method assumes that storms of 

this magnitude would be widespread, and affect each of the stations to some degree. Based on the ten data 

samples, characteristic patterns of valid and erroneous weather patterns were defined, shown in Figure 

3-18 and Figure 3-19 respectively.  
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Figure 3-18: Valid weather trend for an extreme precipitation event at Gagnon Sud. 

Behaviour for a valid large precipitation event shows a similar precipitation trend for each of the stations, 

as well as the Moisie River having an increased flow rate due to the precipitation. Of note is that the 

Gagnon Sud station typically received more precipitation than the other two monitoring stations. 

 

Figure 3-19: Erroneous weather trend for an extreme precipitation event at Gagnon Sud. 
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Behaviour for an erroneous precipitation event exhibits a very different (>50 mm) difference between 

recorded precipitation at the Gagnon Sud, and the two other stations, as well as limited to no response in 

the Moisie River discharge rate.  

Based on these typical behaviours, the ten highest precipitation events were either removed from the data 

record (5 total) or left as valid events (5 total), with uncertain events left as valid. The modified monthly 

precipitation trends are shown in (Figure 3-20). 

 

Figure 3-20: Modified seasonal precipitation trends at Gagnon Sud. 

Comparing the modified precipitation results to the monthly climate normals of the Sept-Iles station, the 

slight modification (0.3% of records) results in similar trends. For this reason, the history of previous 

infrequent equipment measuring errors, and the scrutiny of the public data set by the ECCC, the modified 

precipitation data is assumed to be more accurate and will be used for future analysis of Gagnon Sud.  As 

previously noted, the dip in precipitation during the winter months is believed to be cause by the inability 
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of the heated tipping bucket to keep up with measuring snowfall at the Gagnon Sud station during the 

winter months. Missing data from this time could not be corrected for. 

Using the modified precipitation data, the distribution of precipitation days was plotted in Figure 3-21. 

Over the 5-year monitoring period, 907 days (50%) recorded precipitation greater than 0 mm. Of the days 

with recorded precipitation, 626 days (69%) experienced less than 5 mm, and 10 days (1%) experienced 

more than 35 mm with a maximum of 75 mm on December 25th, 2020. Three of the top 5 largest 

precipitation events on record occurred in December 2020. 

 

Figure 3-21: Daily precipitation distribution for the Gagnon Sud weather station. 

3.3.2.3 Gagnon Sud Long-Term Weather Trends 

Given the 5-year timespan of the Gagnon Sud weather record, interpretations of long-term weather trends 

are limited. The cumulative days above or below 0ºC since July 2016 increases gradually over the survey 

window due to the occurrence of more warm than cold days in the year. By fitting a polynomial function 
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to the curve, gradual long-term trends could be subtracted to allow for visual comparison from year to 

year (Figure 3-22). 

 

Figure 3-22: Heating and cooling curve at the Gagnon Sud weather station with long-term baseline 

removed.  

Visual inspection of the data shows a largely consistent number of above or below 0ºC days from July 

2016 to October 2020, except for the spring of 2018 when the winter was shorter than usual. Typical 

curve amplitude is around 65 cumulative heating or cooling days (Y-axis) with 200 days (X-axis) spacing 

from valley to peak, representing the duration above 0ºC, and 150 days (X-axis) spacing from peak to 

valley, representing the duration below 0ºC. 

3.4 Site Rockfall Databases 

Based on the survey windows for the respective sites, general trends within the rockfall records as well as 

the location, magnitude, and timing of the recorded rockfall events are discussed.  
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Table 3-5: Summary of compiled HeBa and Gagnon Sud rockfall databases. 

 HeBa Gagnon Sud 

Segment Length 3.4 km 8.0 km 

Events 209 76 

Days with Events 192 46 

Duration (Days) 9497 (26 years) 1826 (5 years) 

Daily Rockfall Hazard 2.0% 2.5% 

3.4.1 CP Rockfall Database 

In the compiled rockfall database (2.3.2.3.5), HeBa (mile 71.16 to 73.28) has recorded 209 rockfall events 

since the implementation of the CPR Engineering and Management of Rock Slopes directive in 1995, and 

only 3 events prior. Prior to 1995, it appears that only the most severe events were logged, as the prior 

records all involved instances where rockfall debris directly encountered a train.  

Compiling the rockfall database proved to be a challenging task as direct access to the central database 

system was not granted. While complete records were provided from mile 71.16 to 71.67 (30% of 

records), all other records had to be sourced from simplified rockfall tables contained within annual 

inspection reports by David F. Wood Consulting Ltd. from 2000 onwards. While these reports proved to 

be an excellent resource, they do not represent a complete record of rockfall activity at HeBa. Known 

rockfalls, such as the 1983 event near the west portal of the Mink Tunnel (see Figure 2-5) were not part of 

this record, and therefore were not integrated into the rockfall database and subsequent analysis. Of the 

compiled records, the date of rockfalls recorded along HeBa have an increased level of accuracy because 

of the presence of the Coldwell Slide Fence, which covers 85% of the track segment, and the associated 

incidence reporting procedures (2.3.2.3.5.1).  
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At least one rockfall event has been logged every year since 1995, with an average of 8 events per year 

and a maximum in 1996 of 18 events recorded (Figure 3-23). Over the duration of the survey window, the 

average count of events has decreased, with 131 events logged in the 13 years prior to 2008, and 78 

events logged in the 13 years following. 

 

Figure 3-23: Annual distribution of rockfall events and major maintenance work at HeBa. 

Rockfalls occur across nearly the entire Coldwell Slide Fence area, however 42% of the recorded 

rockfalls have been logged within 160 m of the Red Sucker and Mink Tunnel portals with a few small and 

isolated rockfalls occurring inside the tunnels themselves (Wood - Personal Communication). Two of the 

biggest hot spots for rockfall activity are near mile 71.6 and M 72.8, while the area of lowest activity 

between mile 72.5 and 72.7 correlates with the location of the Mink Creek where no rock cuts are present 

(Figure 3-24). 
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Figure 3-24: Distribution of rockfall events by location at the HeBa site with 0.1 mile sized bins. 

Red Sucker and Mink tunnels shown at their respective location and length.  

As noted in 2.3.2.3.5, rockfall event mileages are logged at the centre of the resulting debris. While this 

does provide a reasonable approximation and serves to plot the complex 3D event along a 1D line, it 

should not necessarily be considered the definite location of the rockfall source zone. Given the source 

zone height, distance from track, variable slope geometry, and presence of vegetation, it is unlikely that 

debris reaches the track along a straight path and no two rockfalls will follow the same trajectory (Wood – 

Personal Communication). For this reason, logged locations of rockfall events should be considered as 

accurate as possible for the deposition zone, and approximate for the location of the source zone.  
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3.4.1.1 Rockfall Location Analysis 

Situated within the Coldwell Alkalic Complex (2.3.1), HeBa is mostly composed of homogenous 

nepheline syenite units, with a later gabbroic unit intruding at the western tip of the track subsection. 

While mapped as separate units, in terms of rockmass strength, there is little difference between either 

nepheline syenite unit. However, visible differences between the blocky, pink or grey syenite units and 

the black, fine grained and massive to blocky texture of the gabbro can be seen at the outcrop scale. 

Plotting the location of rockfall events coloured by the regional geology (Figure 3-25) appears to show 

more faulting concentrated within the nepheline syenite unit (Figure 3-26). 

 

Figure 3-25: Distribution of rockfall events along the HeBa site with mapped geologic units from 

(Walker et al. 1993). Note – Some geological boundaries occur within the 0.1 mile bins.  

Regional faulting in the area has caused NE-SW extension in the area, resulting in local faults that 

intersect the track at various angles, as shown in Figure 2-4. Plotting the location of mapped faults along 
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the track appears to visually correlate well with increased rockfall activity, especially near the Red Sucker 

and Mink Tunnels (Figure 3-26). Geomorphologic features such as the Mink Creek which runs 

perpendicular to the track between mile 72.5 and 72.7 also appear to follow fault trends in the area. While 

the smaller intersection angles of the faults do appear to correlate with rockfall activity, it is likely a 

tertiary effect compared to the density and scale of the faulting. 

 

Figure 3-26: Distribution of rockfall events along the HeBa site with mapped local faults from 

(Walker et al. 1993). Faults are shown at their respective location. 

The recorded area of influence (ditch, ditch and track, track) for rockfall events is plotted in Figure 3-27. 

A total of 87 rockfall events (41%) reached the track. Although the highest rockfall activity areas are 
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located west of the Red Sucker and Mink tunnels, the highest proportion of rockfall events to reach the 

track are around mile 71.3 and 72.4. 

 

Figure 3-27: Distribution of rockfall events along the HeBa Site and their associated area of 

influence. 

3.4.1.2 Rockfall Magnitude Analysis 

Within the compiled rockfall database for HeBa, 39 events (18%) did not have an associated volume 

measurement, or did not provide other information (e.g. weight, shovel loads, photos, description, etc.) 

which would allow for an appropriate approximation to be made. To create as complete a rockfall 

magnitude record as possible, various data sources, but mostly reporter descriptions, were used to 

estimate a historical rockfall magnitude for events that did not have an initial one logged. Whenever 

descriptors such as “football”, “softball”, or “hand” sized rocks were used, these records were 

automatically assigned a cumulative volume of 0.01 m3. This value was agreed upon as a reasonable 
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estimate of cumulative volume given the challenge of observing small debris at track level, but potentially 

represents a volume overestimation in some cases (Wood – Personal Communication). The distribution of 

the 173 events with known or estimated magnitudes is plotted in Figure 3-28. 

 

Figure 3-28: Rockfall magnitude distribution for events with a logged or estimated cumulative 

volume (m3) at HeBa. Note: log-scale X-axis. 

From the constructed rockfall record, a total of 213 m3 of rockfall debris has been logged, with the largest 

event occurring on July 31st, 2012 (36 m3). The highest concentration of rockfall events is in the 0.01 to 1 

m3 bin (53%) which is likely tied to the CPR rockfall reporting protocol which requires all rockfalls with 

a cumulative volume at or around 0.03 m3 (1 ft x 1 ft x 1ft) to be logged. While this would typically be 

considered the lower end of the detection limit for visual rockfall observations, the presence of the slide 

detector fence means that the local S&C team logs a report whenever a wire is broken, resulting in events 

of less than 0.01 m3 being included in the record. 87% of the events logged are less than 2 m3.  
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Plotting the cumulative volume of all rockfall events year over year appears to show two data clusters pre 

and post-2007 (Figure 3-29). While no operational changes such as changes in maintenance approaches 

are associated with the changes post 2007, a potential explanation is that a Rockfall Hazard Awareness 

Training session with track personnel occurred around this time (Wood – Personal Communication). 

Comparing these results to the count of rockfalls each year (Figure 3-23), there is a low number of 

rockfall events logged in both 2007 and 2008. The percentage of rockfall events logged with magnitude 

information has increased overall during the 26-year survey window, averaging 74% before 2007 and 

94% since. This improvement in logging consistency is also believed to contribute to the difference in 

overall volume of rockfall events pre- and post-2007. 

 

Figure 3-29: Cumulative volume and count of recorded rockfalls per year at HeBa. Colouring 

shows the percent of annual events with rockfall magnitude recorded. 
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3.4.1.3 Rockfall Timing Analysis 

Rockfall events at HeBa occur throughout the year but are most concentrated in the spring months which 

account for 48% of the rockfall records (Figure 3-30). Activity peaks in April with 43 events logged and 

reaches a minimum in February with 5 events recorded. The stark difference between the spring and 

winter months is noteworthy. Summer represents the season with the second highest rockfall count with 

50 events logged (24%), followed by the fall with 42 events (20%).  

 

Figure 3-30: Monthly distribution of rockfall events at HeBa. 

