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Abstract 

Rock avalanches are a natural hazard of fragmented rock with extreme geomorphological 

impact and cause significant amounts of damage to the human population. This thesis develops 

and evaluates simple physics-based energy models to explain the high mobility of rock 

avalanches and to expand upon preceding research. A review of relevant literature is presented, 

and five major research topics are addressed.  

First, it is shown that the numerous models that have been adopted for avalanche 

fragmentation are not in consistent agreement about the energy spent during this process. Second, 

there appears to be a lack of consensus regarding whether entrainment of path substrate materials 

induces a gain or loss in energy is gained or lost from this behaviour. Third, it has been typically 

assumed that the apparent coefficient of friction for a rock avalanche remains constant – which is 

likely false. Fourth, it is shown that the environment, geology, degree of lateral confinement and 

failure mechanism are key variables that control the horizontal travel distance travelled yet are 

rarely accounted for in various models. Lastly, this thesis shows, through a preliminary analysis 

of a Galileo Scaling relationship between volume and the horizontal travel distance, that rock 

avalanche databases are scant in data, limiting analyses.  

Simple physics energy models were considered to examine rock avalanche behaviour as it 

pertains to the horizontal distance travelled. The simple physics energy models considered are 

sliding, entrainment, deposition, fragmentation, and impact. The simple sliding energy model 

examined the sliding motion exhibited by rock avalanches and the entrainment energy model 

considered the mass gained during an event. The deposition energy model examined mass loss and 

the fragmentation energy model observed the energy required to break a rock mass. Lastly, the 

impact energy model examined the energy lost when the failure mass impacts a lower slope. From 
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the simple physics energy models, it was concluded that the horizontal distance travelled by a rock 

avalanche is not mass-dependent. Rather, the horizontal distance travelled appears to be dependent 

on the percentage of mass gained or lost with respect to the initial mass. Further, it was determined 

from the entrainment and fragmentation energy models that Heim’s Ratio is not a sufficient 

assumption for the apparent coefficient of friction value.  

 A preliminary statistical analysis provided further insight into Galileo Scaling and its 

relation to rock avalanches. It was determined that there was a square-cube scaling relationship 

between the volume and horizontal distance travelled by a rock avalanche. This relationship was 

further examined through smaller datasets. By constraining the data into datasets of analogous 

events, the scatter reduced. With further research, this could be developed into an empirical model 

to potentially predict rock avalanche travel distances.  
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Chapter 1 : Introduction  

1.1 Introduction  

Rock avalanches are catastrophic natural hazards that often occur with no witnesses or 

recordings (Wang et al. 2018a; Francioni et al. 2019; Lato et al. 2019). These events typically 

occur in mountainous regions and are capable of burying areas under a thick debris field and 

causing vast amounts of destruction (Dufresne et al. 2016a; Reznichenko et al. 2017; Francioni et 

al. 2019; Strom et al. 2019). Among the first documented rock avalanches was the 1881 Elm event 

in Switzerland (Heim, 1882), while other examples include the 1903 Frank Slide (Alberta), 2009 

Jiweishan rock avalanche (China), and 2017 Xinmo rock avalanche (China) (Benko and Stead, 

1998; Fan et al. 2017; Huang et al. 2019; Zhang et al. 2019). Such events are particularly 

devastating due to exceptional flow volumes, very long and expansive runouts in diverse terrain, 

high mechanical energy and extremely rapid flow velocities (Heim, 1932; Crosta et al. 2004; 

Hermanns and Lonya, 2012; Hungr et al. 2014). The Mount Meager rock avalanche had a volume 

of 48.5 x 106 m3 (Guthrie et al. 2012, 2012b; Roberti et al. 2017). Rock avalanches are also capable 

of blocking rivers thus forming landslide-dammed lakes, while also on occasion causing tsunamis 

(Dufresne et al. 2018; Jelinek and Zacek, 2018; Huang et al. 2019; Je et al. 2020). Figure 1.1 shows 

the destructive nature of the 1903 Frank Slide that buried a mining town and took more than 70 

lives (Benko and Stead, 1998).  
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Figure 1.1 An aerial satellite image of the 1903 Frank Slide, Alberta, and the visible deposit 

which travelled northeast over the town of Frank. (Google Earth, 2021d). 

From Figure 1.1, the scar of the 1903 rock avalanche is still visible in 2018, and it shows 

the extent of the area coved by the debris. It is important to determine what causes this behaviour 

in order to reduce the risk of life loss and assess the overall geomorphic impact.  

 

1.2 Thesis Objectives 

The processes which contribute to the high mobility of rock avalanches have been debated 

extensively in past literature (Legros, 2002), which warrants further research. This thesis is thereby 

limited to four objectives that are aimed to address knowledge gaps:  

1. Complete a literature review of rock avalanche behaviour;  
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2. Apply simple physics to explore rock avalanche dynamics, particularly concerning the 

horizontal distance travelled and apparent reduction in the coefficient of friction;  

3. Explore Galileo Scaling as it relates to rock avalanche geometry and complete a 

preliminary analysis to gain insight into rock avalanche field behaviour; and  

4. Examine the implication of the work for a new understanding of rock avalanche behaviour 

including recommendations for future research.  

 

1.3 Thesis Summary 

The thesis has been divided into five chapters, of which this is the introduction.  

Chapter 2 focuses on identifying current knowledge gaps through the completion of a 

review of rock avalanche and landslide literature. The literature review will focus on current and 

previous rock avalanche models and field investigations into rock avalanche behaviour.  

Chapter 3 examines the application of simple physics to various rock avalanche 

mechanisms. These simple models are based on energy equations and energy lost to these 

processes. A parametric analysis will be completed to determine which parameters affect the 

horizontal distance travelled by rock avalanches.  

Chapter 4 will focus on Galileo Scaling and its potential relationship to rock avalanche 

geometry. A preliminary statistical analysis will be completed to characterise this relationship and 

to better understand this empirical model. 

Chapter 5 will summarise the findings of the thesis. This chapter will also suggest areas 

that require further research.  
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1.4 Identification of Current Knowledge Gaps in Rock Avalanche Literature 

Rock avalanche literature spans over a century and many notable contributions have been 

made. However, there are still some areas of research that require further work, including:  

1. The rate of energy consumption by rock avalanche fragmentation and the 

corresponding impact on the horizontal travel distance;  

2. The role of path substrate material entrainment in inducing energy loss or gain;  

3. The role of environment (i.e. glacial, volcanic, mountainous, soil dense, non-

mountainous), geology, initial failure mechanism, and degree of lateral 

confinement in influencing the horizontal travel distance;  

4. The lack of a consistency when calculating the coefficient of friction of a rock 

avalanche, particularly considering that coefficient of friction of a rock avalanche 

likely changes through the duration of the event, contradicting the assumption of a 

constant value;  

5. The lack of data in rock avalanche databases is inhibiting the analysis of rock 

avalanches. An example can be shown through the Galileo Scaling relationship 

observed between the volume and the horizontal distance travelled. 

 

1.5 Rock Avalanche Database 

Several datasets have been collected and utilised to create a new rock avalanche database 

of 337 events that will be used to obtain baseline values for the parametric analysis completed in 

Chapter 3 as well as the statistical analysis to evaluate Galileo Scaling. Data sources include: 

Scheidegger (1973), Cruden (1976), Eisbacher (1977), (1979), Clague and Souther (1982), Cruden 

(1982), Whitehouse and Griffiths (1983), Cruden and Eaton (1987), Jackson and Isobe (1990), 
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Ryder et al. (1990), Evans and Clague (1988), Nicoletti and Sorriso-Valvo (1991), Siebe et al. 

(1992), Hermanns and Strecker (1999), Evans et al. (2001), Levson et al. (2003), Hungr and Evans 

(2004), Huscroft et al. (2004), Orwin et al. (2004), Geertsema et al. (2006), Locat et al. (2006), 

Masson et al. (2008), Sosio et al. (2008), Brideau et al. (2009), Lee et al. (2009), Tang et al. 

(2009a), Brideau et al. (2012), Guthrie et al. (2012a,b), Hermanns et al. (2012), Sakals et al. (2012), 

Sosio et al. (2012), Zhou et al. (2012), Barth (2014), Blais-Stevens et al. (2015), Dufresene et al. 

(2015), Crosta et al. (2017), Hooft et al. (2017), Schleier et al. (2017), Wang et al. (2017), Zhan et 

al. (2017) and Mitchell et al. (2019).  
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Chapter 2 : Literature Review of Rock Avalanche Models and Statistical 

Analyses 

2.1 Introduction  

The term landslide is used to classify a variety of mass wasting processes which range from 

soil to rock failures (ISRM, 1981). Landslides often exhibit exceptionally long horizontal travel 

distances that imply a reduction in the coefficient of friction for the material in which it occurs 

(Heim, 1932; Hsu, 1975; Hewitt et al. 2008; Evans et al. 2009). The coefficient of friction of a 

rock avalanche (implied in the geometry of its travel path) is typically much lower than the 

coefficient of friction of a similar dry material (Heim, 1882; Favreau et al. 2010; Iverson, 2015; 

Haug et al. 2016). 

Rock avalanches initiate as intact rock masses on a slope face and typically occur in 

mountainous regions (Lucas et al. 2014; Francioni et al. 2019). Rock, an earth material is defined 

as having a minimum of 1 MPa intact unconfined compressive strength (ISRM, 1981; Brideau and 

Roberts, 2015). For a rock mass failure to be classified as a rock avalanche it must meet two criteria 

as outlined by Legros (2002); the volume of the rock mass must exceed 1 Mm3 and the debris 

produced by the fragmentation of the rock mass must display an excessively long horizontal travel 

distance as shown in Figure 2.1 (Hsu, 1975; Legros, 2002; Ren et al. 2018). There are some 

exceptions to the volume criteria for rock mass failures that are slightly smaller than 1 Mm3 and 

still display an unprecedently long travel distances (Hsu, 1975; Legros, 2002; Ren et al. 2018). 

Further, rock avalanches undergo a significant degree of fragmentation when they fall away from 

the source area and onto the slope below as displayed in Figure 2.2 (Hungr et al. 2001; Brideau 

and Roberts, 2015; Delannay et al. 2017; Preh, 2020).  
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Rock avalanches display excessive travel distances due to the apparent reduction in the 

coefficient of friction of the material. The coefficient of friction of a rock ranges from 20⁰ to 40⁰ 

(Wyllie and Norrish, 1996) and if these values where to be used to calculate the horizontal distance 

travelled by a rock avalanche the distance calculated would be significantly less than the distance 

travelled. Since rock avalanches travel further than expected they are said to have an excessive 

travel distance (Hsu, 1975; Legros, 2002; Ren et al. 2018). This excessive travel distance likely 

occurs due to a reduction in the coefficient of friction of the rock avalanche material (Legros, 2002; 

Aaron and McDougall, 2019; Davies et al. 2019), this idea will be discussed later in Chapter 2.  

The discontinuities present in the initial rock mass at the slope face appear to dominate the 

mechanics of the mode of failure (Ramsay, 1967; Matheson and Thompson, 1973; Nichols 1980; 

Adam, 1982; Pollard and Ayden, 1988; Gudmundsson, 2011; Hencher et al. 2011). These 

discontinuities will become the failure plane of weakness which the rock mass will eventually fail 

along and break away from the slope (Hoek and Brown, 1997; Jaeger et al. 2007; Fan et al. 2019). 

The stability of the initial rock mass before failure is ultimately controlled by the condition and 

mechanics, such as the intact strength, of these discontinuities (Terzaghi, 1962; Hoek and Brown, 

1997; Hoek, 1999; Brideau and Roberts, 2015). Rock avalanche failure triggers are typically 

caused by an external force such as seismic activity or weathering and erosion acting along the 

established discontinuities and weakening the rock face to the point of failure (Jibson and Keefer, 

1994; Brideau et al. 2005; Dai et al. 2011; Penna et al. 2016; Sandøy et al. 2017; Crosta et al. 

2017a).  
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Figure 2.1 Rockslide Pass in the Mackenzie Mountains is a large rock avalanche with a 

volume of 450 Mm3 and travelled about 4.4 km, it is one of the largest rock avalanches to 

have occurred in the Canadian Cordillera area (Eisbacher, 1979; Google Earth, 2021c).  

 

Various models and statistical relations have been proposed to explain rock avalanche 

behaviour particularly the apparent reduction in the coefficient of friction and the observed 

relationship between the horizontal distance travelled and volume. These models and statistical 

relationships are discussed in the following sections as well as the present knowledge gaps in 

research completed to date. 
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Figure 2.2 A photograph of the 1997 Mount Munday rock avalanche deposit displaying the 

large degree of fragmentation of the deposit, A displays the grain size range and B shows the 

size of the large blocks in the deposit relative to a person, image from Delaney and Evans 

(2014). 

 

2.2 Summary of Current Research 

To accurately identify knowledge gaps, it is important to build a complete picture of rock 

avalanche research reported in the literature.  

Rock avalanches typically occur rapidly (often in remote areas) so there is usually no 

warning of their occurrence (Coe et al. 2016; Schiliro et al. 2019; Zhang et al. 2019). Due to their 

remote nature, very few rock avalanches are directly observed or recorded however, this is 



10 

 

changing with the introduction of remote sensing techniques such as the use of seismic records 

and satellite imagery. However, there is still much to learn about the exact behaviours and 

processes that occur during a rock avalanche (Reznichenko et al. 2017; Busetti-Kirton et al. 2018); 

the processes that occur in a rock avalanche thus have to be inferred from path geometry and debris 

characteristics. Various models have been developed to attempt to understand the processes which 

occur during a rock avalanche and to explain the observed relationships between parameters 

(Legros, 2002). Models have also been utilised to examine the excessive runout behaviour 

displayed by rock avalanches (Hungr, 2006; Mitchell et al. 2019; Walter et al. 2020). Mechanistic, 

numerical, and statistical models have been considered to explain rock avalanche behaviour and 

are summarised in this chapter.  

 

2.2.1  The Coefficient of Friction 

Rock avalanches are rarely recorded with scientific equipment due to their remote nature, 

as such many parameters are not known and must inferred from field observations (Imre et al. 