Based on the rockfall events from 1995 to 2020, the breakdown of annual rockfall events grouped by 

season is shown in Figure 3-31. Rockfalls during the summer months appear to be more common prior to 

2008, which potentially explains why it has the highest proportion of records that are missing rockfall 

magnitudes (41%) due to the lower magnitude reporting. A larger amount of winter rockfalls is also noted 

prior to 2008. Overall, while most seasons decline in count of rockfalls over the duration of the study 
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window, the proportion of events associated with the spring months appears to be fairly consistent over 

the monitoring period. The amount of rockfall events logged in the fall appear to fluctuate from zero to 

one event in some years, to three or four events logged in others. In years where fall rockfall events are 

recorded, they are often the 2nd most rockfall active season behind spring. 

 

Figure 3-31: Distribution of rockfall events per year at HeBa coloured by season. 

3.4.2 QNS&L Rockfall Database 

From November 2014 to July 2021, 76 rockfalls have been logged within the Gagnon Sud subsection 

(mile 12 to 17). The rockfall records were exported from the IOC GHMS and included the date, mileage, 

distribution, largest dimension estimate, consequences, and general notes. While the database itself does 

not log the cumulative volume information for the rockfall events, many of the events were linked to 

images of the original rockfall debris, which was used to estimate the volume of 74 of the events.  
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Of the 76 recorded rockfall events at Gagnon Sud, 41 of the events are logged on the same day as at least 

one other event, which reduces the overall number of events on unique days to 46. Rockfalls are logged 

when any visible volume of rock debris is observed to have reached the railway zone of influence, 

considered to be the space between either track ditch. Reports can be completed by track personnel at any 

point during the year, but are most often completed during special geotechnical inspections in the spring 

months when snow has dissipated from the ditches (Sirois – Personal Communication).  

When examining year to year trends in the rockfall records, only the six fully completed years will be 

statistically assessed (2015 to 2020). The number of recorded rockfall events has been mostly consistent 

from 2015 to 2020, apart from 2019 which recorded 27 events, 19 of which were logged over a scheduled 

two-day special inspection period (Figure 3-32). The calculated average of annual rockfall events is 12, 

with a median of 9.5.  
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Figure 3-32: Distribution of rockfall events by year at Gagnon Sud. 

Along the 8 km stretch of track several rockfall hotspots appear, notably around mile 13.1, 13.8, and 14.6 

which account for 41% of all the logged events (Figure 3-32). Review of the detailed site inspections at 

these locations pointed to the presence of surface water as well as dilated joints along slope segments in 

the area. 
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Figure 3-33: Distribution of rockfall events by mileage at Gagnon Sud.  

3.4.2.1 Rockfall Location Analysis 

The Gagnon Sud section of track runs along the east bank of the Moisie River and is constructed mostly 

on paragneissic bedrock from the Grenville orogeny from mile 12 to 16. Subsequent glaciation and 

thawing deposited thick successions of sensitive glacial Leda clays throughout the river valley which is 

the base of the track from mile 16 to 17. While various surficial deposits are present in the area from the 

retreat of the Champlain Sea, the source of rockfalls along the track are the adjacent paragneissic bedrock 

slopes.  

Based on field assessments, the rockfall hazard ratings from July 2021 for each slope segment are plotted 

in Figure 3-34. Areas that have shown evidence of previous rockfall activity, such as mile 13.1, 13.8, 

14.6, 15.6 and 16.7 all fall within sites that have received either a Very High, or High hazard rating. 

Hazard ratings are from July 2021 and therefore may not reflect the state of the slope at the time previous 



 

139 

 

events were logged. Segments assigned either a Very High or High rating have experienced some level of 

rockfall activity since 2014, except for mile 15.2, where the ditch reaches a width of 9 m. 

 

Figure 3-34: Rockfall hazard ratings of right-side slope segments at Gagnon Sud from July 2021. 

Like slope segments, the location and size of culverts installed to facilitate the flow of rivers or seasonal 

streams under the QNS&L track are logged in the IOC GHMS. The locations and size of the 22 culverts 

and rockfall events from mile 12- 17 are plotted in Figure 3-35.  
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Figure 3-35: Distribution of rockfall events and mileage with culvert locations coloured by 

diameter. 

The data shows that several of the high rockfall frequency areas (mile 13.2, 13.8, 14.6, and 16.7) are 

located near culvert locations, however the scale of the culvert does not appear to impact rockfall activity 

levels. As shown in Figure 2-19B, several of the water sources pass through the slopes, resulting in the 

formation of ice in the winter months, potentially contributing to rockfall events. However, several 

locations with water sources such as mile 13.3, 14.1, 14.8 to 15.0, and 15.8 to 16.4 are not present near 

rock cuts (Figure 3-34) and therefore do not impact rockfall behaviour.  

3.4.2.2 Rockfall Size Analysis 

From the Gagnon Sud rockfall record, an estimated total of 62 m3 of rockfall debris has been logged, with 

most of the volume resulting from a 51 m3 event in 2014. The highest concentration of rockfall events is 

in the 0.01 to 1 m3 bin (69%) which likely represents the lower limit of visual rockfall debris detection for 

QNS&L personnel unless the debris is on track.  Smaller events dictate the distribution with 93% of 
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events logged as less than 1 m3. 

 

Figure 3-36: Distribution of rockfall events at Gagnon Sud based on estimated volumes. Note: log-

scale X-axis. 

Given the shorter length of the rockfall record, year to year trends are challenging to discern, however it 

appears that the implementation of the IOC GHMS and subsequent slope maintenance work since 2015 

has resulted in consistently low annual event volumes (Figure 3-37). Ignoring the larger volume event in 

2014 and the incomplete record for 2021, the average annual volume is closer to 1.5 m3. 
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Figure 3-37: Cumulative annual volume of rockfall events at Gagnon Sud.  

3.4.2.3 Rockfall Timing Analysis 

The monthly distribution of logged rockfalls show a peak in May with 79% of events logged in the spring 

months, followed by summer, and see a minimum during the winter months with no events recorded in 

January and February. As discussed in Section 2.4.2.3.1, the majority of rockfall records are logged 

during special slope inspections in the spring and fall. The distribution also shows a sharp change 

between March and April in terms of events. 



 

143 

 

 

Figure 3-38: Monthly distribution of rockfalls at Gagnon Sud. Note: no rockfalls have been logged 

in January or February. 

A total of 19 rockfall events (25% of the record) were logged on May 28th-29th, 2019 during a scheduled 

full track inspection and were mostly concentrated in two areas. Six events were logged from mile 13.71 - 

13.78, with an additional three events logged from mile 16.71 – 16.72 which heavily impacted the 

temporal and geographical distribution of events (Figure 3-32 and Figure 3-33). The annual distribution 

and seasonality of rockfall events again shows that the majority of rockfall events occur in the spring, 

with 2017 and 2020 only experiencing spring rockfall activity (Figure 3-39). Fall and summer rockfall 

activity tend to fluctuate from year to year. 
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Figure 3-39: Annual seasonality of rockfall events at Gagnon Sud. 

3.5 Analysis of Weather Trends and Rockfall Records 

Integrating the monthly weather data and rockfall records for the railway sites allowed for correlations 

between the two datasets to be drawn. The results of the analysis are compared to previous work by 

Macciotta et al., (2017) and Pratt et al., (2018) who conducted similar analysis on Canadian National 

(CN) track in British Colombia (BC) along the Canadian Cordillera.  

In addition to the precipitation and temperature curves discussed in Section 3.3.1.4 and 3.3.2.1, monthly 

freeze-thaw data was also added. Calculated from daily temperature records (see Section 3.3.1.3), the 

freeze-thaw record was added as a binary counter (0,1) of at least one freeze-thaw event having occurred 

on a given day. Based on the daily record, monthly trends could be calculated. 

3.5.1 Monthly Weather and Rockfall Trends at HeBa 

Following individual assessments of the data as discussed in Sections 3.3.1 and 3.4.1, the 26-year weather 

and rockfall records from the HeBa site were combined for an integrated analysis. Going from left to right 
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on Figure 3-40, August and September experience higher than average precipitation levels, and the 

highest average temperatures, similar to July. No freeze-thaw activity occurs during this time and the 

amount of rockfalls remain constant, suggesting that rockfall activity around this time is caused by the 

accumulation of summer precipitation. Through October and November, precipitation and temperature 

levels begin to decrease crossing below 0ºC consistently starting in November leading to a local freeze-

thaw maximum. The DTR reaches an annual minimum in October and November. Rockfall activity dips 

slightly in October, before picking back up again in November, likely due to freeze-thaw action. While 

the plot below does not include wind data, wind magnitude appears to be highest during October and 

November (Figure 3-8). 

 

Figure 3-40: Seasonal weather trends and rockfall records at HeBa. 

During the winter months, both precipitation and temperatures continue to drop, reaching their minimum 

around -18ºC. The low temperatures lead to the formation of ice within the rockmass which creates 

cohesion at the ice-rock interface between discontinuities, often limiting the number of rockfall events 

that can occur and results in the minimum number of rockfalls in the year (D’Amato et al. 2016). With 
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daily temperatures firmly below 0ºC, the number of FTCs drops off. The transition from winter to spring 

marks an increase in temperatures, FTCs, rockfall activity, and precipitation. However, the precipitation 

record has the highest level of uncertainty in January, February, and March. During the spring, there is a 

greater DTR when temperatures cross 0ºC, as compared to the fall. This leads to a higher number of 

freeze-thaw events occurring in this period. Added surface water due to snowmelt at this time may also 

increase how widespread the occurrence of freeze-thaw activity is across HeBa, as only a handful of 

sections normally show signs of seepage and surface water. The increased duration and distribution of 

freeze-thaw occurrences appears to be the primary reason for peak rockfall activity occurring during the 

spring months. During the summer months, precipitation rapidly picks up and temperatures stabilize 

above 0ºC, reducing the number of freeze-thaw events. As with August and September, the amount of 

rockfall activity remains constant over this period.  

A portion of the long-term heating and cooling curve with rockfall occurrences is shown in Figure 3-41. 

Most rockfall events appear to occur near the valleys of the curve, which mark the beginning of the spring 

thaw and when days are hovering around 0ºC. Rockfall events also occur at the local peaks of the curve, 

but to a lesser degree, when temperatures stay around 0ºC again in the fall. While the heating and cooling 

curve shows 3-year weather patterns, a relationship between the long-term trends and the timing and 

frequency of rockfalls is not evident. 
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Figure 3-41: Sample heating and cooling curve with rockfall events at HeBa. Highlighted zones 

mark years with similar heating and cooling patterns (yellow = downward, green = upward). 

3.5.2 Monthly Weather and Rockfall Trends at Gagnon Sud 

Due to the high concentration of rockfall events in April and May, data plotted along the primary vertical 

axis (left in Figure 3-42) was transformed to allow for clearer visualization. Both the precipitation and 

freeze-thaw curves were changed from the average monthly sum to daily average over a given month and 

rockfalls were converted to an annual monthly average. This means that the freeze-thaw curve ranges 

from 0 to 1. 

Both August and September have higher than average precipitation and high temperatures with little to no 

freeze-thaw events. Despite the increase in precipitation from August to October, the number of rockfalls 

decreases from the consistent summer levels. Through October and November, temperatures decrease 

crossing 0ºC in early November and the count of FTCs begins to increase. DTR is at an annual minimum 

in October and November. Precipitation reaches a peak in October of 4 mm per day and rockfall activity 

reaches a local maximum in November of 0.38 events per year.  
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Figure 3-42: Seasonal weather trends and rockfall records at Gagnon Sud. 

In the winter months, temperatures continue to drop and reach their minimum in February leading to 

consistently cold temperatures and a reduction in freeze-thaw activities. Rockfalls reach a minimum in 

January and February as the formation of ice stiffens the rockmass. Due to systematic error, measured 

precipitation levels drop significantly during the winter months (see Section 3.3.2.1). As temperatures rise 

and cross 0ºC in the spring, the monthly DTR is larger compared to the fall, leading to maximum freeze-

thaw activity. The amount of precipitation and rockfall events also increases. In the summer months, 

precipitation dips slightly while temperatures continue to rise and reach a maximum in July. Freeze-thaw 

activity returns to zero as temperatures remain warm, while the count of rockfalls remain fairly consistent. 

The heating and cooling curve at Gagnon Sud with rockfall occurrences is shown in Figure 3-43. Rockfall 

events are largely concentrated in the valleys of the curve, with occasional clusters of events occurring at 
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the peaks. Most years appear to follow this trend except for 2019 where rockfall events appear to be more 

distributed throughout the year. This anomaly occurs following an unusually warm winter season in 2018 

where the amount of below 0ºC days was less than average. 

 

Figure 3-43: Heating and cooling curve with rockfall events at Gagnon Sud.  

3.5.3 Subsection Comparison 

The annual weather trends differ at the two subsections, with Gagnon Sud experiencing higher levels of 

annual precipitation, a more extreme range of temperatures, and more annual freeze-thaw events overall 

(Table 3-2). Both locations experience similar temperature and precipitation patterns of lows in the winter 

and highs in the summer and fall with precipitation trends at Gagnon Sud trailing by a roughly a month. 

On days with precipitation recorded, HeBa averages 4.7 while Gagnon Sud averages 5.6 mm which 

includes underestimates of the winter precipitation. Freeze-thaw curves for both subsections follow a 

similar bi-modal distribution, with a local maximum in November followed by a dip in the winter, a peak 

in April, and another dip in the summer. While average temperatures at both locations cross 0ºC at 
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roughly the same time and rate, Gagnon Sud experiences a slightly shorter winter season due to larger 

diurnal temperatures in both the fall and spring, also resulting in more annual freeze-thaw activity. Most 

extreme precipitation events (top 2.5%) occur in the summer for HeBa and in the fall for Gagnon Sud. 

The rockfall distributions for the subsections are also quite similar. Peak rockfall activity occurs in the 

spring months, likely caused by the increase in freeze-thaw activity, as well as higher volumes of surface 

water due to snowmelt and increases in precipitation. Both locations experience the second most rockfall 

events during the summer months, with intense precipitation episodes likely causing consistent rockfall 

activity at HeBa. Despite relatively less summer precipitation at Gagnon Sud, it is still believed to be the 

main driver for summer rockfall activity. Both sites experience a brief increase in rockfall activity in 

November, likely the result of freeze-thaw episodes in the fall.  

Year to year weather trends show similar rockfall clustering at the valleys and peaks of the heating and 

cooling curve, which should roughly align with the timing of freeze-thaw events. Gagnon Sud has a 

slightly larger curve amplitude as it reaches higher and lower temperature extremes during the year and 

spends fewer days fully below 0ºC compared to HeBa, again due to a larger DTR. Both curves spend 

roughly 200 days a year above 0ºC between crossings. Long-term trends at HeBa are more challenging to 

interpret given the length of the record, and a potentially less accurate baseline fit to the curve, while 

warmer winter anomalies at Gagnon Sud such as in 2018 and 2021 stand out further. 

3.5.4 Comparison to Previous Works 

Looking at previous work conducted by Macciotta et al., (2017) and Pratt et al., (2018) along CN track in 

British Columbia, there are clear differences between the coastal climate experienced on the west coast 

and the continental climate experienced in Ontario and Quebec.  
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Figure 3-44: Location of HeBa, Gagnon Sud, and previous study sites from Macciotta et al., (2017) 

and Pratt et al., (2018). 

Monthly weather trends from four towns within the Yale subdivision from Pratt et al., (2018) are shown 

in Figure 3-45.  
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Figure 3-45: Monthly weather trends for sites along CN’s Yale subdivision. From Pratt et al., 

(2018). Precipitation is logged as a daily average, while freeze thaw events are a monthly count. The 

duration of the weather recording window is shown in the upper right portion of the graph. Note: 

Months begin in July, rather than August in previous plots. 

The BC sites experience a significantly more moderate climate due to their proximity to the Pacific Ocean 

which acts as a heat sink and source. Winters are shorter and milder along the west coast with 

temperatures barely crossing 0ºC in December and January compared to Ontario and Quebec. This results 

in a single concentrated block of freeze-thaw activity rather than the bimodal distribution in the fall and 

spring seasons. However, freeze-thaw curves for the Yale subdivision still show two small peaks as they 

near 0ºC, which vary in relative size depending on the amount of cooling the site experiences. Sites from 

the Squamish subdivision experience an even milder winter, with average minimum monthly 

temperatures above 0ºC, leading to a single annual freeze-thaw peak. For both the Yale and Squamish 

subdivisions, temperature extremes, DTR, and the count of freeze-thaw cycles increase from the southern 

to northern most stations. However, on average the west coast sites experience significantly fewer freeze-

thaw events than HeBa and Gagnon Sud. Looking at the precipitation curves for the Yale sites, 
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precipitation is concentrated in the fall and winter months, peaking in the fall and dipping to relative lows 

during the summer. While the Gagnon Sud and HeBa sites also experience peak precipitation in the fall, 

the curves are otherwise inverse, with the lowest precipitation recorded during the winter months and 

relative highs in the summer months. A climate comparison table is shown in Table 3-6. 

Table 3-6: HeBa and Gagnon Sud weather comparison to Squamish (green) and Yale (yellow) 

subdivisions from Macciotta et al., (2017) and Pratt et al., (2018). 

Site Köppen-Geiger 

Climate Classification 

(Beck et al. 2018) 

Annual Precipitation Max Temp 

(ºC) 

Min Temp 

(ºC) 

Annual 

Freeze-Thaw 

Days 

HeBa Cold 

670 mm (Peak: 

Sept.) 

20.3 (Aug.) -18.0 (Jan.) 

62.1 (Peak: 

Apr.) 

Gagnon Sud Cold 

1020 mm (Peak: 

Oct.) 

24.3 (Jul.) -18.9 (Feb.) 

65.2 (Peak: 

Apr.) 

Squamish 

Station 

Averages (5 

Total) 

Temperate 

1849 mm (Peak: 

Nov.) 

23.3 (Aug.) 1.8 (Jan.) 

26.3 (Peak: 

Jan) 

Hope Temperate 

1847 mm (Peak: 

Nov.) 

25 (Aug.) 0 (Dec.) 

17.7 (Peak: 

Feb.) 

Hell’s Gate Cold 

1211 mm (Peak: 

Nov.) 

27 (Aug.) - 4 (Dec.) 

18.9 (Peak: 

Feb.) 

The date, mileage, and size classification of rockfall events along the Squamish and Yale subdivisions are 

logged by CN rail maintenance crews or train conductors when fallen blocks are observed. Within the 

Yale subdivision, rockfall sizes varied from large infrequent events up to a few thousand cubic meters, 
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down to small blocks of 15 to 30 cm in diameter (Pratt et al., 2018). A comparison of the rockfall records 

from each site is shown in Table 3-7. 

Table 3-7: HeBa and Gagnon Sud rockfall record comparison to Squamish and Yale (Hell’s Gate) 

subdivisions from Macciotta et al., (2017) and Pratt et al., (2018). 

Rockfall Database Track Length Rockfall Record Length Recorded 

Events 

Rockfalls per 1 

km per year 

HeBa 3.4 km 1995 – 2021 (26 years) 209 2.36 

Gagnon Sud 8.0 km 2014 – 2021 (8 years) 76 1.19 

Squamish 41.8 km 1985 – 2011 (26 years)2 102 0.09 

Yale (Hell’s Gate) 17.7 km 1998 – 2012 (14 years) 220 0.89 

The annual frequency of rockfall events per month from Hell’s Gate and the monthly weather trends for 

Hope area of the Yale subdivision are shown in Figure 3-46. The largest rockfall frequencies are 

concentrated in the winter months, following a normal distribution with a peak in January. The peak of 

rockfall activity appears to agree strongly with monthly freeze-thaw activity, with the overall distribution 

correlating to precipitation trends. Compared to the sharp contrast between the winter and spring months 

for HeBa and Gagnon Sud, the transition between the minimum and maximum rockfall frequency is 

gradual. Along the Hell’s Gate and Squamish areas, winter and fall are the seasons with the highest 

rockfall activity, which is the reversal of the Gagnon Sud and HeBa sites.   

 

2 Most of this time coincides with when British Columbia Railway (BCR) operated the subdivision before being 

purchased by CN in 2003 which may have impacted the standards and frequency of rockfall reporting. However 

Macciotta et al., (2017) appears to show a largely consistent annual rockfall distribution over this period. 
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Figure 3-46: Average monthly rockfalls from Hell’s Gate and weather trends from Hope (Yale 

subdivision) from Pratt et al., (2018). Precipitation plotted as monthly distribution of overall 

precipitation multiplied by 100. 

3.6 Fitting Circular von Mises Distributions to Weather and Rockfall Records 

Previous work from Macciotta et al., (2017) and Pratt et al., (2018) have shown promise in correlating 

rockfall frequencies and weather conditions by using circular von Mises distributions for slopes along 

CN’s Squamish and Yale subdivisions in BC. To expand on this work, the methodology and conclusions 

from the earlier papers are used to evaluate CPR’s HeBa site in northern Ontario and QNS&L’s Gagnon 

Sud section in eastern Quebec. 

Based on the results of previous studies of rockfall databases and weather trends, precipitation and freeze-

thaw activity - the two primary triggers for rockfall events – as well as other weather trends such as wind 

intensity will be used to evaluate the relationship between weather conditions and rockfall events at the 

two sites (D’Amato et al. 2016; Delonca, Gunzburger, and Verdel 2014; Macciotta et al. 2015).  
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3.6.1 Background on Circular von Mises Distributions 

Circular fits are typically used to model the concentration and distribution of directional data and have 

been widely applied in the field of earth sciences to support interpretations of faults, bedding, and 

paleocurrents (Lark, Clifford, and Waters 2014). Fitting a circular distribution to a data set requires the 

original data to be converted into frequencies distributed continuously along a unit circle (summing to 1) 

which range from 0 to 2π. Therefore, data without a pre-existing directional nature requires manipulation 

to meet these criteria (see Section 3.6.2). 

The most commonly used distribution for modelling circular data is the von Mises distribution, also 

called the circular normal distribution, and is often used to represent cyclic time series data (Bentley 

2006). The von Mises probability density function is defined as follows: 

Equation 3-1: von Mises probability density function. 

𝑓𝑉𝑀 (𝜃; 𝜇, 𝜅) =
1

2𝜋𝐼0(𝜅)
𝑒𝜅 cos(𝜃−𝜇) , 0 ≤ 𝜃 < 2𝜋, 𝜅 ≥ 0, 0 ≤ 𝜇 < 2𝜋 (3 − 1) 

Where 𝜃 is the independent variable, 𝜇 is the mean direction of the fit, and 𝜅 is the distribution coefficient 

that defines how concentrated the distribution is around the mean direction. 𝐼0(𝜅) is the modified Bessel 

function of the first kind and order zero, and is given by: 

Equation 3-2: Modified Bessel function of the first kind and order zero. 

𝐼0(𝜅) =  
1

2𝜋
∫ 𝑒𝜅 cos(𝜃)

2𝜋

0

𝑑𝜃 (3 − 2) 

Despite their circular nature, von Mises distributions can be plotted along a straight line with continuous 

boundaries (equivalent at either end) allowing for simplified visualization. Sample von Mises 

distributions, plotted as an unwrapped circle from 0 to 2π / 360, with a mean direction of 𝜇 = 180º at 

various concentration parameters (𝜅) are plotted in Figure 3-47. 
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Figure 3-47: Various probability density von Mises distributions from Bentley, (2006). 