2010; Li et al. 2012). The parameters such as coefficient of friction must be determined through 

either laboratory experiments or numerical back-analyses. This has led to competing ideas (Heim’s 

Ratio, laboratory testing, Voellmy’s rheology, and a calibrated coefficient of friction) about the 

best way to calculate the apparent coefficient of friction value for a rock avalanche. The following 

section will review the various methods utilised in rock avalanche literature to estimate the 

apparent coefficient of friction value. 

As stated in the previous section, the implied coefficient of a rock avalanche is lower than 

the coefficient of friction of a rock or dry fragmented material of the same composition (Parez and 

Aharonov, 2015; Aaron and Hungr, 2015; Aaron and McDougall, 2019). Thus, the actual 
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coefficient of friction value of a rock avalanche is unknown and has not been measured in situ 

(Aaron and Hungr, 2015; Kang et al. 2017; Wang et al. 2019). The apparent coefficient of friction 

is considered to be between the rock avalanche body and slope face and between the moving mass 

and the path surface (Hungr and Morgenstern, 1984; Davies et al. 2019). The internal angle of 

friction is usually not considered when examining the coefficient of friction value (Davies and 

McSaveney, 2002; Kelfoun and Druitt, 2005). 

From this point forward the coefficient of friction value of a rock avalanche will be called 

the apparent coefficient of friction value as it is an estimation or approximation of the actual value 

(Cruden, 1980. The following methods have been utilised to calculate and determine the apparent 

coefficient of friction value.  

The first attempt to calculate the apparent coefficient of friction was the use of Heim’s 

Ratio. Heim’s Ratio was derived by Heim (1932) as: 

𝜇 =  
𝐻

𝐿
                                                                    (2.1) 

where µ is the apparent coefficient of friction, H is the total height or maximum height of which 

the rock avalanche has travelled and L was the maximum horizontal distance the rock avalanche 

has travelled (Legros, 2002) as shown in Figure 2.5. The equation proposed by Heim (1932) 

considered the distance travelled by the centre of mass of the rock avalanche body (Shreve, 1968; 

Legros, 2002). The original rock avalanche mass geometry is rarely known therefore the location 

of the centre of mass of the initial rock mass is generally unknown (Legros, 2002). To obtain 

Heim’s Ratio the maximum height and length of the rock avalanche path are used in most rock 

avalanche literature. 
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Another way to represent the mobility of rock avalanches is the use of the Fahrböschung 

or travel angle as shown by 𝑎 in Figure 2.3 (Delaney and Evans, 2014; Rait and Bowman, 2016). 

It has been considered as the line which represents the energy lost to friction (Hsu, 1975), and is 

still used to characterise the extreme distance travelled by rock avalanches (Rait and Bowman, 

2016). 

 

Figure 2.3 A simple representation of a rock avalanche mass before and after failure, Hmax 

is the maximum height travelled, Lmax is the maximum length travelled, Hcom is the height of 

the centre of mass, Lcom is the length travelled by the centre of mass, α is the travel angle or 

Fahrboschung angle. 

It has been assumed that Heim’s Ratio was equal to the apparent coefficient of friction of 

rock avalanches as it quantified the mobility of the rock avalanche body (e.g. De Blasio and Crosta, 

2015; Davies et al. 2019; Haug et al. 2020). It was also determined that Heim’s Ratio decreased 

with increase in rock avalanche volume - for that rock avalanche (Legros, 2002; Delaney and 

Evans, 2014, De Blasio and Crosta, 2015). As stated by Delanney et al. (2015), the use of Heim’s 

Ratio is widely utilised in rock avalanche models. Examples of Heim’s Ratio being utilised as the 
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apparent coefficient of friction value are Locat et al. (2006), Zhao et al. (2017), and Davies et al. 

(2019).  

It was determined through laboratory experiments that utilised coal blocks to represent the 

rock mass in an avalanche that the horizontal distance travelled was controlled by Heim’s Ratio 

(Bowman et al. 2012). It was further determined through further testing and small-scale rock falls 

(105 m3) that Heim’s Ratio obeys a simple Coulomb friction law (Scheidegger, 1973; Hutter et al. 

1995; Bowman et al. 2012; Zhan et al. 2017).  

There are some disputes as to the utilization of Heim’s Ratio as the apparent coefficient of 

friction value. Hungr and Morgenstern (1984) studied rock avalanche behaviour and found the 

apparent coefficient of friction value required to produce accurate horizontal distances was greater 

than Heim’s Ratio of the events studied, i.e. Heim’s Ratio underestimated the real coefficient of 

friction associated with a rock avalanche path. The apparent coefficient of friction value for the 

model utilised by Davies and McSaveney (2009) had to be calibrated through a back analysis and 

was lower than the Heim’s Ratio value. Further, Barla and Barla (2001) found that the friction 

angle between a glacier surface and rock avalanche body had to be determined through trial and 

error for the numerical analysis utilised to produce results which were consistent with field data. 

The apparent coefficient of friction value determined through trail and error was lower than Heim’s 

Ratio values for the respective events (Barla and Barla, 2001). For the numerical analysis utilised 

by Favreau et al. (2010) the apparent coefficient of friction value was calibrated to best fit the 

travel path of the rock avalanche. The calibrated apparent coefficient of friction value was 

determined to be 0.42 as this yielded a result that followed closely to the path taken by the rock 

mass. A similar assumption was made by Ji et al. (2020) when completing a numerical analysis to 

determine the horizontal distance travelled, however a value of 0.48 was considered for the 
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apparent coefficient of friction term. Moore et al. (2017) found that an assumption of 0.17 for the 

apparent coefficient of friction model yielded accurate results. Delannay et al. (2017) determined 

that an apparent coefficient of friction value determined through a back analysis for numerical 

models would provide an improved estimate of the effective friction value rather than Heim’s 

Ratio. Yamada et al. (2018) found that using a numerical simulation that included three-

dimensional topography and mass deformation yielded better results than utilizing Heim’s Ratio 

which does not account for those factors.  

Some numerical analyses utilised apparent coefficient of friction values obtained from 

laboratory testing of rock avalanche debris. Yang et al. (2011) and Yang et al. (2014) determined 

the apparent coefficient of friction values to be utilised in their numerical analysis from large direct 

shear tests. Zhang et al. (2020) conducted high-velocity tests at various shear rates to determine 

the frictional properties of the rupture surfaces and found the friction along these surfaces to be 

much lower than the Heim’s Ratio for the respective rock avalanches.  

Another theory considered is the idea that basal shear is the mechanism controlling the 

friction between the rock avalanche body and the slope face and the moving mass and the path 

surface. Basal shear is the result of the interaction of the rock avalanche material overriding the 

low strength path material and low basal shear could potentially result in further travel distances 

of rock avalanches (Aaron and McDougall, 2019).  

There are competing ideas about basal shear and the significance it has on the rock 

avalanche travel distance (Davies and McSaveney, 1999; Johnson et al. 2016; Zhang et al. 2016; 

Aaron and McDougall, 2019). Basal shear does appear to affect the mechanics controlling the rock 

avalanche travel distance as hummocks are often noted in rock avalanche deposits. Paguican et al. 

(2012) suggested that hummocks form in rock avalanche deposits due to the occurrence of basal 
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shear. Cagnoli and Piersanti (2015) found that basal shear affects the flow mobility of a rock 

avalanche when the flow does not occur as a granular column failure. An interesting trend to note 

is the basal shear values are often found to be higher than the Heim’s Ratio values of the rock 

avalanches (Hsu, 1975; Mollon et al. 2012; Moore et al. 2017). Hsu (1975) and Moore et al. (2017) 

found that the basal shear value to be about 26°, which is close to the assumed friction angle for a 

dry fragmented rock of 30°. However, some numerical analyses have suggested that basal shear is 

not the dictating factor for the excessive runout length observed in rock avalanches (Davies and 

McSaveney, 1999; Johnson et al. 2016; Zhang et al. 2016).  

Another well-known numerical analysis utilised for rock avalanche simulation is the 

Voellmy rheology which was original derived to model snow avalanches (Voellmy, 1955). The 

Voellmy rheology utilised in current snow avalanche literature is based on the Voellmy (1955) 

equation with major modifications completed by Salm (1966, 1972). The Voellmy rheology has 

been applied to the snow avalanche hazard zones in Switzerland to predict the horizontal distance 

travelled as well as the final deposit geometry (Bartelt et al. 1999; Schneider et al. 2010).  

The Voellmy rheology has been modified and utilised in the simulation of rock avalanches 

with successful results (Crosta et al. 2004; Hunger and Evans, 1996; Schneider et al. 2010). The 

Voellmy rheology was modified by Schneider et al. (2010) to represent the resistance along the 

bottom of the rock avalanche in two dimensions: 

𝑆𝑓𝑥 =
𝑈𝑥

√𝑈𝑥
2+𝑈𝑦

2
[𝑔𝑧𝐻𝜇 +

𝑔(𝑈𝑥
2+𝑈𝑦

2)

𝜉
]                                            (2.2) 

𝑆𝑓𝑦 =
𝑈𝑦

√𝑈𝑥
2+𝑈𝑦

2
[𝑔𝑧𝐻𝜇 +

𝑔(𝑈𝑥
2+𝑈𝑦

2)

𝜉
]                                            (2.3) 



16 

 

where 𝑆𝑓𝑥 and 𝑆𝑓𝑦 is the frictional deceleration forces in the x and y directions, U is the mass 

balance of the event, H is the flow depth, µ is the dry Coulomb friction, and 𝜉 is the velocity-

squared turbulent friction. This modification allows for the Voellmy rheology to be utilised to 

simulate different stages of rock avalanche motion (Hungr, 1990; Schneider et al. 2010). The 

Voellmy rheology does utilise a coefficient of friction value which is typically calibrated to each 

rock avalanche in back analysis. The apparent coefficient of friction value has not been 

experimentally verified (Buser and Frutiger, 1980; Schneider et al. 2010). There are some 

drawbacks in utilizing the Voellmy rheology as it appears to consistently produce deposits that are 

thicker than the actual rock avalanche deposits (Crosta et al. 2017a). There is some debate about 

the accuracy of the velocity of a rock avalanche calculated from models which utilise Voellmy 

rheology. Strom (2006) noted that when using the Veollmy rheology the velocity values were 

lower than that of models which did not use the Veollmy rheology. Korner (1976), McLellan and 

Kaiser (1984) and Hungr (2006) found that models which utilised the Voellmy rheology presented 

a well-rounded representation of the velocity profile of rock avalanches. 

Finally, there is disagreement about the use of a constant apparent coefficient of friction 

value. As rock avalanches are dynamic processes, the apparent coefficient of friction value should 

change as the rock avalanche travels to its final position (Haug et al. 2016). Haug et al. (2016) 

completed experiments showing that the assumption of a constant apparent coefficient of friction 

value was incorrect and invalid for further experiments completed. Kelfoun and Druitt (2005) 

determined that models assuming a constant apparent coefficient of friction value fail to produce 

results which mimicked real world scenarios. The low friction angles required to recreate the 

observed horizontal distance travelled would not be adequate to allow for deposition on slopes or 

the preservations of significant morphology in the deposit surface (Kelfoun and Druitt, 2005). 
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Evans and Hungr (1989) noted however that a dynamic apparent coefficient of friction value does 

not account for the energy lost to friction. 

Various assumptions for the apparent coefficient of friction value are still utilised in current 

research. The most popular of these is the use of Heim’s Ratio as the apparent coefficient of friction 

value (Delannay et al. 2017). Further research is being completed into the utilization of calibrated 

apparent coefficient of friction values in place of Heim’s Ratio due to improved accuracy of rock 

avalanche models (Favreau et al. 2010; Delanney et al. 2015; Luo et al. 2019). 

From the research completed thus far, it can be determined that there are numerous methods 

competing methods to determine the apparent coefficient of friction value. Likely the most 

accurate representation of this value is a value that has been calibrated though either a back analysis 

or trial error for each event. Further, it is probably that the apparent coefficient of friction is not 

constant throughout the event as typically assumed in the literature. The apparent coefficient of 

friction value would change as the rock mass experiences a reduction in grain size, entrains 

material that is either saturated or unsaturated, or deposits material.  

 

2.2.2 Mechanistic and Numerical Models 

Various authors (e.g. Straub, 1997; Crosta et al., 2007; Luo et al. 2019, and others) have 

put forth a variety of mechanistic and empirical models to explain the excessive runout lengths 

observed as well as the apparent reduction in the coefficient of friction and its relation to volume. 

The models are utilized to try and fill in the blanks where information is not available about rock 

avalanche mechanics (Dufresne et al. 2016a; Dufresne and Dunning, 2017; Luo et al. 2019). 
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Early rock avalanche models were based on granular flow models, after observing these 

events on the Moon and Mars (Howard, 1973; Campbell, 1989; McEwen, 1989). The coefficient 

of friction of a granular flow is reproducible and considered independent of the volume and the 

path of the rock avalanche (Straub, 1996).  This is contrary to other findings from the different 

numerical analyses where calibrated coefficient of friction values are utilised (Favreau et al. 2010; 

Delannay et al. 2017; Luo et al. 2019). It has been noted that grain segregation induced a decrease 

in the coefficient of friction of the rock avalanche (Phillips et al. 2006; Linares-Guerrero et al. 

2007; Zhan et al. 2017). The grain-size distribution of a rock avalanche will segregate based on 

rock type and grain size (Dunning, 2006; Crosta et al. 2007). Granular flows are typically broken 

down into two major regimes; friction and collisional (Straub, 1997; Campbell, 1989; 1990; 

Daviesand McSaveney, 1999; De Blasio and Crosta, 2014; Cagnoli and Piersanti, 2015; Lie et al. 

2016; Delannay et al. 2017).  

The frictional regimes are based on analyzing grain to grain contact during a rock 

avalanche. Energy is dispersed along the grain to grain contacts and provides the basis of the theory 

behind force chains (Davies and McSaveney, 2009; De Blasio, 2011; De Blasio and Crosta, 2014). 