Circular von Mises distributions are symmetrical and unimodal, however, mixtures of von Mises 

distributions can be proportionally combined to model asymmetrical and multimodal data sets (Lark, 

Clifford, and Waters 2014). Readers interested in a more in-depth discussion on using von Mises 

distributions to model circular data are directed to Bentley, (2006). 

3.6.2 Data Preparation and von Mises Distribution Fitting 

Prior to fitting any circular distributions to the data, average precipitation and freeze-thaw records must be 

adjusted into evenly spaced circular data and then normalized to calculate relative monthly frequencies, 

fully discussed in Pratt et al., (2018). 

Initially, monthly weather averages must be adjusted so that each month represents an equal portion of the 

circle and can be evenly spaced along the 0 to 2π range. This is done by interpolating or extrapolating 

monthly data trends to scale the data into 30-day segments. These monthly results are then multiplied by 
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the ratio of original to adjusted records to maintain the same number of total records. The adjusted 

monthly values are then normalized to obtain relative frequencies of precipitation, freeze-thaw, wind, and 

rockfall data for each month. Once the frequency values are calculated, the twelve months must be spread 

equally along the 0 to 2π range x-axis by assigning the first month a value of π/12 and spacing subsequent 

months in π/6 increments. For this analysis, August was selected as the first month in this study so that 

temperature minimums in the winter months were fully displayed, however this can be changed 

depending on annual site weather conditions. 

By scaling each month to 30 days the method assumes that the interpolation of records from 31-day 

months and extrapolation of February records is reasonable for modelling the weather trends. Analysis of 

the adjustments to the HeBa and Gagnon Sud data shows little change from the original data, making this 

assumption acceptable. 

Upon preparation of the data the BAMBI software package, part of the R coding language, was used to fit 

either individual or a mixture of von Mises distributions to the circular data sets (Chakraborty and Wong 

2019; R Core Team 2020). Due to input requirements for the software package, this process required the 

additional step of replicating normalized weather frequencies with a representative amount of radian data 

entries for each month. Once the final data sets were prepared, automated fitting of the optimal von Mises 

parameters (𝜇 and 𝜅) was conducted. The appropriate number of von Mises distributions used to model a 

given weather trend was determined through a combination of iterative testing and engineering judgement 

on a case-by-case basis. 

As discussed in Pratt et al., (2018), the optimized von Mises distributions are based on a range of 2π (per 

year) but must be converted to a per month range to allow for direct comparison to monthly adjusted and 

normalized records. This is done by multiplying the final von Mises distributions by π/6, based on the 

initial month increments.   
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3.6.3 Weather Modelling with von Mises Distribution Fits 

Once the weather distribution models were created, the weightings that resulted in the least absolute 

residual to the observed weather data were considered the optimal fit. The correlation and/or weighting 

values of the final fit were interpreted as the most (highest value) or least (lowest value) significant in 

modelling the desired weather trends. The weather curves were then fit to the observed rockfall records, 

with the least absolute residual model considered the best fit. Results of the weather von Mises fits and all 

relevant parameters are summarized in Table 3-8. 

3.6.3.1 Individual HeBa von Mises Distribution Fits 

 

Figure 3-48: HeBa precipitation von Mises distribution fit, μ (mean) parameter shown at dashed 

line. 
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Due to the nature of precipitation at HeBa with a maximum in the early fall and minimum in the winter, a 

unimodal von Mises distribution was fit to the data. The μ value falls in early September between above 

average summer precipitation and peak fall precipitation. The correlation coefficient for the fit is 

relatively low at 0.839. The largest residuals for the fit are in April (-0.019), August (-0.019), and June 

(0.017) potentially caused by precipitation variability in the summer and low data quality in the early 

spring (Figure 3-5). Of note, the distribution follows a similar pattern to the precipitation curve from the 

Wawa 30-year climate normals (Figure 3-10). 

 

Figure 3-49: HeBa freeze-thaw von Mises distribution fit.  

Given that annual average temperatures cross 0ºC twice at HeBa, leading to two peaks of freeze-thaw 

action during the year, a mixture of two von Mises fits were used to model the bimodal distribution. The 
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combination of distributions in yellow is weighted slightly more to the spring fit (57%), with a peak in 

early April, than the fall fit (43%), with a peak in mid-November. Kappa values for both distributions are 

much higher compared to the precipitation fit given the natural clustering of the data. Overall, the mixture 

distribution was a strong fit with a correlation coefficient of 0.985.  

 

Figure 3-50: HeBa wind speed von Mises distribution fit. 

The von Mises fit struggled to match the wind speed data. Adjustments and scaling of the wind data from 

the data preparation process resulted in a nearly flat distribution of wind speeds, with a noticeable 

increase in February. This is potentially further error propagation from the original wind speed data set, 

which had an average record completeness of 52% over the year (Figure 3-8). The curve underestimates 

wind magnitudes during the fall and winter, while overestimating in the spring and summer. The optimal 
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von Mises fit calculated the mean nearly in the centre of the data with a low kappa value and the lowest 

overall correlation of 0.647. 

3.6.3.2 Individual Gagnon Sud von Mises Distribution Fits 

 

Figure 3-51: Gagnon Sud precipitation von Mises distribution fit. 

To accommodate for lower-than-expected precipitation values during the winter months (see Section 

3.3.2.1), a mixture of von Mises distributions was chosen to model monthly precipitation. The best fit 

from a unimodal distribution had a 0.604 correlation coefficient, while the mixture fit used had a 

correlation coefficient of 0.883. The individual mu values of the fall and spring precipitation distributions 

are in early October and late April respectively. The combined fit is weighted more heavily to the fall 

precipitation (76%) than the spring precipitation (24%).  

 



 

163 

 

 

Figure 3-52: Gagnon Sud freeze-thaw von Mises distribution fit. 

Like the HeBa site, freeze-thaw cycles at Gagnon Sud have a bimodal distribution and were fit using two 

von Mises distribution curves. The combination in yellow is weighted more to the spring distribution at 

64% compared to the fall freeze-thaw activity. The overall fit of the mixture model was very strong with a 

correlation coefficient of 0.997. 
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Table 3-8: Summary of weather von Mises parameters and correlation coefficients. 

 von Mises Mu (1) Kappa (1) Proportion (1) Mu (2) Kappa (2) Correlation 

coefficient 

HeBa 

Precipitation 0.54 (Early 

October) 

0.32 - - - 0.839 

Freeze-Thaw 

Cycles 

1.90 (Late 

December) 

3.56 0.43 4.31 (Early 

May) 

5.19 0.985 

Wind 2.96 (Mid 

January) 

0.32 - - - 0.647 

IOC 

Precipitation 1.12 (Early 

October) 

0.92 0.76 4.617 (Late 

April) 

3.88 0.883 

Freeze-Thaw 

Cycles 

1.64 (Early 

November) 

5.75 0.36 4.24 (Early 

April) 

4.84 0.997 

3.6.4 Combined von Mises Distributions 

Based on the results from the initial weather von Mises distributions, three different methods were used to 

develop a mathematically optimized, minimally weighted, and grouped solution ranked by least absolute 

residual. The higher the weighting of a given von Mises curve, the greater theoretical impact on triggering 

rockfall activity for a given site. The mathematically optimized models used a minimum weighting of 

0.01 (1%) and a maximum of 0.97 (97%) for a single curve and sorted through all weighting 

combinations that summed to 1 by 0.01 increments. The minimally weighted models assumed that each 

weather distribution must have at least a 5% impact on rockfall activity and used a minimum weighting of 

0.05 and a maximum of 0.85 for a single curve and sorted through all weighting combinations that 

summed to 1 by 0.01 increments. Finally, the grouped model used the annual von Mises distribution 

curves from the weather data, rather than the seasonal curves, and then followed identical testing as the 

optimized models. Only results from the optimized curves are presented in this section. Full data tables 

and distributions of each model from HeBa and Gagnon Sud can be found in Appendix B. 
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3.6.4.1 Combined HeBa von Mises Distribution Models 

Based on the results of the initial von Mises distribution for monthly precipitation, freeze-thaw (fall & 

spring), and wind speed were combined to create three fits of the adjusted and normalized rockfall records 

of HeBa. The mathematically optimal fit using a combination of one precipitation curve, one wind curve 

and two freeze-thaw curves (fall & spring) are shown in Figure 3-53. The best mixture parameters for 

each model variation are summarized in Table 3-9. 

Table 3-9: Best von Mises mixture parameters for optimized, minimally weighted, and grouped 

models at HeBa. 

von Mises Optimized Weighting 

(Corr. = 0.923) 

Minimum of 5% 

Weighting (Corr.= 0.884) 

Grouped Weather Fits 

(Corr. = 0.693) 

Precipitation (Annual) 0.60 0.52 0.55 

Freeze-Thaw (Fall) 0.01 0.05 - 

Freeze-Thaw (Spring) 0.38 0.38 - 

Freeze-Thaw (Annual) - - 0.44 

Wind (Annual) 0.01 0.05 0.01 
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Figure 3-53: Optimized von Mises combination for rockfall distribution at HeBa. 

The optimized distribution mixture shows a strong correlation to the rockfall distribution. The weightings 

were highest for the annual precipitation curve which fit best during the summer and winter months. 

Spring freeze-thaw activity was also weighted heavily, as the curve very closely matches rockfall activity 

during the spring months. Notably, the fall freeze-thaw activity and annual wind magnitudes consistently 

receive the lowest rating, suggesting from this model that they have the lowest impact on rockfall 

triggering. However, one of the largest discrepancies between the optimized model and the rockfall 

distribution is when rockfall activity reaches a local maximum in November which correlates well with 

the fall freeze-thaw curve. When fall and spring freeze-thaw activity are combined into a single curve in 

the grouped model, their combined weighting increases, while the precipitation weighting decreases. This 

would support the notion that while minimized in the optimal model, fall freeze-thaw activity is a trigger 

for rockfall events. By comparison, the wind magnitude von Mises distribution weightings remained 

minimal in each variation, potentially the result of the low correlation coefficient of 0.647 with the 
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original data. The model gains added confidence as the weightings on the spring freeze-thaw curves for 

the optimized model are similar to the original weather trend fits, and the overall weightings remain 

similar for each model variation. 

3.6.4.2 Combined Gagnon Sud von Mises Distribution Models 

The mathematically optimal fit using a combination of two precipitation curves (fall & spring) and two 

freeze-thaw curves (fall & spring) is shown in Figure 3-54. The best mixture parameters for each model 

variation are summarized in Table 3-10.  

Table 3-10: Best von Mises mixture parameters for optimized, minimally weighted, and grouped 

models at Gagnon Sud. 

von Mises Optimized Weighting 

(Corr. = 0.858) 

Minimum of 5% 

Weighting (Corr.= 0.841) 

Grouped Weather Fits 

(Corr. = 0.327) 

Precipitation (Fall) 0.16 0.13 - 

Freeze-Thaw (Fall) 0.04 0.05 - 

Precipitation (Spring) 0.79 0.77 - 

Freeze-Thaw (Spring) 0.01 0.05 - 

Precipitation (Annual) - - 0.26 

Freeze-Thaw (Annual) - - 0.74 
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Figure 3-54: Optimized weather von Mises combination for rockfall distribution at Gagnon Sud. 

The optimized von Mises mixture shows a good correlation to the rockfall distribution, with some notable 

discrepancies in March and May. Overall, the weightings of the distributions were heavily skewed to 

match the concentration of rockfall activity in April and May, relying almost exclusively on the spring 

precipitation curve (0.79). Despite visual similarities to the spring freeze-thaw curve, spring precipitation 

has a μ value slightly closer to peak spring rockfall activity, meaning spring freeze-thaw is essentially 

ignored by the model. While less heavily weighted, rockfall activity in the fall was best fit with a 

combination of the fall precipitation (0.16) and fall freeze-thaw (0.04) curves. Based on the optimized and 

minimally weighted model, spring freeze-thaw activity appears to play the smallest role in triggering 

rockfall activity. However, the grouped model, despite its low correlation (0.327), shows that on an 

annual basis freeze-thaw activity provides a better fit to rockfall distribution than precipitation. 