Force chains are chains of grains that are connected vertically due to the overburden pressure 

during a landslide thus causing intense compressive forces along the chain as shown in Figure 2.4 

(Davies and McSaveney, 2009; De Blasio, 2011; De Blasio and Crosta, 2014). Several field 

observations have found that the stratigraphy of the rock avalanche deposit is often the same as 

the stratigraphy of the failure plane, supporting the theory of force chains (Shreve 1968; Johnson, 

1978; Campbell et al. 1995).  
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Figure 2.4 Proposed sketch of force chains in a granular medium, the grains align vertically 

along the vertical line shown due to intense overburden pressure (reproduced after De Blasio 

and Crosta, 2014). 

The collisional regime considers that the grains of a rock avalanche mass are agitated, and 

energy dissipation occurs during short-lived collisions between grains (Bagnold, 1954; Savage and 

Hutter, 1989; Hungr and Morgenstern, 1984; Hanes and Inman, 1985). The collisional regime can 

be represented as: 

𝜏𝑠 = 𝑓𝜎𝐷2𝑠𝑖𝑛𝛼
𝑑𝑈

𝑑𝑦

2
                                                           (2.4) 

where 𝜏𝑠 is the dissipative shear stress, dU/dy is the vertical velocity gradient, f is the particle 

concentration, α is the critical dynamic angle of internal friction, and D is the diameter of the grains 

(Bagnold, 1954; Savage and Hutter, 1989; Campbell, 1990). For collisional granular flows, the 

collisions between the particles are assumed to be inelastic, thus a source of energy loss in the 
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system, however, it is the only energy sink as frictional energy is considered negligible for collision 

regimes (Legros, 2002). Both of these theories do not provide a sufficient explanation for the 

excess horizontal distance travel observed in rock avalanches and there are still discrepancies 

between theoretical models and experimental results, such as discrepancies between the horizontal 

lengths (Savage and Hutter, 1989; Campbell, 1990; Straub, 1997; Delannay et al. 2017).  

Fluids have been theorised to cause a significant reduction of the coefficient of friction of 

rock avalanches by supporting particles which in turn decreases particle to particle friction (Kent, 

1966; Shreve, 1968; Habib, 1975; Goguel, 1978; Johnson, 1978; Voight et al. 1983; De Blasio, 

2007; De Blasio, 2009). The fluidization of a rock avalanche body would cause the permeability 

of the material to increase by decreasing the internal angle of friction, thus increasing the horizontal 

distance travelled (Wilson, 1984). The presence of fluid in a rock avalanche mass would decrease 

the normal force on the grains by acting like a lubricant thus lowering the internal angle of friction 

of the material (Wilson, 1984).   

It had been initially suggested that when a rock mass falls away from the slope it traps a 

layer of air and rides down the travel path on this cushion of air (Kent, 1966, Shreve, 1968). The 

air would fluidise the rock mass body by passing upwards through the body which would decrease 

the normal stress causing the excessive travel distances observed (Kent, 1966). Another idea 

proposed was that the rock avalanche could ride atop the entrapped air rather than the air passing 

through the rock avalanche body (Shreve, 1968). Shreve (1968) derived an equation to represent 

this behaviour: 

𝑝𝑏 = 𝑝𝑡 + 𝜎𝑎𝑔𝑠                                                       (2.5) 
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where 𝑝𝑏 is the pressure in the air layer, 𝑝𝑡 is the pressure in the atmosphere, 𝜎𝑎 is the mean bulk 

density, g is the acceleration due to gravity and s is the thickness. This theory fails to provide an 

adequate explanation of the relationship observed between the volume and horizontal distance 

travelled by rock avalanches (Campbell, 1989). This theory has been dispelled by in-field 

observations of rock avalanche deposits. Air flowing through a rock avalanche body would cause 

rock avalanche deposits to display normal grading, most rock avalanche deposits instead display 

an inverse grading (Hungr and Evans, 2004; Wang et al. 2018a; Schiliro et al. 2019; Wang et al. 

2020). Rock avalanche deposits may still be fluidised by another fluid besides air as some rock 

avalanche deposits do display normal grading (Ren et al. 2018). 

Another fluid which could have a critical role in the excessive horizontal travel distances 

observed of rock avalanches is water. Water may be introduced into the rock avalanche material 

in one of two ways , either by significant rainfall events (Legros, 2002; Delaney and Evans, 2014) 

or by the heating of the rocks which the rock avalanche travels over (Habib, 1975; Goguel, 1978; 

De Blasio, 2007; 2014). Wang et al. (2018b) found that the travel path material underneath a rock 

avalanche body could heat up and release water into the rock avalanche body which supports 

findings by De Blasio (2007); (2014) and Aaron and McDougall (2019).  Wang et al. (2018b) 

established through further experimentation that this process may be related to the velocity of the 

rock avalanche. The introduction of water into the rock avalanche body would decrease the friction 

between the particles and the normal force acting in the rock avalanche body by increasing the 

pore pressure (Legros, 2002). Further experimentation completed by Yang et al. (2019), found that 

an inter-granular water film and the related cohesion effects could significantly influence the 

deposition morphology of rock avalanches that are composed of gravel and ice, even if they were 

almost dry (Yang et al. 2019). Xu et al. (2012) and Collins and Reid (2019) noted that sand boils 
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developed throughout the rock avalanche travel path. Sand boils occur due to widespread elevated 

pore pressures that are caused when the shear strength of the material at the bottom of a rock 

avalanche reduces. Further, certain layers can liquefy when sheared and thus occur with rapid 

undrained loading (Collins and Reid, 2019). Lastly, undrained materials would cause gliding 

friction between the slope and initial mass at the start of the rock avalanche which would cause a 

decrease in the coefficient of friction (Goren and Aharonov, 2007).  

On the contrary, there have been field investigations that suggest that rock avalanches are 

“dry” or occur without water being present in the rock avalanche body. These dry rock avalanches 

still had excessive horizontal travel distances as well as an unexplained apparent reduction in the 

coefficient of as discussed in; Van Gassen and Cruden, (1989), Hungr and Evans (2004), Kelfoun 

and Druitt (2005), Cagnoli and Piersanti (2015), Parez and Aharonov (2015), and Dufresne et al. 

(2016b). There have been numerous studies completed of the 2008 Yigong landslides in China, 

one study found evidence that supports the theory that rock avalanches are “dry”. Wang et al. 

(2018b) noted a lack of flame structures in the Yigong rock avalanche deposit which suggests that 

liquefaction between the rock avalanche and underplaying materials did not occur. Flame 

structures occur in saturated unconsolidated sediments and are created when the weight of the 

overlying strata causes the underlying strata to push up through the overlying strata (Collinson, 

1994). Rock avalanches that have occurred on the Moon or Mars would travel without interstitial 

fluid (Davies, 1981; Campbell et al. 1995; Struab, 1996; 1997). 

Another potential cause of liquefaction is the acoustic fluidization of the rock mass as 

suggested by Melosh (1979). Acoustic fluidization is caused by strong acoustic waves propagating 

through the rock avalanche body which would momentarily decrease the normal stress of the 

moving mass (Melosh, 1982; Davies et al. 2007; Davies et al. 2012). Acoustic fluidization assumes 
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random movements of a group of fragments that form a wave allowing for the rock avalanche to 

flow in a liquid-like way (Collins and Melosh, 2003). It is thought that acoustic fluidization occurs 

only in dry masses and in favourable conditions that will facilitate a self-sustaining flow-like 

motion that would allow for the excessive travel distances observed in rock avalanches (Collins 

and Melosh, 2003). Further, Collins and Melosh (2003) derived an energy balance equation 

representing short-wavelength vibrations within a granular medium as shown in equation 2.6: 

𝑑𝐸

𝑑𝑡
=

𝜉

4
∇2𝐸 − 𝑒𝜏𝑖𝑗𝜖𝑖𝑗                                                (2.6) 

where dE/dt describes the rate of change of the elastic energy with respect to time, ξ is the 

scattering diffusivity, ∇2𝐸 is the conversion of elastic energy to heat, e is the efficiency parameter 

and 𝜏𝑖𝑗𝜖𝑖𝑗 is the total rate of energy dissipation (Collins and Melosh, 2003). Collins and Melosh 

(2003) demonstrated acoustic fluidization by putting a sample on a vibrating plate and conducting 

shear tests on the sample. To better understand the probability distribution of the vibration 

frequency which causes liquefaction in rock masses more research is required (Melosh, 1979; 

Davies, McSaveney and Bolton, 2012). The theory of acoustic fluidization still requires further 

work to build a model which better represents the behaviours and processes that occur during a 

rock avalanche since field confirmation for this process has still not been obtained (Collins and 

Melosh, 2003).  

Another mechanistic feature examined is the fragmentation of the original rock mass into 

the resulting rock avalanche deposit. It has been noted by several field studies that there is an ultra-

fine material (less than 100 µm) generated from the rock avalanche and the emplacement of the 

rock mass (Dunning, 2006; McSaveney and Davies, 2007; De Blasio and Crosta, 2014; Dufresne 

et al. 2016a; Zhang et al. 2016; Dufresne and Dunning, 2017). Locat et al. (2006) examined the 
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relationship between the degree of fragmentation and the energy lost to fragmentation utilizing 

blasting equations. Locat et al. (2006) determined that 2 to 30% of the total energy in the system 

was lost to fragmentation, through the utilization of equation 2.7: 

                                                         𝐸𝑓𝑟𝑎𝑔 = 3600𝑤𝑏∀𝜌                                           (2.7)                                                  

where Efrag is the energy lost to fragmentation, wb is the work required to blast the material, ∀ is 

the initial volume of the mass and ρ is the density. This finding is also supported by Crosta et al. 

(2007), who also noted that fragmentation consumes 1 to 30% of the total energy available in the 

system. Crosta et al. (2007) utilised the Weibull distribution to quantify rock avalanche 

fragmentation as shown in equation 2.8 as the Weibull distribution can characterise the probability 

of fracture for solid particles: 

𝑀(>𝑑)

𝑀𝑜
= 1 − exp (− (

𝑑

𝑑𝑜
)

2

)                                         (2.8) 

where   𝑀(> 𝑑) is the cumulative mass of fragments finer than d, 𝑀𝑜is the total mass of fragments, 

and 𝑑𝑜 is the size of particle size considered (Crosta et al. 2007). De Blasio et al. (2018) completed 

a study on rock avalanches and determined that fragmentation consumes 0.2 to 18% of the total 

energy in the system. The total energy is the energy available to the rock avalanche is typically 

defined by the amount of energy the system has directly before failure.  The importance of this 

inclusion or calculation of the energy lost to fragmentation in future models was further 

highlighted by Davies et al. (2019), as the production of fine dust from large boulders requires a 

large energy sink as observed in equation 2.9: 

𝐸𝑠 = 𝑈(𝑘𝐴1 − 𝐴0)                                                      (2.9) 
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where 𝐸𝑠 is the energy lost to fracture-surface fragmentation, U is the specific surface energy, 𝐴0 

is the specific surface area of the initial mass, 𝐴1is the experimentally measured specific surface 

area of the deposit material samples, and k is the ratio of the specific surface area of the angular 

grains to the specific surface area of the spherical-equivalent grains (Davies et al. 2019). Davies 

et al. (2019) calculated that the process potentially consumes more energy than what is available 

to the rock avalanche. Davies et al. (2019) acknowledged that the model created could have an 

error in the calculation of the energy consumed by the rock avalanche and concluded that further 

work was required to determine why the results from their model did not align with field 

observations. Further, there are four main hypotheses as to how fragmentation is induced: by 

collision (Deparis et al. 2008; Preuth et al. 2010; Cagnoli and Piersanti, 2017; Zhang et al. 2019), 

by shear (Davies and McSaveney, 2009; Zhang et al. 2016; Zhang et al. 2019), by a combination 

of shear and collision (Crosta et al. 2007; Wang et al. 2015; Perinotto et al. 2015) and by high 

normal stress (Estep and Dufek, 2013; De Blasio and Crosta, 2014, 2015).  

It has been noted by Davies et al. (1999) that fragmentation could play a large role as to 

why rock avalanches experience excessive horizontal travel distances as well as the mass 

distribution observed in rock avalanche deposits. During fragmentation the initial mass undergoes 

a drastic grain size reduction which would affect the properties of the rock mass and could 

potentially enhance the mobility of the rock avalanche through the heating of the materials which 

it travels over (Habib, 1975; Goguel, 1978; De Blasio, 2007; 2014). The degree of fragmentation 

appears to play a significant role in the amount of spreading of the rock avalanche deposit (Davies, 

1981; Hungr et al. 2002; Aaron and McDougall, 2019). It has been hypothesised and suggested by 

numerical models that a rapidly decreasing coefficient of friction is likely the cause for the increase 

in spreading observed with fragmentation (Bowman et al. 2012; De Blasio and Crosta, 2015; Zhao 
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et al. 2018; Haug et al. 2020). Fragmentation is a necessary component of rock avalanches that 

should be considered in rock avalanche models; however, this mechanism alone is not sufficient 

to fully explain the excessive runout distances observed (Haug et al. 2020). 

Other numerical models have been utilised to determine the various coefficients and 

parameters of fragmentation that occurs during a rock avalanche. One such model is the dynamic 

analysis of rapid mass movement or DAN (Hungr, 1995; Davies and McSaveney, 2002). DAN 

demonstrated that the increased horizontal distance of large rock avalanches can occur with the 

normal or expected coefficient of friction value if the internal pressures are higher than normal 

which would decrease the strength of the rock (Davies and McSaveney, 2002). Equation 2.10 

displays the additional lateral pressure term considered in the DAN model to account for the 

dispersive stress due to fragmentation:  

𝑝0 = 𝑘0𝜌𝑔ℎ                                                           (2.10) 

where 𝑝0 is the lateral pressure at depth h beneath the surface, 𝜌 is the density of the material, g is 

acceleration due to gravity, and 𝑘0 is found empirically (Davies and McSaveney, 2002). Zhao and 

Liu (2020) utilised a random discrete element analysis to further investigate this mechanism of 

rock fragmentation when considering uniaxial compression. A random discrete element analysis 

combines both the discrete element method and random field theory to characterise the spatial 

variation and uncertainty of microscopic material properties (Zhao and Liu, 2020). 