Weightings on the precipitation curves are similar to the initial weather modelling, however, the 
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weightings for the freeze-thaw curves differ significantly between each model which highlights model 

limitations. 

3.6.5 Comparison of Combined von Mises Distributions 

Comparing the results from the two subsections, the HeBa mixture models produced higher correlation 

values for each rockfall distribution fit, despite having lower correlation values with weather modelling of 

the precipitation and freeze-thaw curves (Table 3-8). One potential reason for this is that the technique 

works best with a small range of rockfall frequency values that are more temporally distributed to avoid 

being weighted too heavily to one area. The HeBa rockfall distribution ranges from 0.026 to 0.206 with 

rockfall events occurring in each month, while the Gagnon Sud distribution ranges from 0 to 0.494 with 

no rockfalls in January and February. This may be the result of prompt rockfall reporting at the HeBa site 

due to the Coldwell slide fence automatically signaling when a wire is broken. At Gagnon Sud, during 

large snow events, rockfalls in the ditch may be buried before they are observed, deferring logging of the 

event until the spring melt. Errors may also have been introduced to the modeling of the Gagnon Sud 

precipitation by fitting the curve as a bimodal distribution rather than unimodal in the case of HeBa. 

Despite more distributions improving the correlation of the weather fit, they may also decrease the ability 

of the fit to capture the real-world trends. Another potential reason for this difference is that rockfall 

triggering at the Gagnon Sud site may be a more complex combination of climatic, geotechnical, or other 

external factors such as glacial rebound in the surrounding area.  

Looking at the optimized curves on the same plot (Figure 3-54), they both exhibit similar trends in the 

spring months, with HeBa rockfall activity starting and ending slightly earlier, and in the winter months 

when both curves dip. Trends differ slightly in the summer and fall, where HeBa captures summer 

activity, but misses the rockfall increase in November, and Gagnon Sud does the opposite. The relatively 

low correlation of the Gagnon Sud fit is potentially explained by the short duration of the rockfall and 

weather record, as more consistent logging of events is likely to smooth the trends and result in a 

distribution pattern that is similar to that of HeBa. The trend also suggests that despite the higher 
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completion percentage of the Gagnon Sud weather record compared to HeBa, the methodology is more 

sensitive to the quality of the rockfall records. 

 

Figure 3-55: Comparison between optimized von Mises fits for HeBa and Gagnon Sud. 

Based on the modelling, HeBa rockfall activity is triggered by precipitation in the summer and fall and 

freeze-thaw activity in the spring while Gagnon Sud activity is driven by a mixture of freeze-thaw and 

precipitation in the fall and precipitation during the spring.  
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Table 3-11: Comparison between recorded and modelled peak rockfall frequency at HeBa and 

Gagnon Sud. 

 Peak Monthly Average for 

Rockfall Activity (Fall) 

Peak Monthly Average for 

Rockfall Activity (Spring) 

HeBa (Rockfall Record - Observed) 1.1 (November) 2.5 (April) 

HeBa (von Mises - Modelled) 0.8 (September) 2.5 (April) 

Gagnon Sud (Rockfall Record - 

Observed) 

0.5 (November) 5.9 (May) 

Gagnon Sud (von Mises - Modelled) 0.5 (November) 3.7 (April) 
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Chapter 4 

Discussion 

4.1 Slope Management and Rockfall Reporting System 

Chapter 2 of this thesis outlines a review of the slope management and rockfall reporting systems of 

Canadian Pacific Railway (CPR) and the Quebec North Shore & Labrador (QNS&L) railway. Both 

systems represent a plan to better understand the nature of rockfall occurrences along their railway and 

use that knowledge to reach their desired outcome of a safe and efficient operation. Despite similarities in 

their approaches, such as slope inspections, ratings, and the formation of rockfall databases, the systems 

have several fundamental differences as discussed in Section 2.5.  

Designed to support the prioritization of maintenance work, the CPR system has gone through several 

stages of evolution, with the initial Slope Priority Areas program being implemented in 1974. It led to the 

creation of an initial slope inventory with an associated stability rating and a rockfall record through the 

introduction of standardized inspection and reporting forms, enabling them to be stored in a digital 

database. The introduction of the updated Engineering and Management of Rock Slopes directive in 1995 

marked a shift in mentality with an increased focus on the implementation and design of maintenance 

projects based on a further understanding of the data. As with the original system, slope assessments 

would be conducted by senior specialists who relied on their geotechnical expertise and previous slope 

observations to determine a slope rating. Slope rating categories shifted from a letter grade to a grading 

system of Urgent, Priority, Observe, and OK, which included temporal significance (Table 2-18). These 

ratings would automatically define the level or type of stabilization work deemed appropriate for a given 

slope. Starting in the early 2000’s, further understanding of the slopes led to specialized detailed 

inspection of relatively high frequency rockfall areas such as HeBa to assess and design multi-year capital 

maintenance projects. These projects were meant to achieve long-term rockfall reduction and go beyond 
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annual maintenance inspections and work (Wood – Personal Communication). A general timeline of the 

HeBa subsection is shown in Figure 4-1. 

 

Figure 4-1: Timeline of the HeBa site and the evolution of the CPR Engineering and Management 

of Rock Slopes system. 

The QNS&L railway is owned by the Iron Ore Company of Canada (IOC) and part of an integrated 

production system designed to transport ore from the mine in Labrador City to the port in Sept-Iles. 

Established in 2015, the IOC GHMS was designed to conduct a life-loss assessment based on the 

occurrence of a geohazard and to support action decisions using a risk-based framework. The program 

similarly began with the development of a slope inventory that assigned each slope segment a hazard, 

consequence, and risk rating for a given geohazard type. Assessments of the slopes were conducted by 

geotechnical specialists who input standardized field observations into a risk equation to calculate a risk 

estimate. Ratings are scored on a relative 1 to 4 or 1 to 7 scale, which aligns with risk levels for the IOC’s 

mining operations and allows for more effective communication with the broader production system. 
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Each rating is then reviewed by a senior geotechnical specialist to ensure that the results of the algorithm 

are appropriate before being updated in the IOC GHMS. These slope ratings then support action decisions 

for annual maintenance along the railway. 

As discussed in Ho et al., (2000), slope management systems can exist in various forms but typically 

follow a similar development over time. Initially, maintenance designs are developed through empirical 

rules based on precedents and later evolve by implementing comprehensive assessment and data 

collection standards which aim to understand and reduce uncertainties in a systematic way. The 

combination of assessment standards and good-quality databases permit a greater understanding of the 

priming and triggering factors of geohazard events allowing for proactive maintenance steps to be taken. 

Repeating the process of observation, interpretation, planning, and implementation allows for continual 

learning and improvement to occur. 

Both systems represent a large step forward in this development by outlining a plan by which they can 

measure their relative efficiency and success. While at the same time observing and monitoring both 

rockfall activity and their current efforts, new projects can be planned and implemented, allowing the 

observation and interpretation process to begin again. In addition, the success of the respective programs 

has been largely credited to the support and engagement in the slope management programs by railway 

personnel.  

4.2 Discussion of Methods and Research 

New work presented in the thesis takes additional steps to validate and develop the analysis technique 

presented by Macciotta et al., (2017) and Pratt et al., (2018) by assessing two new rockfall prone sites 

with more extreme weather conditions located in Ontario and Quebec. Longer winters at the HeBa and 

Gagnon Sud sites means that annual freeze-thaw cycles are modelled with a binomial distribution, which 

marks a first for this methodology. Weather data was available in the immediate Gagnon Sud area, while 

HeBa weather data was sourced from the Pukaskwa Weather station roughly 23 km away but also along 
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the coast of Lake Superior. The results of the weather modelling show strong correlation values at both 

sites except for annual wind intensity at HeBa (Table 3-8).  

Correlations of the final von Mises mixture distributions are strong. HeBa shows overall correlation 

coefficient of 0.92, with the heaviest weightings on annual precipitation trends (0.6) and spring freeze-

thaw cycles (0.38), however likely underestimates the impact of fall freeze-thaw activity in triggering fall 

rockfalls. Gagnon Sud shows an overall correlation coefficient of 0.86 with a heavy weighting on spring 

precipitation (0.79). Despite the strong correlation of the Gagnon Sud mixture, this is believed to be a 

modest result which highlights challenges in the modelling and methodology limitations. 

4.2.1 Modelling Challenges 

While the results of the modelling provided several insights, the work also highlighted several challenges. 

One of the primary challenges for the modelling was the inability to handle heavily concentrated rockfall 

datasets with a large range of distribution values. This can occur when a relatively brief rockfall record is 

used, or there is relatively low confidence in the recorded timing of rockfall events. The challenge was 

most prevalent in the case of the Gagnon Sud fitting where the concentration of rockfall events in April 

and May resulted in the fits relying heavily on a single distribution and likely oversimplifying the real-

world phenomena. Similarly, when rockfalls are highly concentrated, the model will likely focus on the 

most proximal distribution to the activity peak and ignore other curves nearby, which again oversimplifies 

the real-world phenomena that is more likely a combination of factors. While spring precipitation has the 

highest weighting for the optimized Gagnon Sud fit, the grouped model shows that freeze-thaw activity is 

a significantly better fit to the rockfall distribution with a weighting of 0.74. 

Selecting the appropriate number of von Mises distributions to fit to weather data is an important step in 

the methodology. While increasing the number of distributions will typically result in an improved 

correlation to the original data and can add a layer of granularity, it subsequently increases the complexity 

of the interpretation and the potential for model biases. This is an especially sensitive element as the 

method is not currently able to differentiate between mixture distributions that have poor overall 



 

178 

 

correlations to the original data, individual distributions that have a low weighting (therefore weakly 

correlated), and strongly correlated distributions. This can lead to poor quality models being heavily 

weighted in the final mixture. For this reason, various combinations of the distributions should be used to 

confirm that the mathematically optimal results represent real-world weather trends or thresholds, such as 

the ones discussed in Section 5.5 should be introduced.  

4.2.2 Methodology Limitations 

Currently, the methodology cannot evaluate the impacts of previous weather conditions on future months 

as it treats the data as circular without a logical start, end, or precedence. Similarly, the methodology 

evaluates relationships within a year and cannot discern weather patterns from year to year.  

Another limitation of the model is that it ignores the complex mixture of spatial and geotechnical factors 

that impact the triggering of rockfall activity. Suggestions on how to incorporate spatial and geotechnical 

parameters into the methodology are discussed in Section 5.5. Overall, while the methodology provides 

insight into the nature of rockfall triggers for an area of interest, it provides a purely analytical solution 

that requires human interpretation. 

4.3 Comparisons to Previous Work 

Beyond the weather and rockfall record differences presented in Table 3-6 and Table 3-7 respectively, 

geographical differences between the HeBa, Gagnon Sud, and previous work from Macciotta et al., 

(2017) and Pratt et al., (2018) are summarized in Table 4-1. 

Table 4-1: Geographical and geotechnical comparison of HeBa and Gagnon Sud to previous work. 

 HeBa Gagnon Sud Squamish Sub. 