𝐹𝑏𝑛 = 𝐾𝑏𝑛∆𝑢𝑛                                                            (2.11) 

𝐹𝑏𝑠 = 𝐾𝑏𝑠∆𝑢𝑠                                                             (2.12) 

𝑀𝑏 = 𝐾𝑏∆𝜃𝑏                                                             (2.13) 
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 𝑀𝑡 = 𝐾𝑡∆𝜃𝑡                                                              (2.14) 

Where 𝐹𝑏𝑛 and 𝐹𝑏𝑠, are the normal and shear bonding forces, 𝑀𝑏 and 𝑀𝑡, are the bending and 

twisting forces, 𝐾𝑏𝑛, 𝐾𝑏𝑠, 𝐾𝑏, and 𝐾𝑡, are the respective bonding stiffness, and ∆𝑢𝑛, ∆𝑢𝑠, ∆𝜃𝑏, and 

∆𝜃𝑡, are the relative displacements between the bonded particles (Zhao and Liu, 2020). 

Fragmentation is considered difficult to model as it produces high-velocity fragments which travel 

in many directions at once. This results in anisotropic dispersive stress within the changing rock 

mass (Davies et al. 1999). As well the horizontal distance travelled by the rock avalanche appears 

to be determined by a combination of spreading and internal friction (Haug et al. 2020). 

Several models have been created utilizing various numerical analyses to examine rock 

avalanche behaviour. Numerical analyses are utilised in research as they can account for three-

dimensional topography changes and mass deformation (Yamada et al. 2018). Discrete element 

analyses have been used to successfully model various rock avalanches as shown by: Okura et al. 

(2000), Pirulli et al. (2003), Taboada et al. (2005), Taboada et al. (2006), Tang et al. (2009b), 

Richefu et al. (2012), Li et al. (2012), Zhang et al. (2019). A few of these numerical models have 

focused on the seismic signals created during a rock avalanche and the utilization of these signals 

to determine various parameters of the studied rock avalanches (Brodsky et al. 2003; Erkström and 

Stark 2013; Hibert et al. 2016; Favreau et al. 2010; 2018; Wang et al. 2020). The seismic recording 

of a rock avalanche is inverted and with the application of numerical simulations the dynamic 

evolution of the coefficient of friction can be determined (Allstadt 2013; Coe et al. 2016; Bai et al. 

2018). From the seismic wave recordings, it is possible to determine the number of events that 

have occurred, when the events took place, the velocity, volume, direction, and the coefficient of 

friction (Yamada et al. 2018; Dufresne et al. 2019). An example of a calculation utilizing 

parameters gained from the inversion of the seismic record is shown in equation 2.11 which was 
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derived by Moretti et al. (2020). Equation 2.15 displays the calculation of the determination of the 

initial failure plane slope angle of the rock avalanche event:  

𝜃 = arctan (
𝐹𝑧

𝐹ℎ
)                                                              (2.15) 

where 𝐹𝑧 is the vertical force amplitude and 𝐹ℎ is the horizontal force amplitude (Moretti et al. 

2020). 

Discrete element method (DEM) is another numerical model which is utilised to represent 

the complex dynamics of rock avalanches and fragmentation characteristics as shown by: Mead 

and Cleary (2015), Johnson and Campbell (2017), Moore et al. (2017), Zhao et al. (2018), Ge et 

al. (2019). It was determined by Kesseler (2020) that the particle shape of the grains could be 

accounted for by utilizing rolling resistance rather than coefficient of friction and that the discrete 

element model (DEM) scaled with Reynolds Number. The DEM utilised by Kesseler (2020) 

considered rolling-resistance rather than the coefficient of friction to allow for a quick simulation 

of the laboratory experiments. Further, DEM’s have been utilised successfully to model dynamic 

fragmentation, trajectories of rock blocks, and energy dissipation (Favreau et al. 2010; Moretti et 

al. 2012; Mead and Cleary, 2015; Moretti et al. 2015; Zhao et al. 2018). Mollon et al. (2012) 

utilised DEM’s to represent friction laws and simple contact between grains and discovered that a 

wide range of complex rock avalanche behaviours could be potentially described with great 

accuracy. Zhao and Liu (2020) utilised a random discrete element analysis to explore rock 

fragmentation behaviour during uniaxial compression. 

Numerical models have also been utilised to examine the entrainment effect noted in 

various field studies of rock avalanches (Hungr and Evans, 2004; Delaney and Evans, 2014; Fan 

et al. 2019; Hu et al. 2019; Huang et al. 2019; Liu et al. 2019; Singeisen et al. 2020). Entrainment 
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is described as a ploughing motion in which the rock avalanche body gathers substrate from the 

travel path and pushes or ploughs the material in front of the rock avalanche body to its resting 

location (Crosta et al. 2009; Farin et al. 2014; Hu et al. 2019; Shen et al. 2019). Further, it has been 

observed that path material influences the horizontal distance travelled by a rock avalanche (Wang, 

Dong and Cheng, 2018; Aaron and McDougall, 2019). Entrainment causes the final volume of a 

rock avalanche to increase when compared with the initial failure mass. Further, it appears that 

entrainment causes an increase in the horizontal distance travelled (Hu et al. 2019; Liu et al. 2019). 

Crosta et al. (2009) noted the opposite effect, that entrainment of dry materials reduced the total 

rock avalanche travel distance, and the entrainment of substrate material became complex to 

model. There is some debate as to the prevalence of entrainment in rock avalanches as it has been 

noted by Walter (2020) that entrainment may not lead to an excessive travel distance. Farin et al. 

(2014) observed that rock avalanches in general often excavate substrate material and that the 

entrainment process is not uniform.  

Shen et al. (2019) further simplified entrainment motion into a two-layer finite model 

which simulated the frontal ploughing, erosion of the mass, and sliding of the rock avalanche body. 

The interaction between the rock avalanche body and the erodible mass is simulated utilizing the 

normal force and shear force which acts between the contact of the rock avalanche body and travel 

path as observed in equation 2.16 (Shen et al. 2019):  

𝑑ℎ𝑖

𝑑𝑡
+

𝑑𝑄𝑥𝑖

𝑑𝑥
+

𝑑𝑄𝑦𝑖

𝑑𝑦
= 0                                                         (2.16) 

where h is the height of the soil column, t is time, and 𝑄𝑥𝑖 and 𝑄𝑦𝑖 are the flow quantities in the x 

and y directions (Shen et al. 2019). Numerical models have been utilised to calculate total 

avalanche momentum, total kinetic energy, and total frictional energy of rock avalanches 
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(Schneider et al. 2010). Delannay et al. (2017) utilised basic physical principles based on equations 

that focus on the laws of mass and momentum shown in equations 2.17 and 2.18. These equations 

were utilised to describe the mechanical behaviour of a rock avalanche (Delannay et al. 2017):  

𝐹𝑑 = 𝐶(𝑢𝑓 − 𝑢𝑝),                                                    (2.17) 

𝐹𝐿 ≈ (
3𝜋

2
)𝜂𝑓

𝛿𝑢𝑝

ℎ
,                                                     (2.18) 

where 𝐹𝑑, is the fluid resistance force, 𝑢𝑝 and 𝑢𝑓 are the velocities of the particle and fluid, C is 

dependent on various parameters related to the rock avalanche, 𝐹𝐿 is the lubrication force, 𝜂𝑓 is 

the fluid dynamic viscosity, h is the gap between the particles and 𝛿𝑢𝑝 is the relative approaching 

velocity (Delannay et al. 2017).  

Various rock avalanche deposit features (e.g. the flow evolution of a granular mass and 

deposition) have been modelled using numerical analyses and various coefficient of friction values 

(Crosta et al. 2017a). Most numerical models of individual events utilised a calibrated coefficient 

of friction value. The calibrated coefficient of friction value was calculated using a back analysis 

and real (Delannay et al. 2017; Mergili et al. 2020).  

Fuchs et al. (2018) considered creating a scaling law to relate rock avalanche magnitude 

with earthquake magnitudes, similar to the Richter scale. Currently, this is not able to be completed 

due to a lack of data and events in the literature about rock avalanches. 

Energy models are a form of numerical models that have been considered for simulating 

large rock avalanches and the various behaviours and mechanics that occur during a rock avalanche 

event (Kang et al. 2017; Davies et al. 2019). An energy model which considered entrainment was 

created for the 2008 Yigong rock avalanche. The model considers both rolling and sliding motions 
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to determine the volume of material eroded (Kang et al. 2017). Davies et al. (2019) created a rock 

avalanche model using an energy budget that consisted of considerations for potential energy, 

frictional energy, and fragmentation energy. The model created however had shortcomings since 

it was found that there was insufficient energy in the system to account for the energy lost to 

fragmentation (Davies et al. 2019).  

An important detail to note is that many numerical rock avalanche models created are 

designed for a specific rock avalanche (Kelfoun and Druitt, 2005; Ge et al. 2019; Mergili et al. 

2020). When these models are utilised for other rock avalanches that do not share key similarities, 

the models tend to over or underestimate the travel distance and miscalculate other key elements 

of rock avalanche behaviour (e.g. how the failure mass evolves into a high velocity flow) (Van 

Gassen and Cruden, 1989). 

Nicoletti and Sorriso-Volva (1991) and Straub (1996) noted that utilizing the coefficient of 

friction to determine the path geometry is insufficient as it does not account for the external factors 

(e.g. failure method, geology, initial conditions and others) which can affect rock avalanche travel 

distance. Nicolette and Sorriso-Volva (1991) completed a preliminary analysis to determine how 

external factors such as rock lithology and environment can affect the distance travelled by a rock 

avalanche. It was noted that these external factors do indeed affect the horizontal distance travelled 

and should be considered when developing rock avalanche models. Viero et al. (2012) and 

Mitchell et al. (2019) confirmed that external factors such as environment and topography affect 

the horizontal distance travelled by a rock avalanche. 

It was determined that the environment, lithology and topography can affect the horizontal 

distance travelled by a rock avalanche (Strom, 2015; Charriere et al. 2015). Rock avalanches that 

occur in volcanic environments typically travel much farther than those that occur in other 
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environments (Legros, 2002). Entrainment has also been found to be dependent on the 

environment in which the rock avalanche occurs. The types of material being entrained by the rock 

avalanche will vary depending on the environment and can affect the horizontal distance travelled 

(Hungr and Evans, 2004; Sosia et al. 2012; Pudasaini and Krautblatter, 2014). Further, Zhang et 

al. (2019) found that various rock avalanche features are dependent on the initial lithology of the 

rock avalanche.  

Rock avalanches that occur on glaciers were found to be mobile large failures that typically 

involved both rock fragments and ice (De Blasio, 2014; Deline et al. 2015; Evans and Delaney, 

2015; Su et al. 2019). When the rock avalanche travels along a glacier it will incorporate snow and 

ice into the rock avalanche body which is likely immediately melted upon incorporation into the 

mass, further observations show that ice is not present in the final deposit (Mergilie et al. 2020; 

Walter et al. 2020). It has been further noted by Mitchell et al. (2019) that snow and ice can enhance 

the mobility of a rock avalanche by reducing the coefficient of friction which could be an 

explanation for the excessive travel distances displayed by these events. 

Local terrain characteristics can control both the shape and mobility of rock avalanches 

through confined or unconfined topography (Nicoletti and Sorriso-Volva, 1991). Through the 

examination of the environmental characteristics, it is possible to determine how the deposit 

formed (Luo et al. 2019; Zhu et al. 2020). Investigations of the environment and topography which 

the rock avalanches occur have found that the degree of confinement directly affects the degree of 

spreading observed as well as the travel path of the rock avalanche (Shaller, 1991; Paguican et al. 

2012; Walter et al. 2020). As the confinement of a rock avalanche increases the spreading observed 

of the deposit will decrease and the horizontal distance travel will increase when compared with 

an unconfined rock avalanche (Shaller, 1991; Walter et al. 2020; Zhu et al. 2020). This behaviour 
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can be shown in the case of two rock avalanches in the Mackenzie Mountains as displayed in 

Figure 2.5.  

Various rock avalanche deposit features can be utilised to infer various mechanics that 

control the movement of the event. Hummocks tend to appear in rock avalanche deposits in which 

the rock avalanche experienced basal shear (Paguican et al. 2012). The grading observed in a 

deposit, either normal or reverse, can be utilised to infer if liquefaction of the rock avalanche 

materials occurred during transportation. The grain size of the rock avalanche also appears to affect 

the segregation observed in the deposit (Bartali et al. 2020). 

There are few opportunities to observe the interior of rock avalanches; cross-sections that 

have been exposed by erosion can be used to examine the structure of rock avalanche deposits 

(Zhang et al. 2016; Haung et al. 2018; Zhang et al. 2019). Samples for grain size analysis and 

laboratory testing (Zhan et al. 2017; Luo et al. 2019; 2020; Bartali et al. 2020) are taken and 

provide a wide spectrum of mechanical flow information and allows for individual parameters to 

be investigated under controlled conditions (Yang et al. 2019).  

Through a grain size analysis, Luo et al. (2019) determined that sand grains in rock 

avalanche deposits are mostly spherical, other grains in the deposit were found to be sub angular 

apart from slaty clay minerals. Many of the grains were under 0.075mm with the slaty clay 

minerals being smaller than 0.005mm.  Davies et al. (2019) found similar results upon the 

investigation of a rock avalanche that had occurred in New Zealand. Luo et al. (2020) found that 

the degree of weathering of the deposit was made up of 12 different size classes of clasts. These 

ranged from metres-sized boulders to fines less than 25 micrometres. It was determined that the 

debris can be divided into two groups: fresh and weathered. Fresh debris was created from the 

fragmentation of the initial failure mass, and weathered material was either already present at the 
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initiation of the event or entrained by the failure mass. The fresh debris accounts for 80% of the 

weight of the rock avalanche deposit and appears necessary for a rock avalanche to occur (Luo et 

al. 2020).  

 

 

Figure 2.5 Comparison of two rock avalanche events in the Mackenzie Mountains, A is the 

Bonnet Plume rock avalanche and displays the large deposit area of an unconfined event 

whereas B is the Damocles Slide and shows the narrow deposit of a laterally confined event 

(Google Earth, 2021a, Google Earth, 2021b).  