(Macciotta, 2017) 

Yale Sub. - Hope 

(Pratt, 2018) 

Primary Geology Syenite Quartz paragneiss Quartz diorite Granodiorite 

Slope Normal 

Orientation 

SE NW W W 

Track Exposure Lake adjacent River valley Bay adjacent River valley 
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Based on the high-level geological mapping, the lithology types are either highly metamorphosed units or 

large plutonic bodies all with a similar rock strength. Comparing the average slope normals and amount 

of track exposure can give an indication as to the amount of sunlight exposure or shadow cover during the 

day leading to local temperature variations and freeze thaw cycles. Based on these measures, the HeBa 

slope likely experiences the most consistent sun exposure as it faces south, compared to the other slopes 

which mostly experience afternoon and evening sun exposure. Beyond these simplified factors, various 

other geotechnical, anthropogenic, and rockfall reporting methods, only partially examined in this work 

likely impact the distribution and timing of rockfalls at the respective sites on a local scale.  

Table 4-2: Comparison of combined von Mises distribution weightings to previous work. 

von Mises Distribution 

Weightings 

HeBa.   

Corr = 0.92 

Gagnon Sud     

Corr = 0.86 

Squamish Sub. 

(Macciotta, 2017). 

Corr = 0.98 

Hope – Yale Sub. 

(Pratt, 2018).  

Corr = 0.97 

Precipitation (Annual) 0.60 - 0.43 0.30 

Freeze-Thaw (Annual) - - - 0.70 

Freeze-Thaw (Fall) 0.01 0.04 - - 

Freeze-Thaw (Spring) 0.38 0.01 0.193 - 

Precipitation (Fall) - 0.16 0.38 - 

Precipitation (Spring) - 0.79 - - 

Wind (Annual) 0.01 - - - 

Both Macciotta et al., (2017) and Pratt et al., (2018) achieved very strong correlation values between 

observed and modelled rockfall distributions with correlation values of 0.98 and 0.97 respectively. The 

approaches used by Macciotta et al., (2017) differed from the three other studies. The observed rockfall 

record was fit with a mixture of von Mises distributions with those distributions then being compared and 

 

3 Referred to as “spring thaw (snowmelt from upslope of the weather stations)” between February and April in 

(Macciotta et al. 2017). 
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matched manually to seasonal weather trends rather than fitting the weather trends to the record. Given 

the approach, the extremely high correlation value is expected. In the case of Pratt et al., (2018), only the 

Hope weather station recorded data over the duration of the rockfall record (1998 to 2011). Weather data 

over this period from Hope was used to fit the initial von Mises distributions which were later fit to a 

cluster of rockfall activity from mile 4 to 15 outside Hell’s Gate roughly 50 km away. This distance 

crosses the boundary between a temperate climate in Hope and a cold climate in Hell’s Gate (Beck et al. 

2018). The success of the Hope model can likely be tied to the high correlation values of the modelled 

weather parameters, as well as the more simplistic rockfall trend which exhibits a normal distribution 

centered around January. Compared to the other three sites, Gagnon Sud has the highest range of monthly 

rockfall frequencies as well as the smallest monthly distribution. This supports the notion that the method 

works best when applied to rockfall databases that are evenly distributed throughout the months and 

contain a small range of normalized frequency values.  

Looking solely at the weightings of the respective von Mises distributions, precipitation, typically 

peaking in the mid to late fall appears to contribute to an increase in rockfall activity at all sites. Freeze-

thaw activity has a high weighting for both Hope and HeBa while it plays a minor role at Squamish, 

where limited freeze occurs, and is essentially ignored in the Gagnon Sud model. The trend suggests that 

while precipitation induced rockfalls will be consistent, the degree to which freeze-thaw activity causes 

rockfall events varies depending on regional temperature trends. As previously discussed, the low 

weighting for spring freeze-thaw activity at the Gagnon Sud is linked to biases in the modelling due to 

skewed rockfall records and likely represents an underestimation. Daily maximum wind intensity, only 

integrated at the HeBa site, appears to be a secondary triggering factor for rockfalls. 

Looking at the grouped fits compared to the previous work, both Gagnon Sud and Hope have similar 

weightings for freeze-thaw (~0.7) and precipitation (~0.3), while Squamish and HeBa both weighted 

precipitation (~0.6) higher than freeze-thaw activity. The weightings suggest a difference in rockfall 

triggering mechanisms in highly exposed areas such as HeBa and Squamish compared to Gagnon Sud and 



 

181 

 

Hope which are more inland and within river valleys. However, the grouped models for both HeBa and 

Gagnon Sud also resulted in the lowest correlations to the observed rockfall trends.  

When looking at all the rockfall distribution curves on the same plot (Figure 4-2), only the Hope curve 

does not show two peaks of rockfall activity. At the other sites, the two peaks are typically the result of 

increased precipitation in the fall or early winter and freeze-thaw conditions in the spring.  

 

Figure 4-2: Best rockfall distribution models for the HeBa, Gagnon Sud, Macciotta (2017), and 

Pratt (2018) sites. 

Unlike the sites from eastern Canada, the secondary spring peak of rockfall activity in the Squamish 

subdivision is not associated with peak freeze-thaw or precipitation, but rather “weather conditions from 

February to April” - particularly snowmelt, as discussed in Macciotta et al., (2017). While the 

phenomenon still occurs in eastern Canada, due to the lower amount of overall winter precipitation, 

spring rockfalls appear to be more impacted by peak freeze-thaw activity rather than increased snowmelt. 
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Spring is the period of peak rockfall activity on the east coast while fall is secondary, but the reverse is 

true for the Squamish subdivision.  

Although Hope and Squamish have similar monthly weather conditions, Hope shows a high concentration 

of events in January and a normal distribution of rockfalls compared to a bimodal distribution with peaks 

around March and October. This difference is believed to be caused by slightly cooler winter 

temperatures resulting in more freeze-thaw action at Hope as well as a higher overall count of rockfalls on 

a per kilometer and year basis which likely masks rockfalls related to fall precipitation due to a higher 

frequency of winter ones. This suggests that despite a similar count of annual freeze-thaw occurrences at 

the BC slopes, the slightly warmer temperatures along the Squamish subdivision do not allow for the 

consistent formation of ice which would propagate fractures and weaken the rockmass in freezing 

periods.  

Given the results of the four sites, it appears that three general rockfall distribution types can be defined 

based on monthly weather conditions. When sites rarely experience winter below temperatures 0ºC, the 

rockfall distribution tends to follow a bimodal distribution, with peak rockfall activity occurring during 

peak precipitation (fall) and a secondary peak in the early spring due to snowmelt as exhibited by the 

Squamish results. When winter temperatures are slightly lower and hover around 0ºC like at the Hope 

site, the influence of freeze-thaw activity increases and results in a relatively high concentration of 

rockfall activity in the winter months. The third type of distribution occurs when winter temperatures go 

far below 0ºC in the winter, leading to deep freezing of the rockmass in the winter and a peak of rockfall 

activity in the spring due to freeze-thaw activity, and a similar peak in the fall due to precipitation. A 

comparison table of the modelled relative monthly rockfall probabilities for each site is shown in  

 

Modelled Monthly HeBa    Gagnon Sud     Squamish Sub. Hope – Yale Sub. 
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Table 4-3

. 

 

 

rockfall probabilities Corr = 0.92 Corr = 0.86 (Macciotta, 2017) 

Corr = 0.98 

(Pratt, 2018) 

Corr = 0.97 

August 0.8 0.3 0.2 0.1 

September 0.8 0.3 0.4 0.2 

October 0.8 0.5 0.7 0.4 

November 0.7 0.5 0.6 0.8 

December 0.6 0.2 0.4 1.6 

January 0.5 0.2 0.3 2.1 

February 0.7 0.4 0.5 1.7 

March 1.9 1.6 0.4 0.8 

April 2.5 3.7 0.2 0.3 

May 1.2 3.0 0.2 0.2 

June 0.7 1.0 0.2 0.1 

July 0.7 0.3 0.2 0.1 

Modelled Monthly 

rockfall probabilities 

HeBa    

Corr = 0.92 

Gagnon Sud     

Corr = 0.86 

Squamish Sub. 

(Macciotta, 2017) 

Corr = 0.98 

Hope – Yale Sub. 

(Pratt, 2018) 

Corr = 0.97 

August 0.8 0.3 0.2 0.1 

September 0.8 0.3 0.4 0.2 

October 0.8 0.5 0.7 0.4 

November 0.7 0.5 0.6 0.8 

December 0.6 0.2 0.4 1.6 

January 0.5 0.2 0.3 2.1 

February 0.7 0.4 0.5 1.7 

March 1.9 1.6 0.4 0.8 
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Table 4-3: Modelled monthly rockfall probabilities for the HeBa, Gagnon Sud, Macciotta (2017), 

and Pratt (2018) sites. 

 

 

 

 

  

April 2.5 3.7 0.2 0.3 

May 1.2 3.0 0.2 0.2 

June 0.7 1.0 0.2 0.1 

July 0.7 0.3 0.2 0.1 
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Chapter 5 

Conclusions 

5.1 Review of Thesis Goals and Objectives 

The main goals of this thesis were to provide a review and comparison of the design and implementation 

of two modern slope and rockfall management systems and examine a potential application by modelling 

the relationship between their logged rockfall events and seasonal weather trends.  

These goals were accomplished through the following objectives: 

1. Develop an understanding of the slope and rockfall management systems at the HeBa and 

Gagnon Sud sites through review of site materials and expert discussions.  

2. Determine the design components of each system and highlight the similarities and differences 

between their outcomes. 

3. Collect rockfall and weather records for the sites and evaluate the spatial, magnitude, and 

temporal distribution of rockfall events, as well as the seasonal weather patterns. 

4. Examine rockfall triggers at the respective sites by modelling the relationship between the 

seasonal weather trends and rockfall activity through methods proposed in Macciotta et al., 

(2017) and Pratt et al., (2018). 

5.2 Summary of Work Completed 

The review of the slope and rockfall management systems was conducted through the reading of the 

respective system manuals, site assessment and maintenance reports, published papers, and examining 

various data sources and models including site photos, videos, and rockfall databases. In addition, 

geotechnical and operational site experts were consulted throughout the process. By highlighting the key 

design components of the two management systems, including their development, goals, and data 

collection methods, an understanding of what analysis and interpretations were possible was achieved.  
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An in-depth analysis of segments along both tracks that experience a relatively high frequency of rockfall 

events was also conducted. This included the collection and analysis of internal rockfall records from 

annual reports and databases which were compared to other internal and external data sources such as 3D 

site models, geological maps, and detailed site reports. Integration of the data allowed for the defining 

characteristics of rockfall hotspots to be interpreted.   

Weather data was collected from nearby public and private weather stations which had daily temperature 

and precipitation data, at a minimum. Monthly weather trends of the sites were assessed by their 

magnitude, standard deviation, and completeness of the record. Additional weather parameters, such as 

daily FTCs were also calculated. Monthly trends were also compared to 30-year climate normals from 

other proximal weather stations to assess their validity. A limited number of significant outliers resulting 

from equipment measurement issues within the datasets were removed based on a comparison to data 

recorded at other proximal stations. 

Rockfall triggering mechanisms at both sites were assessed through an integrated analysis of rockfall and 

weather records using the methodology presented in Macciotta et al., (2017) and Pratt et al., (2018). The 

two primary rockfall mechanisms, precipitation and freeze-thaw action (Delonca, Gunzburger, and Verdel 

2014; Macciotta et al. 2017; Strunden et al. 2015), were modelled using von Mises distributions and 

compared to the monthly rockfall frequencies to measure the degree to which the factors acted as rockfall 

triggers. These results were compared to previous work in Macciotta et al., (2017) and Pratt et al., (2018) 

conducted along CN railways in British Columbia.  

5.3 Summary of Conclusions 

The review of the CPR Engineering and Management of Slopes directive and the IOC Geohazard 

Management System provided significant insight into slope maintenance practices for railway 

organizations. Key differences between the two systems are summarized in Table 2-18. Findings from 

this review also provided support for the analysis and interpretation of rockfall records collected at the 

respective sites. One of the key conclusions from both sites was that without a structured plan to manage 
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geohazards, no learning or progress can be achieved. Additionally, successful implementation of these 

systems requires staff training and participation throughout the process to encourage safe operation and 

support data collection and analysis efforts. 