35 

 

An experiment was completed using a flume and coal blocks to simulate the dynamic 

fragmentation undergone by rock avalanches and was observed that the runout obeyed Heim’s 

Ratio (Bowman et al. 2012). Heim’s Ratio will be discussed in Section 2.2.2. It was found that the 

Heim’s Ratio only obeys a simple Coulomb friction law through the use of flume tests that 

simulated rockfalls (Hutter et al. 1995; Zhao et al. 2017).  

Further laboratory tests were carried out by Lin et al. (2020); it determined that the initial 

lithology and conditions (e.g. geology, weathering, jointing, bedding and others) of the source rock 

can greatly influence the impact of fragmentation and the total distance travelled. Further, it was 

found that the degree of fragmentation controls the distance travelled by the centre of the mass 

(Lin et al. 2020). Fragmentation appears to be an energy sinking process that will shorten the 

horizontal distance travelled by the rock avalanche, thus it alone is not the reason why rock 

avalanches exhibit excessively long travel distances. It was further determined that the runout of 

the centre of mass decreased with an increasing degree of fragmentation (Lin et al. 2020). Lastly, 

the occurrence of discontinuities along the sliding surface appears to enhance the travel distance 

of the front of the rock mass as the fines appear to be able to travel farther distances (Lin et al. 

2020).  

De Blasio and Crosta (2013) argued that flume tests are not capable of capturing the key 

features of these events due to the degree of fragmentation which rock avalanches undergo. This 

degree of fragmentation is often overlooked in laboratory experiments as the energy for 

fragmentation in the experiments is drastically lower than that of a rock avalanche. Further, the 

observations made from the models created by De Blasio and Crosta (2013) show a further degree 

of fragmentation than the flume tests completed. De Blasio and Crosta (2013) argue that the small 
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size of the laboratory set up for the flume tests could not accurately account for all processes that 

occur during a rock avalanche such as force chains. 

Another important relation to note is the maximum and mean velocity of the rock 

avalanches appears to increase with increasing volume (Lucas et al. 2014). Further research has 

shown that the coefficient of friction may be dependent on the velocity at which the rock avalanche 

travels (Dong et al. 2013; Wang, Dong and Chong, 2017; DeGiuli and Wyatt, 2017). Lucas et al. 

(2014) found through a 3D analytical simulation that the effective friction decreases with 

increasing velocity and there appears to be an apparent relationship between the velocity and 

volume.  

Since rock avalanches are rarely measured or observed as they occur it is difficult to 

determine the accuracy of the various models (Imre et al. 2010; Li et al. 2012; Dufresne et al. 

2016b). The lack of infield observations of a rock avalanche has led to a lively discussion on actual 

emplacement, kinematic and dynamic mechanisms (Zhu et al. 2020). Due to the lack of direct in-

field observations of rock avalanches it is difficult to determine various parameters such as the 

coefficient of friction, which would pertinent to current research (Zhang et al. 2019). Thus, the 

current models may replicate the correct answer through an incorrect simulation of the various 

mechanics which occur during a rock avalanche (Moretti et al. 2020).  

For rock avalanches that exhibit long travel distances, extreme fragmentation, and rapid 

movement, a continuum method of modelling would not work as it is disadvantaged in modelling 

these scenarios (Zhang et al. 2019). Continuum methods are based on fluid mechanics and assumed 

the granular material of the rock avalanche body is a solid block that is not affected by natural 

discontinuities, this would not provide an accurate representation of the rock avalanche body 

(Zhang et al. 2019). Secondly, the mechanisms of rock avalanche transport have been studied for 
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decades and remain a challenging research topic in the scientific community (Zhang et al. 2019). 

For most rock avalanche models, further research is required to understand the various mechanics 

of rock avalanches and their behaviours (Mergili et al. 2020). 

From the work completed thus far on rock avalanches, there are still significant gaps in 

knowledge as to how certain mechanics or processes affect the horizontal distance travelled. The 

main areas which require research are:  

1. It is still not well understood how fragmentation occurs in a rock avalanche and 

how it affects the horizontal distance travelled. Further, there is still disagreement 

about the amount of energy lost to this process and how it affects the distance 

travelled. 

2. There is still debate about entrainment and its effects on rock avalanche behaviour. 

Various models consider entrainment an energy loss term, while other models 

consider entrainment to be an energy gain. 

3. Further research into how the environment in which a rock avalanche occurs 

affects the horizontal distance travelled is required. There is preliminary evidence 

to show that geology, lateral confinement, and environment are all processes that 

can dictate the horizontal distance travelled. 

 

2.2.3 Empirical Models  

McDougall (2016) suggested that the most practical empirical methods are based on simple 

geometric correlations. 
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Empirical models have been considered alongside mechanistic and numerical analyses to 

examine both the excessive horizontal distances travelled by rock avalanches and the apparent 

correlation between volume and the horizontal distance travelled.  

A well-documented parameter relationship to note is the apparent inverse correlation 

between volume and Heim’s Ratio, i.e., as volume increases Heim’s Ratio decreases (Scheideggar, 

1973; Pollet et al. 2011; De Blasio and Crosta, 2014; Mitchell and McDougall, 2018). The second 

relationship observed is between the horizontal distance travelled and the volume of a rock 

avalanche, i.e., as the volume increases, the horizontal distance travelled also increases (Davies, 

1982; Hsu, 1975; Hungr, 2006). The third relationship is between the volume and the deposit area 

of a rock avalanche, i.e., as the volume increases so does the deposit area of the rock avalanche 

(Dade and Huppert, 1998; Delaney and Evans, 2014). The Legros (2002) database has been utilised 

to create a sample of the relationships observed, as shown in Figures 2.6 to 2.8. (cf. Hungr, 2006; 

Delaney and Evans, 2014; Mitchell et al. 2018).  

 

Figure 2.6 The relationship between Volume and the Horizontal Distance Travelled utilizing 

Legros (2002) database, the slope of the trendline of 0.36. N = 81 
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Figure 2.7 The relationship between Volume and Heim's Ratio utilizing the Legros (2002) 

database, as the Volume increases Heim's Ratio decreases. N = 81 

 

 

Figure 2.8 The relationship between Volume and the Depositional Area of the rock avalanche 

utilizing Legros (2002) database, as the Volume increases, so does the depositional area. N = 

27 
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An empirical model was set forth by Delaney and Evans, (2014) to describe the overserved 

relationship between volume and the horizontal distance travelled by a rock avalanche. The 

relationship between the volume and horizontal distance travelled has been noted by various 

authors (Abele, 1974; Hungr, 2006; Sosio et al., 2012), however Delaney and Evans (2014) were 

the first to quantify the relationship. Delaney and Evans (2014) quantified the relationship through 

the use of Galileo Scaling. Delaney and Evans (2014) noted that the relationship between the 

volume and horizontal distance was bound by a square-cube law.  A square-cube law was derived 

by Galilei (1638) to describe the relationship between the surface area and the volume of an object 

when the volume of said object is changed. It states that as the size of the object is increased, the 

volume will increase at a greater rate proportional to the surface area (Galilei, 1638). This can be 

related back to the volume and the horizontal distance travelled by a rock avalanche, as the volume 

increases, the horizontal distance travelled would increase at a rate proportional to the increase in 

volume (Delaney and Evans, 2014). It was expected that the slope of the trendline of the dataset 

would be 0.33 (Delaney and Evans, 2014), and from Figure 2.6 the slope of the trendline is 0.36 

displaying that the relationship observed between volume and horizontal distance travelled does 

follow Galileo Scaling.  

Abele (1974), Hsu (1975), Li (1983) and Legros (2002) tried to quantify the relationships 

between volume and Heim’s Ratio, and volume and depositional area by examining the slope of 

the trendline of the Figures. It was determined that the scaling factor for the relationship between 

volume and Heim’s Ratio changes depending on the environment in which the rock avalanche 

occurred, with a slope of 0.66 for non-glacial environments and a slope of 0.33 for glacial 

environments (Hungr, 1990; Dade and Huppert, 1998; Legros, 2002; Delaney and Evans, 2014). 

The scatter in these graphs however is large and spans multiple orders of magnitude (DeMatos, 
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1987; Hsu,1975; Hungr, 2006). Haug et al., (2020) noted that for a similar volume the horizontal 

distance travelled is observed to span several orders of magnitudes, which suggests additional 

unaccounted controlling factors.  

Dufresne and Geertsema (2020) completed further research on the relationships between 

the volume and coefficient of friction and found that a complex analysis was required to confirm 

the correlation. The relationship between volume and the horizontal distance travelled has been 

proposed as a potential prediction tool for determining how far a potential rock avalanche will 

travel (Hungr, 2006; Mitchell et al., 2018). It has been noted by Mitchell et al. (2018) that there is 

a large scatter in data when plotting the volume and Heim’s Ratio relationship. Abele (1974), 

Corominas (1996), and Nicolleti and Sorriso-Valvo (1991) attempted to reduce scatter in data by 

creating smaller databases based on confinement, topography, environment, and failure method. 

These smaller databases were found to have higher R2 values than the original plot which featured 

all rock avalanches (Corominas, 1996). This relationship has been utilised as a prediction tool for 

determining the potential runout for freshly excavated faces in open pit mining (Whittall, 2019). 

Corominas (1996), Hungr (2006) and Mitchell et al. (2018) noted that improved correlations still 

had considerable errors. These errors could be attributed to the vagaries of reported volumes of 

rock avalanches particularly in cases in which the rock avalanche gains volume through 

entrainment. Some researchers question the validity of utilizing the square-cubed law to quantify 

rock avalanche behaviour as it may not be representative of all external factors which can affect 

the horizontal distance travelled (e.g. Hungr, 2006; Legros, 2002).  
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2.3 Current Work  

The following sections will outline the current knowledge gaps in the research summarised 

in Section 2.1.  

 

2.3.1 Apparent Coefficient of Friction  

The use of Heim’s Ratio as the apparent coefficient of friction value is widespread and is 

often utilised in rock avalanche models (e.g., Delannay et al., 2017, Davies et al., 2019). However, 

the use of a calibrated apparent coefficient of friction values, calculated in back-analysis, has 

gained popularity in more recent literature. Calibrated apparent coefficient of friction values have 

been found to increase the success of numerical simulations (Delannay et al., 2017). However, 

these calibrated values must be retroactively calculated from the rock avalanche in which they are 

being used to model after they have taken place (Favreau et al., 2010; Delannay et al., 2017). It is 

difficult to model rock avalanches that have not yet occurred utilizing the same numerical 

methodology. The apparent coefficient of friction value would have to be estimated in these 

scenarios.  

There is disagreement about which rheological model provides the best results when 

considered for various numerical analyses. McSaveney (1978) and Crosta et al. (2017) found that 

the use of Bingham rheology provided better results than that of Voellmy’s rheology or Heim’s 

Ratio. Hungr (2006) and Sosio et al. (2012) found that Voellmy’s rheology provided better results 

than both Heim’s Ratio and Bingham. Further research is required into the apparent coefficient of 

friction and which method would provide the best results for numerical simulations and back 

analyses.  
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2.3.2 Rock Avalanche Behaviours  

There is knowledge lacking about how entrainment, deposition, fragmentation, and impact 

affect the horizontal distance travelled of a rock avalanche.  

There is a dispute as to how the volume increase due to entrainment affects the horizontal 

distance travelled by a rock avalanche. Liu et al. (2019) and Hu et al. (2019) both stated that an 

increase in volume due to entrainment would increase the horizontal distance travelled. Crosta et 

al. (2009) suggest a contrast that an increase in volume would decrease the horizontal distance 

travelled as entrainment is a complex motion that has consequences for the rock avalanche body.  

Furthermore, it is difficult to determine exactly how much material a rock avalanche gains during 

its transportation from its initial position to its resting place (Crosta et al., 2009; Hu et al., 2019; 

Liu et al., 2019). Walter (2020) concludes that entrainment does not have a large role in changing 

the horizontal distance travelled by a rock avalanche. 

For fragmentation, there are competing ideas as to how much energy is lost to the process 

and the best method of calculation (e.g. Locat et al., 2006; Davies et al., 2019). Locat et al. (2006) 

utilised blasting equations to quantify the energy lost to fragmentation and found that 1 to 30% of 

the total energy in the system was lost to this process.  Davies et al. (2019) found through energy 

and momentum equations that there was not enough energy available to the system to account for 

the energy lost to fragmentation.  

As well, little work has been completed to determine the energy lost to impact when the 

rock mass breaks away from the failure surface and crashes onto the slope below. This could 

potentially be a large energy sink as well as the source of the majority of fragmentation that occurs 

during a rock avalanche (Lin et al., 2020). Research is required to determine the exact role that 
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impact has on the energy losses and gains for rock avalanches and ultimately how it affects the 

total horizontal distance travelled by a rock avalanche.  

 

2.3.3 Statistical Relationships  

There appears to be a lack of consensus about the usefulness of the apparent square-cube 

law relationship observed between the volume and the horizontal distance travelled. Corominas 

(1996), Dade and Huppert (1998) and Delaney and Evans (2014) found that the use of smaller, 

well-constrained databases yielded plots that displayed less scatter about the trendline. The scatter 

of these smaller datasets was noticeably less when compared with a large dataset encompassing 

multiple topographies, environments, and failure types.  

When examining the relationship between volume and the apparent coefficient of friction 

as defined by Heim’s Ratio, Hsu (1975), DeMatos (1987) and Hungr (2004) argue that this 

relationship is not of value for prediction if the rock avalanche is not controlled by frictional 

properties.  

The scatter observed with these graphs is not well understood, but some hypotheses have 

been proposed. It may be that the recorded volume of the rock avalanches is not accurate (e.g., 

Hungr, 2006). The volumes of rock avalanches are calculated through a variety of methods that 

can raise uncertainty in these calculations as there is no generally applicable method for calculating 

rock avalanche volume (Hungr, 2004). Dade and Huppert (1998) theorised that the scatter 

observed was due to varying obstacles and topographic constraints between different rock 

avalanches. Many rock avalanches lack sufficient data or poorly conditioned data due to lack of 

identifying information (Corominas, 1996). On some occasions, rock avalanches are listed without 
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site coordinates, as observed in the database created by Eisbacher (1979) and Legros (2002). 