Analysis of the rockfall triggering method at the HeBa and Gagnon Sud site highlighted that rockfall 

activity was highest in the spring months (March – May) due to freeze-thaw activity occurring at this 

time. The second largest cluster of events occurs in the summer, driven by storm precipitation events. 

Peak precipitation and the addition of freeze-thaw activity in November results in a local rockfall activity 

maximum with the lowest frequency of rockfalls occurring in the winter months due to the formation of 

ice within the rockmass. The relatively lower correlation results between the weather modelling and 

rockfall distribution at the Gagnon Sud site are believed to be a consequence of a concentrated and brief 

rockfall record, challenges in modelling the precipitation curve, and the relatively short weather record at 

the site. However, analysis at both sites resulted in strong overall correlations of greater than 0.85 which 

justifies the use of the methodology for more extreme and complex weather patterns. 

Comparison to previous results from Macciotta et al., (2017) and Pratt et al., (2018) in BC illustrated the 

impact of a more moderate climate on triggering rockfall activity. Figure 4-2 shows three distinct rockfall 

distribution classes based on the seasonal weather conditions. When temperature conditions rarely go 

below 0ºC, slopes experience a bimodal distribution of rockfall activity with the largest concentration in 

the fall due to peak precipitation and a smaller peak in the spring due to snowmelt. In cooler areas where 

temperatures drop slightly below 0ºC, freeze-thaw activity becomes more prevalent and the peak rockfall 

season shifts to the winter months when freeze-thaw activity is the most active. The third type of 

distribution occurs when temperatures go well below 0ºC, resulting in bimodal split of rockfall activity 

with a peak in the spring months due to frequent freeze-thaw activity and a secondary cluster in the fall 

due to precipitation and freeze-thaw action. The results of the modelling also showed that precipitation 

was a more prominent trigger for rockfall activity at the more exposed slopes, while less exposed slopes 



 

189 

 

along river valleys tended to experience more freeze-thaw related rockfalls. However, this trend likely 

requires further results to be fully validated (see Section 5.5). 

5.4 Applications of Research 

The results of this research can be used to support various operational risk reduction techniques, such as 

designing geohazard and season specific TARP thresholds. An understanding of primary seasonal rockfall 

triggers derived using the von Mises methodology along with climate indices, such as the ones presented 

in Bajni et al., (2021), to develop TARP thresholds may improve the efficiency of these systems.  

Additionally, this research outlined a framework for determining the occurrence of erroneous 

precipitation data (see Section 3.3.2.2). This technique could be automated in the future, allowing 

potentially erroneous data to be flagged, verified by site personnel, and removed from the record, to allow 

for more confidence in the weather data analysis. 

5.5 Recommendations for Future Work 

Beyond monthly precipitation and FTC, additional weather datasets such as DTR, snowfall, rainfall, and 

antecedent weather conditions could all be modelled using the current methodology. Although not 

formally examined in this work, snowfall, rainfall, and antecedent weather conditions have been shown to 

correlate well with rockfall events in previous work (D’Amato et al. 2016; Delonca, Gunzburger, and 

Verdel 2014; Strunden et al. 2015). Alternatively, DTR or daily temperature amplitude has previously 

shown no correlation to rockfall events (D’Amato et al. 2016; Delonca, Gunzburger, and Verdel 2014), 

but larger ranges have been shown to increase freeze-thaw activity (Matsuoka 2019), potentially making 

them a useful short term predictor of rockfall activity. While there are many possible causes for rockfall 

occurrences (Table 2-2), only data that follows a generally cyclical trend over the course of a year should 

be considered. Additionally, increasing the number of datasets will complicate the analysis and 

interpretation process. Future work may want to consider using minimum correlation or weighting 

thresholds to avoid some of the methodology challenges addressed in Section 4.2. In addition to new 
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datasets, the methodology could be tested with other geohazard types such as earth and debris landslides 

or bank erosion. 

Currently, the methodology does not differentiate between weather data from year to year, which could be 

subject to long-term weather oscillations that alter the duration and intensity of trends and impact the 

rockfall distribution in a given year. Some of the weather oscillations experienced in Canada that may 

impact the triggering of rockfall events by shifting temperature norms are the North Pacific Oscillation 

(NPO) mostly concentrated along the west coast, and the Artic Oscillation (AO) and North Atlantic 

Oscillation (NAO) along the east coast (Bonsal and Shabbar 2010). Further understanding of the long-

term climate trends may support further interpretations of the trends displayed in the long-term heating 

and cooling curves (Section 3.3.1.5 & 3.3.2.3), help predict when monthly rockfall frequencies may 

change, and highlight storm prone periods. Understanding the impacts of these longer-term weather 

trends also plays a vital role in understanding the impacts of climate change on rockfall activity. 

The spatial considerations relating to the triggering of rockfall events such as the geotechnical parameters 

of the source rockmass and the size of the rockfall were not considered in this analysis due to the short 

segment length and geotechnical homogeneity. Future work could attempt this by clustering slope 

segments based on similar geotechnical parameters such as lithology, joint characteristics, slope 

geometry, likely failure mechanism, etc. or use previously completed susceptibility mapping to help 

determine if certain sets of geotechnical conditions are sensitive to seasonal weather conditions. To 

support this, longer and/or more diverse track segments should be considered. Various models could be 

run on subsets of the data based on track geotechnical domains or rockfall sizes to help evaluate these 

spatial relationships. An integrated analysis by Matsuoka, (2019) highlighted several correlations between 

weather and rockfall sizes.   

5.6 Final Thoughts 

While the implementation of various slope management and maintenance measures discussed in this work 

have resulted in a safer and more efficient railway, the occurrence of future rockfalls along the railways is 
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an inevitability. Viewing their occurrence in a negative light can impact the effectiveness of a railway 

organization, however, the CPR and IOC systems represent a shift in mentality to viewing rockfalls as 

opportunities to learn, understand, and overall make more effective safety and operational decisions. 

While this transition can be challenging, it represents an important step forward. These actions should be 

commended and the willingness of CPR and the IOC to share information on the design and results of 

their respective slope management and rockfall recording systems is greatly appreciated. 

Future work continues to make progress toward short-term and real-time rockfall prediction; however, it 

is important to remember the inherent uncertainty associated with geological data and interpretations. It is 

necessary to collect data and create interpretations guided by its limitations before attempting to come up 

with numerical solutions. Looking for an answer before understanding the problem is not only extremely 

ineffective in general but can also prove dangerous. Both systems discussed in this thesis were developed 

in the wake of train engineer fatalities which underscores the seriousness of this work. Simply because a 

complex model appears to fit data well, it does not mean it is useful. While these models can support the 

work of geotechnical experts, at no point should the results of a model take a backseat to engineering 

judgement when it comes to making safety decisions.  
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Appendix A 

Additional Site Analysis 

A.1 HeBa Geotechnical Assessments 

 

Figure A-1: Syenite unit with fresh (pink) and weather surfaces (grey) showing rough planar joints 

with regular joint sets 
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Figure A-2: Grabbro unit with black colouring, fine texture, and minor oxidation showing a mix of 

smooth undulating and rough planar joint surfaces at various lengths and orientations. Photo 

provided by Wood. 
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Figure A-3: Distribution of HeBa rockfall events coloured by slope distance from the track. 
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Figure A-4: Distribution of HeBa rockfall events coloured by cumulative rockfall volume. 
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Figure A-5: Distribution of HeBa rockfall events coloured by the season of rockfall occurrence. 
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Figure A-6: Magnitude distribution of HeBa rockfall events coloured by the season. 
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A.2 HeBa Weather Trends 

Table A-1: HeBa Monthly Weather Data 

  
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

Precipitation 

Average Total 

(mm) 

62.0 79.2 77.6 51.0 57.2 43.6 29.5 51.0 29.5 51.5 69.8 68.5 

Std Deviation (σ) 

6.0 6.2 7.5 4.8 4.9 4.5 3.1 5.1 3.6 4.9 6.0 6.5 

Variance (σ^2) 

35.6 38.3 56.4 22.8 24.2 20.6 9.6 26.2 13.1 24.2 36.5 42.4 

  
            

Max Temp 

Average (ᵒC) 

20.3 16.5 9.5 2.4 -3.7 -6.7 -4.8 0.8 6.5 12.8 17.4 19.3 

Std Deviation (σ) 

3.0 3.7 4.6 5.4 6.8 7.0 6.0 5.6 4.9 5.0 4.2 3.7 

Variance (σ^2) 

8.7 14.0 20.7 29.1 45.8 48.9 36.4 31.4 24.3 25.1 18.0 13.4 

  
            

Min Temp 

Average (ᵒC) 

11.2 7.9 2.0 -4.8 -12.9 -17.7 -16.4 -10.7 -3.5 2.5 7.0 10.2 

Std Deviation (σ) 

3.4 4.9 4.5 6.9 8.7 9.3 8.8 8.1 5.0 3.8 3.1 3.1 

Variance (σ^2) 

11.4 23.7 20.3 47.7 75.0 86.9 77.6 66.2 24.8 14.8 9.5 9.6 

              

     Maximum    Minimum       
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Figure A-7: Overall Heating and Cooling Trend at the Pukaskwa Weather Station (HeBa). Black dashed lines show the average baseline 

trend for the curve.   
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Figure A-8: Overall Heating and Cooling Trend at the Pukaskwa Weather Station (HeBa) with baseline trend removed.   
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A.3 Gagnon Sud Geotechnical Assessments 

 

Figure A-9: Distribution of rockfall events logged in May 2019 at Gagnon Sud. 
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Figure A-10: Magnitude distribution of Gagnon Sud rockfall events coloured by the season. 
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A.4 Gagnon Sud Weather Trends 

Table A-2: Gagnon Sud Monthly Weather Data 

  Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

Precipitation 

Average Total 
(mm) 109.5 118.3 114.4 209.7 115.2 33.0 15.5 76.5 111.9 91.1 88.1 70.9 

Std Deviation 
(σ) 7.0 7.4 7.5 25.3 9.8 3.8 2.3 7.2 12.2 6.3 6.7 5.3 

Variance (σ^2) 48.5 55.1 55.6 638.9 95.7 14.7 5.4 51.8 149.4 39.2 45.1 28.2 

              

Max Temp 

Average (ᵒC) 23.2 17.0 10.0 1.4 -4.9 -7.2 -4.7 1.0 6.8 13.9 20.2 24.3 

Std Deviation 
(σ) 3.2 4.2 4.8 4.3 5.1 5.3 5.0 5.0 4.4 5.0 4.5 3.5 

Variance (σ^2) 10.3 17.3 22.9 18.3 26.5 27.9 25.1 24.7 19.4 25.4 20.6 12.3 

              

Min Temp 

Average (ᵒC) 12.0 5.8 0.5 -5.7 -13.8 -18.2 -18.9 -12.1 -4.0 1.7 7.7 12.5 

Std Deviation 
(σ) 2.6 3.7 4.7 5.1 6.5 7.9 7.6 7.0 5.0 3.0 3.9 2.6 

Variance (σ^2) 6.9 14.0 22.3 26.3 42.8 62.2 57.2 48.8 24.8 9.1 15.5 6.6 

              

     Maximum    Minimum       
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A.5 Combined Seasonal Weather Trends 

Table A-3: Weather Summary of HeBa, Gagnon Sud, Squamish, and Yale subdivisions (Macciotta et al., 2017; Pratt et al., 2018). 

Site Recording Duration Annual Precipitation Max Temp (ºC) Min Temp (ºC) Annual Freeze-Thaw Days 

HeBa 1995 – 2021 (26 years) 670 mm (Peak: Sept.) 20.3 (Aug.) -18.0 (Jan.) 62.1 (Peak: Apr.) 

Gagnon Sud 2016 – 2021 (5 years) 1020 mm (Peak: Oct.) 24.3 (Jul.) -18.9 (Feb.) 65.2 (Peak: Apr.) 

Boston Bar 1980 – 1989 (9 years) 850 mm (Peak: Nov.) 29 (Aug.) - 5 (Dec.) 22.4 (Peak: Feb.) 

Hell’s Gate 1980 – 1986 (6 years) 1211 mm (Peak: Nov.) 27 (Aug.) - 4 (Dec.) 18.9 (Peak: Feb.) 

Yale 1985 – 1994 (9 years) 1540 mm (Peak: Nov.) 26 (Aug.) -2 (Jan.) 18.4 (Peak: Dec.) 

Hope 1980 – 2011 (31 years) 1847 mm (Peak: Nov.) 25 (Aug.) 0 (Dec.) 17.7 (Peak: Feb.) 

SS 1987 – 2005 (18 years) 2220 mm (Peak: Nov.) 24 (Aug.) 0 (Jan.) 60 (Peak: Dec.) 

BB 1994 – 1999 (5 years) 2403 mm (Peak: Jan.) 24 (Aug.) 2 (Jan.) 11 (Peak: Jan.) 

HP 1991 – 2011 (20 years) 1167 mm (Peak: Nov.) 22 (Aug.) 3 (Jan.) 9 (Peak: Jan.) 

LB 1987 – 2003 (16 years) 1721 mm (Peak: Nov.) 23 (Aug.) 2 (Jan.) 25 (Peak: Jan.) 

BI 1987 – 2000 (13 years) 1732 mm (Peak: Nov.) NA NA NA 
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Appendix B 

Additional Modelling Results 

Once input data was prepared by following the steps outlined in Pratt et al., (2018), monthly distributions 

were manually converted to instances of 0 to 2π starting at π/12 and incrementing by π/6 representing 

each month at the same proportions. Distributions were then fit to the input data incrementally, using the 

BAMBI package for the R coding language (Chakraborty and Wong 2019; R Core Team 2020). 

B.1 HeBa von Mises Distribution Fitting 

 

Table B-1: HeBa recorded and adjusted data for von Mises distribution fitting. 

Month 
Monthly 

Precipitation (mm) 
 

Monthly Freeze-

Thaw Cycles 
 

Wind Magnitude 

(km/hr) 
 

Total Rockfalls 

(1995-2020) 

 Recorded Adjusted  Recorded Adjusted  Recorded Adjusted  Recorded Adjusted 

August 62 61  0.0 0.0  44.0 43  15 15 

September 79 80  0.7 0.7  46.9 47  15 15 

October 78 76  7.4 7.3  48.4 47  8 8 

November 51 52  9.2 9.4  49.2 50  19 19 

December 57 56  6.2 6.0  48.2 47  6 6 

January 44 43  3.0 2.9  46.8 46  6 6 

February 29 32  3.0 3.2  46.3 50  5 5 

March 51 50  10.4 10.2  45.6 45  35 34 

April 30 30  15.8 16.0  43.9 44  43 44 

May 52 51  6.3 6.2  44.5 44  25 25 

June 70 71  0.1 0.1  43.5 44  17 17 

July 69 67  0.0 0.0  42.2 41  18 18 
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Table B-2: Average daily and monthly rockfall probability derived from HeBa rockfall record 

(1995-2021). 
 

HeBa Rockfall Record 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.07 2.7 0.8 

September 0.07 2.9 0.9 

October 0.04 1.4 0.4 

November 0.09 3.6 1.1 

December 0.03 1.1 0.3 

January 0.03 1.1 0.3 

February 0.03 1.1 0.3 

March 0.16 6.3 1.9 

April 0.21 8.2 2.5 

May 0.12 4.5 1.4 

June 0.08 3.3 1.0 

July 0.08 3.2 1.0 
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Table B-3: Average daily and monthly rockfall probability at HeBa derived from optimized von 

Mises distribution fit. 
 

Optimized Fit (Correlation = 0.92) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.07 2.6 0.8 

September 0.07 2.7 0.8 

October 0.06 2.5 0.8 

November 0.06 2.3 0.7 

December 0.05 1.9 0.6 

January 0.05 1.7 0.5 

February 0.06 2.6 0.7 

March 0.16 6.1 1.9 

April 0.21 8.3 2.5 

May 0.10 4.0 1.2 

June 0.06 2.4 0.7 

July 0.06 2.4 0.7 
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Figure B-1: HeBa weighted von Mises distribution fit. 

 

Table B-4: HeBa weighted von Mises distribution weightings. 

von Mises 
Minimum of 5% Weighting (Abs. 

Residual Sum = 0.262) 

Precipitation (annual) 0.51 

Freeze-Thaw Cycles (fall) 0.39 

Freeze-Thaw Cycles (spring) 0.05 

Wind (annual) 0.05 
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Table B-5: Average daily and monthly rockfall probability at HeBa derived from weighted von 

Mises distribution fit. 
 

Weighted Fit (Correlation = 0.88) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.06 2.2 0.7 

September 0.06 2.4 0.7 

October 0.06 2.5 0.8 

November 0.07 2.7 0.8 

December 0.06 2.4 0.7 

January 0.06 2.2 0.7 

February 0.07 2.9 0.8 

March 0.16 6.2 1.9 

April 0.21 8.2 2.5 

May 0.10 3.8 1.2 

June 0.05 2.1 0.6 

July 0.05 2.0 0.6 
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Figure B-2: HeBa grouped von Mises distribution fit.  

 

Table B-6: HeBa grouped von Mises distribution weightings. 

von Mises 
Grouped Weather Fits (Abs. Residual 

Sum = 0.408) 

Precipitation (annual) 0.55 

Freeze-Thaw Cycles (annual) 0.44 

Wind (annual) 0.01 
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Table B-7: Average daily and monthly rockfall probability at HeBa derived from grouped von 

Mises distribution fit. 
 

Grouped Fit (Correlation = 0.69) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.06 2.5 0.8 

September 0.07 2.9 0.9 

October 0.10 3.7 1.2 

November 0.12 4.8 1.4 

December 0.09 3.6 1.1 

January 0.05 2.0 0.6 

February 0.05 2.2 0.6 

March 0.11 4.4 1.4 

April 0.15 5.9 1.8 

May 0.08 3.1 1.0 

June 0.05 2.1 0.6 

July 0.06 2.2 0.7 
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B.2 Gagnon Sud von Mises Distribution Fitting 

 

Table B-8: Gagnon Sud recorded and adjusted data for von Mises distribution fitting. 

Month 
Monthly Precipitation 

(mm) 
 

Monthly Freeze-Thaw 

Cycles 
 

Total Rockfalls (2014-

2021) 

 Recorded Adjusted  Recorded Adjusted  Recorded Adjusted 

August 103 101  0.0 0.0  2 2 

September 112 114  1.3 1.3  1 1 

October 124 122  9.5 9.3  5 5 

November 109 111  10.0 10.1  3 3 

December 96 95  3.0 2.9  1 1 

January 31 31  1.0 1.0  0 0 

February 15 17  3.8 4.1  0 0 

March 78 77  14.8 14.5  1 1 

April 104 106  17.8 18.0  16 16 

May 89 87  6.5 6.4  40 40 

June 87 89  0.0 0.0  7 7 

July 74 72  0.0 0.0  2 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

214 

 

Table B-9: Average daily and monthly rockfall probability derived from Gagnon Sud rockfall 

record (2014-2021). 
 

Gagnon Sud Rockfall Record 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.03 1.0 0.3 

September 0.01 0.5 0.2 

October 0.03 1.0 0.3 

November 0.04 1.6 0.5 

December 0.01 0.5 0.2 

January 0.00 0.0 0.0 

February 0.00 0.0 0.0 

March 0.01 0.5 0.2 

April 0.28 11.3 3.4 

May 0.49 19.1 5.9 

June 0.07 2.7 0.8 

July 0.03 1.0 0.3 
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Table B-10: Average daily and monthly rockfall probability at Gagnon Sud derived from optimized 

von Mises distribution fit. 
 

Optimized Fit (Correlation = 0.86) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.02 0.8 0.3 

September 0.03 1.2 0.3 

October 0.04 1.6 0.5 

November 0.04 1.6 0.5 

December 0.02 0.8 0.2 

January 0.01 0.5 0.2 

February 0.03 1.3 0.4 

March 0.14 5.3 1.6 

April 0.31 12.2 3.7 

May 0.25 9.8 3.0 

June 0.08 3.4 1.0 

July 0.03 1.0 0.3 
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Figure B-3: Gagnon Sud weighted von Mises distribution fit. 

 

Table B-11: Gagnon Sud weighted von Mises distribution weightings. 

von Mises 
Minimum of 5% Weighting (Abs. 

Residual Sum = 0.591) 

Precipitation (fall) 0.13 

Freeze-Thaw Cycles (fall) 0.05 

Precipitation (spring) 0.77 

Freeze-Thaw Cycles (spring) 0.05 
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Table B-12: Average daily and monthly rockfall probability at Gagnon Sud derived from weighted 

von Mises distribution fit. 
 

Weighted Fit (Correlation = 0.84) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.02 0.7 0.2 

September 0.02 1.0 0.3 

October 0.04 1.5 0.5 

November 0.04 1.6 0.5 

December 0.02 0.7 0.2 

January 0.01 0.5 0.1 

February 0.03 1.4 0.4 

March 0.15 5.7 1.8 

April 0.31 12.5 3.8 

May 0.25 9.7 3.0 

June 0.08 3.3 1.0 

July 0.02 0.9 0.3 
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Figure B-4: Gagnon Sud grouped von Mises distribution fit. 

 

Table B-13: Gagnon Sud grouped von Mises distribution weightings. 

von Mises 
Grouped Weather Fits (Abs. 

Residual Sum = 1.04) 

Precipitation (annual) 0.26 

Freeze-Thaw Cycles (annual) 0.74 
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Table B-14: Average daily and monthly rockfall probability at Gagnon Sud derived from grouped 

von Mises distribution fit. 
 

Grouped Fit (Correlation = 0.33) 

Month Monthly Rockfall 

Distribution 

Average Daily Rockfall 

Probability (*10-2) 

Average Monthly Rockfall 

Probability 

August 0.03 1.0 0.3 

September 0.05 2.0 0.6 

October 0.13 5.0 1.5 

November 0.14 5.8 1.7 

December 0.05 2.0 0.6 

January 0.02 0.8 0.2 

February 0.05 2.2 0.6 

March 0.18 7.1 2.2 

April 0.22 8.8 2.7 

May 0.09 3.4 1.1 

June 0.02 1.0 0.3 

July 0.02 0.7 0.2 
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B.3 Comparison to previous work from Macciotta et al., (2017) and Pratt et al., (2018). 

 

Table B-15: Adjusted and normalized rockfall distributions based on rockfall records for HeBa, 

Gagnon Sud, and previous work. 

 HeBa Gagnon Sud Squamish Sub. 

(Macciotta, 2017) 

Yale Sub. – 

Hell’s Gate 

(Pratt, 2018) 

August 0.07 0.03 0.06 0.02 

September 0.07 0.01 0.09 0.03 

October 0.04 0.03 0.16 0.07 

November 0.09 0.04 0.14 0.09 

December 0.03 0.01 0.10 0.15 

January 0.03 0.00 0.08 0.25 

February 0.03 0.00 0.11 0.18 

March 0.16 0.01 0.10 0.12 

April 0.21 0.28 0.05 0.04 

May 0.12 0.49 0.03 0.00 

June 0.08 0.07 0.05 0.02 

July 0.08 0.03 0.05 0.02 

 