Without site coordinates, it is difficult to locate the rock avalanche deposits and confirm that the 

data provided is correct.  

While the data sparsity is difficult to remedy, constraining databases could potentially 

generate insightful information about the observed square-cube law between volume, Heim’s 

Ratio and the horizontal distance travelled 

 

2.2.4 Summary of Knowledge Gaps 

The following areas require further research as highlighted by the literature review:  

1. There have been various models put forth to represent rock avalanche 

fragmentation. These models do not agree as to how much energy is consumed by 

this process and how rock avalanche fragmentation affects the horizontal distance 

travelled event.  

2. It is still debated if energy is lost or gained when a rock avalanche incorporates new 

mass during the event. Further, there are still active discussions as to if 

entrainment would cause a rock avalanche to travel farther than a rock avalanche 

that did not gain new material.  

3. Further work is required to quantitively determine how the environment affects 

the horizontal distance travelled by a rock avalanche. It has been noted that the 

environment, degree of lateral confinement, geology and the failure trigger and 

mechanism may all affect the horizontal distance travelled yet these parameters are 

rarely considered in models.  
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4. A single method for calculating the apparent coefficient of friction has yet to be 

adopted in rock avalanche literature, leading to potential errors between the 

multiple methods of calculation. Moreover, it is assumed that the apparent 

coefficient of friction of a rock avalanche stays constant throughout the event. This 

assumption may be inaccurate as the coefficient of friction likely changes 

depending on the processes that occur during a rock avalanche. 

5. Galileo Scaling could explain the observed relationship between volume and the 

horizontal distance travelled; however, data sparsity does not allow for an in-depth 

analysis. Rock avalanche databases often do not include information beyond the 

event name and the rock avalanche fall height and horizontal distance travelled. 

The geological setting is typically overlooked. Including these parameters would 

allow for the creation of smaller datasets that represent rock avalanches with similar 

behaviours and the analysis of these smaller datasets could improve the 

understanding of the relationship between volume and the horizontal distance 

travelled. 
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Chapter 3 : Insights of Rock Avalanche Behaviour from Simple Physics  

3.1 Introduction  

The mechanics and behaviours of individual rock avalanches are not well understood, 

especially how these mechanics pertain to the horizontal distance travelled (Legros, 2002). To 

address this knowledge gap energy models based on simple physics were used to investigate the 

individual rock avalanche behaviours which dictate the horizontal distance travelled. Investigating 

the case-specific behaviours allows for a better understanding of which parameters control the 

distance travelled by a rock avalanche. 

The simple physics energy models created each focus on a different mechanism of rock 

avalanches and how various parameters in these models dictate the horizontal distance travelled. 

The five models presented in this chapter are sliding, entrainment deposition, rock fragmentation 

and impact. These five behaviours have been noted in most rock avalanches (Hungr et al., 2001; 

Legros, 2002; Dunning, 2006; Locat et al., 2006; Crosta et al., 2007; McSaveney and Davies, 2007; 

De Blasio and Crosta, 2014; Delaney and Evans, 2014; Farin et al., 2014; Deline et al., 2015; 

Dufresne et al., 2016b; Haug et al., 2016; Dufresne and Dunning, 2017; Zhang and McSaveney, 

2017; Ren et al., 2018; Zhao et al., 2018; Davies et al., 2019; Zhang et al., 2019). The five simple 

physics energy models have been derived from energy equations and for each model, a parametric 

analysis has been performed. The energy and momentum equations utilised in Chapter 3 can be 

found in Edwards (2003), with the exception of the equations for energy loss to fragmentation and 

impact. 

For each model two travel paths were considered which are shown in Figures 3.1 and 3.2, 

the travel paths represent common rock avalanche paths noted in the literature (eg. Legros, 2002).  
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For each simple model, it is assumed that the initial starting height, the mass of the blocks, 

the orientation of the slopes and the apparent coefficient of friction are known. The models are 

utilised to calculate the horizontal distance travelled by the rock avalanche except for the impact 

energy model.  

 

Figure 3.1 The geometry of Path 1. The first travel path considered in the simple physics 

models, considers two surfaces, one (the upper one) of which is a steep slope and the second 

(the lower one) is assumed horizontal.  

 

Figure 3.2 The geometry of Path 2. The second travel path analysed in the simple models, 

includes a second smaller hill to simulated a rock avalanche travelling up and down a 

neighbouring slope.  
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3.2 Model 1: Simple Sliding  

The first model looks at the results of simple sliding motion in which the rock avalanche 

mass initially slides along a planar surface as often occurs in rock avalanches in sedimentary rock 

(e.g. Eisbacher, 1979; Zygouri and Koukouvelas, 2017). The model analyses how changes in 

height, mass, and the apparent coefficient of friction affect the horizontal distance travelled by a 

mass.  

For the simple sliding energy model, it is assumed that the only energy loss is friction and 

that the total energy of the system is equal to the potential energy of the mass at Point 1 in Figure 

3.3. The model assumes that the rock avalanche can be represented by a simple block that does not 

deform throughout motion. It is also assumed that there is no energy lost on the transitions between 

slopes. This model may be used to retroactively determine the horizontal distance travelled by a 

rock avalanche. Lastly, it is assumed that energy is conserved throughout the model. Figures 3.3 

and 3.4 display the two travel paths considered for the simple sliding energy model. 
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Figure 3.3 The simple sliding model on travel Path 1, Point 1 is the initial moment of failure, 

the velocity of the failure mass is negligible, therefore the energy at this point is equivalent 

to the potential energy of the block, Point 2 is the final resting position of the failure mass, 

all energy has been lost to friction at this point.   

 

Figure 3.4 The simple sliding model on travel Path 2, Point 1 represents the initial failure of 

the mass, and Point 2 represents the final resting position of the failure mass, the mass travels 

over a small hill in this model. 
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3.2.1 Travel Path 1 

The basis of the model is displayed in Figure 3.3, the block starts at rest at Point 1 and 

starts to move down the initial slope onto the second slope coming to rest at Point 2 at some 

distance d2 along the lower slope. Since energy is conserved, it is assumed that the energy at Point 

1 is equal to the energy at Point 2:  

𝑃𝐸 = 𝐹𝐸                                                                   (3.1) 

𝑚𝑔ℎ = 𝑚𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + 𝑚𝑔𝜇𝑑2                                                 (3.2) 

where PE is the potential energy of the rock avalanche, FE is the energy lost to friction, m is the 

mass, g is gravity 𝜃 is the angle of the slope, 𝜇 is the apparent coefficient of friction, which is 

assumed to be Heim’s (1932) ratio, 𝑑1 is the distance travelled along the slope and 𝑑2 is the 

distance travelled along the lower slope.  

The total horizontal distance travelled by a rock avalanche is calculated utilizing 𝑑1 and 𝑑2 

as shown in equation 3.3: 

𝐿 =  𝑑1𝑐𝑜𝑠𝜃 + 𝑑2                                                          (3.3) 

Since 𝑑2 is unknown, equation 3.3 is rearranged to solve for this variable: 

𝑑2 =
ℎ−𝑐𝑜𝑠𝜃𝜇𝑑1

𝜇
                                                                (3.4) 

Equation 3.4 can then be substituted into equation 3.3: 

𝐿 =  𝑑1𝑐𝑜𝑠𝜃 +
ℎ−𝑐𝑜𝑠𝜃𝜇𝑑1

𝜇
                                               (3.5) 

𝐿 =  
ℎ

𝜇
  or 𝜇 =  

ℎ

𝐿
                                                         (3.6) 
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rearranging equation 3.6 gives Heim’s Ratio. Heim’s Ratio is derived from a simple sliding energy 

model much like the one considered. 

 

3.2.2 Travel Path 2 

The second model for the simple sliding energy model has the addition of two new slopes, 

the final resting point of the block as shown in Figure 3.4. It is assumed for this model that d2, d3, 

d4 are known and d5 is unknown. Again, the energy at Point 1 is equal to the energy at Point 2: 

𝑚𝑔ℎ = 𝑚𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + 𝑚𝑔𝜇𝑑2 + 𝑚𝑔𝑐𝑜𝑠𝛼𝜇𝑑3 + 𝑚𝑔𝑐𝑜𝑠𝛽𝜇𝑑4 + 𝑚𝑔𝜇𝑑5               (3.7) 

where 𝛼 is the angle of the third slope, 𝛽 is the angle of the fourth slope, 𝑑2 is the distance between 

the initial slope and hill, 𝑑3 is the distance travelled along the third slope, 𝑑4 is the distance 

travelled along the fourth slope, and 𝑑5 is the distance travelled along the fifth slope. The 

horizontal distance is solved for by:  

𝐿 =  𝑑1𝑐𝑜𝑠𝜃 +  𝑑2 + 𝑑3𝑐𝑜𝑠𝛼 + 𝑑4𝑐𝑜𝑠𝛽 + 𝑑5                                   (3.8) 

To solve for the horizontal distance travelled equation 3.8 is solved for 𝑑5 and substituted into 

equation 3.7: 

𝐿 =  
ℎ

𝜇
  or 𝜇 =  

ℎ

𝐿
                                                             (3.9) 

Rearranging equation 3.9 gives Heim’s Ratio. The two different travel path geometries yielded the 

same final equation when solving for the total horizontal distance travelled, thus it is expected that 

the travel paths will not affect the horizontal distance when completing the parametric analysis.  
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3.2.3 Results  

A parametric analysis was completed to determine which parameters of the simple sliding 

energy model would affect the total horizontal runout distance of the rock avalanche mass. The 

parameters considered are the mass of the block, the initial starting height, the height of the third 

and fourth slopes in the second travel path, the angle of 𝜃, 𝛼 and 𝛽, the distance to the third and 

fourth slopes, and the apparent coefficient of friction. The results are displayed in Figures 3.5 to 

3.7. Various constants were selected for each value as each parameter is investigated individually, 

the constant values are listed in Table 3.1.  

The constants in Table 3.1 are based on values found in the database in Appendix A and a 

literature survey. Average values from the database were utilised for the constant parameters for 

the initial height, the apparent coefficient of friction, and mass. The angle of the initial slope is 

based on values often found in the literature (eg. Legros, 2002; Geertsema et al., 2006). The height 

and angles of the second hill of the second travel path model are based on values found in Evans 

and Delaney (2015). Various height and apparent coefficient of friction values were considered to 

analyse how this changed the horizontal distance travelled.  
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Table 3.1 The constants used for the simple sliding parametric analysis, these were obtained 

from average values of the database provided in Appendix A, the angle of the slope is based 

on values often found in literature (e.g. Legros, 2002). 

Constants 

Variable Value Unit 

Mass 1.8x1012 kg 

Gravity 9.81 m/s2 

Height 1 1000 m 

Height 2 355 m 

𝜃 50 ° 

α 60 ° 

β 60 ° 

μ 0.26 N/A 

𝑑2 250 m 

 

 

Figure 3.5 Comparison of the apparent coefficient of friction with the change in height and 

the horizontal distance, as the apparent coefficient of friction value increases, the horizontal 

distance travelled decreases exponentially. 
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Figure 3.6 Change in height with changing the apparent coefficient of friction values and its 

effect on horizontal distance for Path 1, as the height increases and apparent coefficient of 

friction decreases, the horizontal distance travelled also increases. 

 

 

Figure 3.7 Change in height with changing coefficient of friction values and its effect on the 

horizontal distance for Path 2, this analysis yielded the same results as the one that was 

completed for Path 1 thus path geometry does not effect the horizontal distance travelled for 

the sliding model. 
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3.2.4 Discussion  

From equations 3.6 and 3.9, the geometry of the travel paths and their orientation do not 

affect the horizontal distance travelled by the mass as these parameters are not in the final equation 

for the simple sliding energy model. Further, the mass does not appear to influence the horizontal 

distance travelled, i.e., the simple sliding energy model is not mass-dependent. This model does 

not explain the mass dependency observed in Figure 2.2 from Chapter 2.2.3.  

Examining Figures 3.5 to 3.7, both apparent coefficient of friction and the initial height of 

the mass affect the horizontal distance travelled by the block. From Figure 3.7, a linear relationship 

exists between the initial height of the mass and the total horizontal distance travelled, in that as 

the height increases the horizontal distance travelled also increases. The value of the slope between 

the two parameters is the inverse of the apparent coefficient of friction, which displays that the 

relationship between height of the mass and the horizonal distance travelled is dependent on the 

apparent coefficient of friction value. 

Various heights were considered to analyse the relationship between the apparent 

coefficient of friction and the horizontal distance travelled by the mass as shown in Figures 3.5 

and 3.7. From Figure 3.5 as the apparent coefficient of friction decreases the horizontal distance 

travelled increase exponentially. A change in height by 100 m causes a change in the horizontal 

distance travelled by a magnitude of 102 m.  
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3.3 Model 2: Entrainment  

The second model focuses on the entrainment of mass (mass gain) by the rock avalanche. 

This model is represented by blocks which again are assumed to remain undeformed throughout 

the event. Typically, when a mass is entrained into a rock avalanche it does not bounce off the 

mass, it is instead incorporated into the initial mass increasing the volume of the moving mass 

(Hungr and Evans, 2004; Geertsema et al., 2005; McKinnon et al., 2008, Delaney and Evans, 2014; 

Farin et al., 2014). 

It is assumed that the collision between the initial mass and entrained mass can be 

represented by an inelastic collision. This energy model considers potential energy, friction energy 

and energy lost due to the inelastic collision. It is assumed that energy and momentum are 

conserved in this model.  

 

3.3.1 Travel Path 1 

Figure 3.8 gives a representation of the model and various points in time which are utilised to 

determine the horizontal distance travelled.  
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Figure 3.8 Path 1 of the entrainment model, where 𝒎𝟏 is the initial mass, 𝒉𝟏 is the height at 

which the initial mass is located, 𝒎𝟐 is the entrained mass, 𝒉𝟐 is the height of the entrained 

mass, and 𝒅𝟏 is the distance travelled before the collision with the second mass. 

As energy is conserved, Point 1 can be equated to Point 4:  

𝑃𝐸 = 𝐹𝐸 + 𝐾𝐸𝑙1                                                         (3.10) 

where 𝐾𝐸𝑙1 is the kinetic energy lost during the inelastic collision between the masses. Expanding 

equation 3.10:  

𝑚1𝑔ℎ1 + 𝑚2𝑔ℎ2 = 𝑚1𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + (𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝜃𝜇𝑑2 + (𝑚1 + 𝑚2)𝑔𝜇𝑑3 + 𝐾𝐸𝑙1   (3.11) 

where 𝑚1 is the initial mass, ℎ1 is the height at which the initial mass is located, 𝑚2 is the entrained 

mass, ℎ2 is the height of the entrained mass, 𝑑1 is the distance travelled before the collision with 

the second mass, 𝑑2 is the distance travelled down the slope after collision with the second mass, 

and 𝑑3 is the distance travelled along the lower slope. 
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The kinetic energy lost during the collision between the two masses is determined by using 

momentum equations for an inelastic collision (Edwards, 2003). It is assumed that the momentum 

of the block is equal to the momentum of the two blocks after the collision: 

𝑚1𝑉1𝑓 = (𝑚1 + 𝑚2)𝑉2𝑖                                               (3.12) 

where 𝑉1𝑓 is the velocity of the initial mass directly before impact and 𝑉2𝑖 is the velocity of the 

two masses after impact. 𝑉1𝑓 is calculated by assuming that Point 1 and Point 2 are equal through 

energy conservation laws: 

𝑚1𝑔ℎ1 + 𝑚2𝑔ℎ2 = (𝑚1 + 𝑚2)𝑔ℎ2 + 𝑚1𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 +
1

2
𝑚1𝑉1𝑓

2         (3.13) 

The kinetic energy lost to the collision is determined by calculating the difference in kinetic 

energy of the system before and after the collision:   

1

2
𝑚1𝑉1𝑓

2 −
1

2
(𝑚1 + 𝑚2)𝑉2𝑖

2 = 𝐾𝐸𝑙1                                              (3.14) 

Equations 3.12 to 3.14 are repeated for each collision incurred by the mass; thus, the model 

can account for an infinite amount of non-elastic collisions. The horizontal distance travelled by 

the two masses is determined by isolating for 𝑑3 from equation 3.15 and substituting into equation 

3.11: 

𝐿 =  𝑑1 cos 𝜃 + 𝑑2 cos 𝜃 + 𝑑3                                                (3.15) 

𝐿 =  
𝑚1𝑔ℎ1+𝑚2𝑔ℎ2+𝑚2𝑔𝑐𝑜𝑠𝜃𝜇𝑑1−𝐾𝐸𝑙1

(𝑚1+𝑚2)𝑔𝜇
                           (3.16) 
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3.3.2 Travel Path 2 

 

Figure 3.9 Path 2 of the entrainment model, this path includes a hill of which the mass runs 

over before coming to rest at some distance d5 along the final slope.    

The second model is based on the scenario presented in Figure 3.9, in which the initial 

mass entrains a second mass on a slope and travels over a hill coming to a rest: 

𝑚1𝑔ℎ1 + 𝑚2𝑔ℎ2 = 𝑚1𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + (𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝜃𝜇𝑑2 + (𝑚1 + 𝑚2)𝑔𝜇𝑑3 +

(𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝛼𝜇𝑑4 + (𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝛽𝜇𝑑5 + (𝑚1 + 𝑚2)𝑔𝜇𝑑6 + 𝐾𝐸𝑙1         (3.17) 

where 𝛼 is the angle of Slope 3, 𝑑4  is the distance travelled along Slope 3, 𝛽 is the angle of Slope 

4, 𝑑5 is the distance travelled along the fourth slope and 𝑑6 is the distance travelled along Slope 5. 

Equation 3.18 can be rearranged to isolate for 𝑑6 and substituted back into equation 3.17 to solve 

for the horizontal distance travelled: 

𝐿 =  𝑑1 cos 𝜃 + 𝑑2 cos 𝜃 + 𝑑3 + 𝑑4𝑐𝑜𝑠𝛼 + 𝑑5𝑐𝑜𝑠𝛽 + 𝑑6                  (3.18) 

𝐿 =  
𝑚1𝑔ℎ1+𝑚2𝑔ℎ2+𝑚2𝑔𝑐𝑜𝑠𝜃𝜇𝑑1−𝐾𝐸𝑙1

(𝑚1+𝑚2)𝑔𝜇
                                           (3.19) 
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3.3.3 Results 

A parametric analysis was completed to determine which parameters of the entrainment 

energy model affect the horizontal distance travelled by the masses. The parameters considered 

are the initial mass, the entrained mass, the height of both masses, the apparent coefficient of 

friction and the path geometry. The values utilised to complete the analysis are listed in Table 3.2. 

For this analysis, the constant value for the second mass was assumed to be 30% of the initial mass 

(e.g., Bessette-Kirton et al., 2018). 

Table 3.2 The constants considered for the parametric analysis of the entrainment model, 

the average values where used from Appendix A for the constants considered, and the second 

mass was considered to be 30% of the initial mass as determined by Bessette-Kirton et al. 

(2018).  

Constants 

Variable Value Unit 

Mass 1 1.8x1012 kg 

Mass 2 0.54x1012 kg 

Gravity 9.81 m/s2 

Height 1 1000 m 

Height 2 250 m 

Height 3 355 m 

θ 50 ° 

α 60 ° 

β 60 ° 

μ 0.26 N/a 
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Figure 3.10 The analysis of how a change in height of the initial block, and a change in the 

apparent coefficient of friction value affects the horizontal distance travelled, as the height 

increases and the apparent coefficient of friction value decreases, the distance traveled 

increases.  

 

 

 

Figure 3.11 The analysis of the change in height of the second mass, as the height of the 

second mass increases the horizontal distance travelled also increases as increasing the height 

of the second mass increases the potential energy available to the system.  

0

500

1000

1500

2000

2500

3000

3500

4000

4500

200 250 300 350 400 450 500 550 600 650 700

H
o

ri
zo

n
ta

l D
is

ta
n

ce
 T

ra
ve

lle
d

  (
m

)

Height (m) 

Change in Height of Initial Block and Horizontal Distance

U = 0.1

U = 0.2

U = 0.3

2620

2640

2660

2680

2700

2720

2740

2760

10 20 30 40 50 60 70 80 90 100

H
o

ri
zo

n
ta

l D
is

ta
n

ce
 T

ra
ve

lle
d

 (
m

)

Height of Second Mass (m)

Change in Height of the Second Mass



63 

 

 

Figure 3.12 The analysis of the change in the apparent coefficient of friction value, as the 

apparent coefficient of friction increases, the horizontal distance travelled decreases 

exponentially. 

 

 

Figure 3.13 As the percentage of mass entrained is increased the horizontal distance travelled 

decreases as more energy is lost to the inelastic collision between the initial and entrained 

mass, this is an unexpected behaviour highlighted by the entrainment model. 
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Figure 3.14 The entrained mass was kept constant at 10% of the initial mass, which was 

increased to determine role of which mass had on the horizontal distance travelled, the 

increase in the initial mass did not affect the horizontal distance travelled when the entrained 

mass was kept at a constant percentage of the initial mass.  

 

Figure 3.15 For the entrainment model, the mass was shown to be entrained on the Slope 1 

and changing the angle of the Slope 1 would change the distance between the two masses and 

thus would change the horizontal distance travelled, as shown, as the angle of the Slope 

increased, the distance travelled decreased. 
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3.3.4 Discussion  

The results of the parametric analysis are displayed in Figures 3.10 to 3.15. The change in 

the angles of slopes 3 and 4 and the distance between the initial slope and the hill does not appear 

to affect the horizontal distance travelled. The change in the angle of the initial slope does affect 

the horizontal distance travelled as shown in Figure 3.15, as the angle of the slope increases the 

horizontal distance travelled decreases. The increase in the angle of the initial slope induces a 

decrease in the distance between the two masses; after the collision between the two masses, the 

energy lost to friction increases at a greater rate as energy lost to friction is mass-dependent.  

An important feature of this model is that it does not appear to depend on the initial mass; 

rather, the percentage of mass entrained with respect to the initial mass dictates the horizontal 

distance travelled. From Figure 3.13, as the percentage of the mass entrained increases with respect 

to the initial mass the horizontal distance travels decreases. Increasing the percentage of mass 

entrained increases the energy lost to the inelastic collision between the two masses limiting the 

energy available in the system. Further, if the initial mass changes and the percentage of mass 

entrained is kept constant at 10% of the initial mass the horizontal distance travelled does not 

change as observed in Figure 3.14.  

It can also be concluded that a change in height in either block has a direct effect on the 

horizontal distance travelled. As shown in Figures 3.10 and 3.11 increasing the height of both 

blocks increased the horizontal distance travelled. An increase in the height of the initial mass 

increases the potential and total energy of the system.  

As observed from Figure 3.12, as the apparent coefficient of friction increases the 

horizontal distance decreases exponentially. The relationship exhibits the same behaviours 

discussed in Section 3.3.4. 
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3.4 Model 3: Deposition  

The depositional energy model examines the process of mass loss during a rock avalanche 

and considers the momentum equations as the entrainment model. This process is shown in Figures 

3.16 and 3.17 and is represented as two blocks sliding down a slope where one block stops at some 

distance while the other block continues until coming to rest. As with the entrainment model, this 

model assumes that both energy and momentum are conserved, and the only energy losses are to 

friction and kinetic energy when mass is lost.  

  

 

Figure 3.16 Path 1 for the depositional model, where d1 and d2 are the distance travelled by 

both m1 and m2, and Point 2 represents the moment directly before m1 is deposited. 
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Figure 3.17 Path 2 for the depositional model, some of the failure mass is lost before the main 

body of the rock avalanche travels up and over a small hill . 

 

3.4.1 Travel Path 1 

The first model is based on Figure 3.16, where the two blocks start at Point 1 as a single 

mass and transition onto the lower slope where 𝑚1 is deposited and 𝑚2 continues to Point 4. Since 

energy is conserved, the energy at Point 1 can be equated to the energy at Point 4:  

          (𝑚1 + 𝑚2)𝑔ℎ = (𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + (𝑚1 + 𝑚2)𝑔𝜇𝑑2 + 𝑚2𝑔𝜇𝑑3 + 𝐾𝐸𝑙1          (3.19) 

The 𝐾𝐸𝑙1 is determined utilizing conservation of momentum, the momentum before 

deposition will equal the momentum after deposition: 

                                              (𝑚1 + 𝑚2)𝑉1 =  𝑚1𝑉2𝑎 + 𝑚2𝑉2𝑏                                              (3.20)  

where 𝑉1 is the velocity directly before the mass lost, 𝑉2𝑎 is the velocity of the mass deposited 

(which is assumed to be 0), and 𝑉2𝑏 is the velocity of the mass which continues to travel after 

deposition. This equation is rearranged to solve for 𝑉2𝑏: 
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                                                                    𝑉2𝑏 =
(𝑚1+𝑚2)𝑉1

𝑚2
                                                            (3.21) 

The energy loss to the collision is determined by comparing the change in kinetic energy 

before and after the loss of mass: 

          𝐾𝐸𝑙1 =
1

2
(𝑚1 + 𝑚2)𝑉1𝑓

2 −
1

2
𝑚2𝑉2𝑖

2               (3.22) 

The horizontal distance travelled is determined by isolation for 𝑑3 in equation 3.23 and 

substituting into equation 3.19: 

                                                             𝐿 =  𝑑1𝑐𝑜𝑠𝜃 + 𝑑2 + 𝑑3                                               (3.23) 

𝐿 =  
(𝑚1+𝑚2)𝑔ℎ−𝑚1𝑔𝑐𝑜𝑠𝜃𝜇𝑑1−𝑚1𝑔𝜇𝑑2−𝐾𝐸𝑙1

𝑚2𝑔𝜇
                             (3.24) 

 

3.4.2 Travel Path 2 

The next model is based on Figure 3.17. From the conservation of energy laws, it can be 

assumed that Point 1 is equal to Point 4:   

(𝑚1 + 𝑚2)𝑔ℎ = (𝑚1 + 𝑚2)𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + (𝑚1 + 𝑚2)𝑔𝜇𝑑2 + 𝑚2𝑔𝜇𝑑3 + 𝑚2𝑔𝑐𝑜𝑠𝛼𝜇𝑑4 +

𝑚2𝑔𝑐𝑜𝑠𝛽𝜇𝑑5 + 𝑚2𝑔𝜇𝑑6 + 𝐾𝐸𝑙1                               (3.25) 

The calculation of 𝐾𝐸𝑙1 has been shown in equation 3.22.  The horizontal distance is 

calculated by isolation for 𝑑6 and substituting equation 3.26 into 3.27: 

                                  𝐿 =  𝑑1𝑐𝑜𝑠𝜃 + 𝑑2 + 𝑑3 + 𝑑4𝑐𝑜𝑠𝛼 + 𝑑5𝑐𝑜𝑠𝛽 + 𝑑6                              (3.26) 

𝐿 =  
(𝑚1+𝑚2)𝑔ℎ−𝑚1𝑔𝑐𝑜𝑠𝜃𝜇𝑑1−𝑚1𝑔𝜇𝑑2−𝐾𝐸𝑙1

𝑚2𝑔𝜇
                                     (3.27) 
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3.4.3 Results 

The parametric analysis considered the following parameters: the deposited mass, the final 

mass, the initial height, the angle of the first, the apparent coefficient of friction and the percentage 

of mass deposited with respect to the initial mass. The angle of the third and fourth slopes and the 

distance to the second hill were not considered for the parametric analysis as these parameters 

were not found to affect the horizontal distance travelled by a rock avalanche for the entrainment 

energy model. Table 3.3 displays the constant parameters used for the parametric analysis. The 

depositional behaviour observed in rock avalanches is not as well studied as other behaviours, 

therefore it is assumed that the deposited mass is 30% of the initial mass. The results are displayed 

in Figures 3.18 to 3.24. 

Table 3.3 The constants for the parametric analysis for the depositional model were obtained 

by taking the average value of the variables from Appendix A, and it was assumed that the 

deposited mass is 30% of the initial mass. 

 

Constants 

Variable Value Unit 

Mass 1 1.8x1012 kg 

Mass 2 0.54x1012 kg 

Gravity 9.81 m/s2 

Height 1 1000 m 

Height 2 355 m 

θ 50 ° 

α 60 ° 

β 60 ° 

μ 0.26 N/A 
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Figure 3.18 As both the height of the deposited mass and the amount of mass deposited 

increases the horizontal distance travelled also increases, a smaller mass does not loose 

energy as quickly to friction as a larger mass, thus the sooner the mass is deposited the 

quicker the rate lost to friction decreases.  

 

 

Figure 3.19 As the height of the initial mass increased and the apparent coefficient of friction 

decreased the horizontal distance travelled increased, which is in line with results from the 

previous two models, increasing the height of the initial mass increases the potential energy 

and total energy of the system.  
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Figure 3.20 Like the entrainment model, the depositional model considers that mass is lost 

on Slope 1, an increase in the angle of Slope 1 increased the horizontal distance travelled, 

increasing the angle of Slope 1 decreases the distance between initial starting point of the 

model and the position at which mass is lost. 

 

 

Figure 3.21 As the coefficient of friction increases, the horizontal distance travelled decreases 

exponentially which is consistent with the results from the previous models. 
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Figure 3.22 As the percentage of mass deposited increased with respect to the initial mass, 

the horizontal distance travelled increased, as more mass is lost with respect to the initial the 

rate at which energy is lost to friction will decrease, as friction is a mass dependent term in 

this model.  The lower final mass will not loose energy as quickly to friction as the initial 

mass of the model. 

 

Figure 3.23 If the percent of mass lost is kept constant with respect to the initial mass, and 

the initial mass is increased, there will be no effect on the horizontal distance travelled by the 

rock avalanche. The system is not dependent on the initial mass but rather the percentage of 

mass lost with respect to the initial mass.  
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Figure 3.24 As the distance at which the mass lost is increased with respect to the initial 

position, the horizontal distance travelled decreases. This is likely due to the rate at which 

energy is lost to friction, the longer the mass stays together the rate at which energy is lost to 

friction increases, and more energy is lost to this process before the mass splits apart. 

 

3.4.4 Discussion 

Figure 3.20 shows that the change in the angle of the initial slope influenced the horizontal 

distance travelled by the event, as the slope increases the horizontal distance travelled also 

increased. An increase in the angle of the initial slope decreases the distance travelled by the 

combined mass, decreasing the rate at which energy is lost to friction.  

Further, as displayed in Figure 3.24, as the distance the combined masses travels together 

increased the horizontal distance travelled decreased. As the distance of the deposition increases 

the horizontal distance decreases due to energy loss to friction. The rate at which energy is lost to 

friction increases with increasing mass. Thus, the increased distance the two masses travelled 

together would cause the rate of energy lost to friction to be greater.  
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As shown in Figure 3.19 the height of the first slope is increased the horizontal distance 

increases, which is consistent with the results of the first two models. From Figure 3.21 as the 

apparent coefficient of friction is increased the horizontal distance travelled decreases, these 

findings are consistent with the results from the first two models. Similar to the first model, the 

slope of the height and horizontal distance travelled is the inverse of the apparent coefficient of 

friction.  

It was observed in Figure 3.22 that if the percentage of mass deposited increased with 

respect to the initial mass, the horizontal distance travelled would also increase. Increasing the 

percentage of mass lost with respect to the initial mass allows for the rate of energy lost to friction 

to decrease after deposition. This would allow for the final mass to travel farther than the initial 

mass. Further, it was found that if the initial mass was increased and the percentage of mass 

deposited was kept at 10% of the initial mass, the horizontal distance travelled would not change 

as shown in Figure 3.23 reflecting the independence of runout distance on initial mass. Similar 

behaviour was noted for the entrainment energy model. It can be concluded that the entrainment 

and depositional energy models are not directly mass-dependent, rather they appear to be 

dependent on the mass gained or lost with respect to the initial mass during motion.  

There are very limited examples in which all of the values are known for deposition and 

further research is required to determine the accuracy of the model. 

 

3.5 Model 4: Fragmentation  

The fragmentation energy model is a combination of the simple sliding energy model and 

the fragmentation model from Locat et al. (2006). Locat et al. (2006)’s fragmentation model 

utilised blasting equations which have been derived to quantify rock avalanche fragmentation.  
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It was assumed that the block which represents the mass remains undeformed throughout 

the entirety of the event. The block represents the mass and does not necessarily represent the final 

shape of the rock avalanche deposit, rather the furthest extent to which a rock avalanche could 

travel as discussed in Section 3.1. It is assumed that the only energy losses are friction and 

fragmentation. Since the fragmentation energy model combines both the simple sliding energy 

model and the Locat et al. (2006) fragmentation equations, the first travel path was considered as 

it was shown in the simple sliding energy model that the travel path does not affect the horizontal 

distance travelled.  

 

3.5.1 Travel Path 1 

The fragmentation model was derived from potential energy, energy lost to friction and 

energy lost to fragmentation. It is based on Figure 3.3 from the simple sliding model:  

                                         𝑚𝑔ℎ = 𝑚𝑔𝑐𝑜𝑠𝜃𝜇𝑑1 + 𝑚𝑔𝜇𝑑2 + 𝐸𝐹𝑟𝑎𝑔                                      (3.28) 

where 𝐸𝐹𝑟𝑎𝑔 is the energy lost to fragmentation from Locat et al. (2006): 

                                                         𝐸𝑓𝑟𝑎𝑔 = 3600𝑤𝑏∀𝜌                                                     (3.29) 

where 𝑤𝑏 is the work needed to blast material (Locat et al., 2006), ∀ is the volume and 𝜌 is the 

density of the rock avalanche mass. The work needed to blast the material can be calculated by: 

                                                                   𝑤𝑏 = √𝑘
𝑆𝑏

𝑆𝑎
                                                           (3.30) 

where 𝑘 is a blast constant, 𝑆𝑏 is the size of the blocks before fragmentation, and 𝑆𝑎 is the size of 

the blocks after fragmentation, the average grain size (𝐷50 and 𝑑50, respectively) is used for the 
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𝑆𝑏 and 𝑆𝑎 values (Locat et al., 2006). The 𝑘 value is a blasting constant that is 0.092 for limestone, 

0.112 for granite and 0.128 for basalt (Locat et al., 2006).  

The fragmentation energy is first calculated before determining the distance of which the 

block has travelled. The horizontal distance travelled is determined by utilizing equation 3.31 to 

solve for 𝑑2 and substituting into equation 3.28:  

                                                                𝐿 =  𝑑1𝑐𝑜𝑠𝜃 + 𝑑2                                                    (3.31) 

𝐿 =  
𝑔ℎ−3600𝑤𝑏

𝑔𝜇
                                                        (3.32) 

3.5.2 Results 

The parametric analysis completed for the fragmentation energy model considered only the 

parameters utilised to calculate the energy lost to fragmentation. The parametric analysis for the 

simple sliding energy model can be found in Section 3.2.3. The parametric analysis explored the 

relationship between the horizontal distance and 𝑆𝑎, 𝑆𝑏, and the mass. The results are displayed in 

Figures 3.25 and 3.26. The parameters used for the parametric analysis are listed in Table 3.4. An 

average value was utilised for both the D50 and d50 values in the parametric analysis, and it was 

assumed that k was equivalent to the value for limestone as five of the eight events considered in 

Locat et al. (2006) occurred in limestone. 
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Table 3.4 The constants utilised in the parametric analysis for the fragmentation energy 

model were obtained from average values from Appendix A, and from Locat et al. (2006). 

Constants 

Variable Value Unit 

Mass 1.8x1012 kg 

Gravity 9.81 m/s2 

Height 1000 m 

D50 2.25 m 

d50 0.25 m 

k 0.092 N/A 

θ 50 ° 

 

 

 

 

Figure 3.25 As the initial grain size, Sb (D50) is increased and the final grain size is kept 

constant, the horizontal distance travelled decreased as more energy is required to break the 

initial large grain size down to the final grain size. The increase in energy spent in 

fragmentation leaves less energy available to the system for the other processes which occur 

thus limiting the horizontal distance travelled.  

 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

2 2.5 3 3.5 4 4.5 5

H
o

ri
zo

n
ta

l D
is

ta
n

ce
 T

ra
ve

lle
d

  (
m

)

Sb (m)

Change in Sb and the Horizontal Distance



78 

 

 

Figure 3.26 As the final grain size, Sa (d50) is increased, and the initial grain size is kept 

constant, the horizontal distance travelled increased.  Increasing Sa decreases the difference 

in size between the initial and final grain size, thus less energy would be lost to fragmentation, 

leaving more energy available to the system.  

 

3.5.3 Discussion 

From Figure 3.25, as the grain size of the initial mass increases, Sb, the horizontal distance 

travelled decreases. The increase in initial grain size while keeping the final grain size constant 

increases the energy required to break the initial block. From Figure 3.26, as the final grain size 

increases so does the horizontal distance travelled as less energy is lost to fragmentation. Since the 

initial grain size is kept constant the gap in size between the two values decreases thus less energy 

is lost to fragmentation. Fragmentation energy appears to be dictated by the amount of change 

between the initial and final grain size, which is consistent with findings in current literature (e.g., 

Dunning, 2006; Locat et al., 2006; Crosta et al., 2007; Haug et al., 2016; Zhao et al., 2017).  

As per equation 3.32, this model is not mass-dependent and a change in mass will not affect 

the horizontal distance travelled for this model.  
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3.6 Model 5: Impact 

3.6.1 Impact Energy Model Path 

The impact energy model examines energy loss to the initial impact of a failure mass along 

a lower stiff slope after falling away from the failure surface. The impact energy model is in the 

preliminary stages and requires further research to better understand how it would affect the 

horizontal distance travelled by a rock avalanche. Few models explore the energy lost to initial 

impact and its relationship with the horizontal distance. This process could potentially be a 

significant source of energy loss and may be the cause for the large degree of fragmentation 

observed in some rock avalanche deposits.  

 

Figure 3.27 A representation of the preliminary impact energy model, a failure mass falls 

some height away from the failure surface onto a slope below, in the future this model would 

be calibrated for Path 1 and Path 2.  

Figure 3.27 displays the basis of the impact energy model. The failure mass falls from some 

height (H) and impacts on a stiff surface which does not deform upon impact. In the future, this 
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model will be completed utilizing Travel Path 1. It is assumed that no rotation occurs during the 

fall and the block or cylinder hits flat on its face. It becomes difficult to calculate the surface area 

of the impact of the block or cylinder when it rotates and strikes the ground in another position 

besides what is shown in Figure 3.27. Therefore, this model is not used to describe horizontal 

distance as the transition between two slopes would cause an impact to occur on an unknown 

surface area. Friction and air resistance are neglected in this model. This model assumes that 

energy is conserved and Point 1 is equal to Point 2:  

 

                                                                  𝑃𝐸 = 𝐼𝐸 = 𝐸𝐿                                                       (3.33) 

where PE is potential energy, IE is potential spring energy of the block and EL is energy lost to 

impact. The mass upon impact with the ground is assumed to deform acting like a compressed 

spring:   

                                                                      𝐼𝐸 =  
1

2
𝑘𝑥2                                                         (3.34) 

where x is the amount of deformation and k is a spring constant which can be calculated utilizing 

Hook’s Law:   

                                                                         
𝑘𝑥

𝐴
= 𝐸

𝑑

𝑙
                                                           (3.35) 

where k is the spring constant, x and d is the amount of which the block deforms by, A is the area 

of impact, E is the modulus of elasticity and l is the undeformed length of the block. The spring 

constant is calculated by: 

                                                                          𝑘 = 𝐸
𝐴

𝑙
                                                           (3.36) 

Substituting equation 3.36 into the k value of equation 3.34 gives:  
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                                                                       𝐼𝐸 =  
1

2
𝐸

𝐴

𝑙
𝑎𝑠𝑙2                                                 (3.37) 

                                                                     𝐼𝐸 =  
1

2
𝐸𝐴𝑙𝑎𝑠2                                                    (3.38) 

where as is the axial strain of the material is divided by 100 to represent the degree of deformation 

which the material undergoes. For the mass to fragment the potential spring energy of the rock 

would need to be exceeded, once this has occurred any other energy would be lost. 

The deformation of the mass is assumed to be the axial strain multiplied by the length of 

the body of the sample. The axial strain of the material is determined from a uniaxial compressive 

strength test and is a measurement of how much the sample deformed before breaking (Saadati et 

al., 2018). 

 

3.6.2 Results 

A parametric analysis was completed to determine how each parameter affects the energy 

lost to impact. The parametric analysis considered the change in mass, initial height, the surface 

area of impact and the mass geometry. 

The constant values are displayed in Table 3.5. The values for granite were obtained from 

Saadati et al. (2018). Granite was chosen for the parametric analysis as it displays brittle 

deformation during a uniaxial compression test which follows closely to the impact behaviour of 

a material (Saadati et al., 2018). An arbitrary size was chosen for the block as this model is in its 

preliminary stages and does not represent a complete rock avalanche event.  
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Table 3.5 The constants for the parametric analysis completed, the values for the rock were 

obtained from Saadati et al. (2018), an arbitrary size was chosen for the block as this model 

is in its preliminary stages.  

 

Variable Value Unit 

E 32.2 Gpa 

as 0.117 
 

ρ 2700 kg/m3 

V 0.000051 m3 

A 0.0008 m2 

L 0.062 m 

H 200 m 

g 9.81 m/s2 

 

 

Figure 3.28 The length of the block was increased and the energy lost to impact did not 

change thus the energy term is not dependent on the length of the block.  
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Figure 3.29 The surface area of the block at impact was increased and the energy lost to 

impact did not change, thus the energy term is not dependent on the geometry of the block 

itself.  

 

Figure 3.30 As the height at which the block fell was increased, the energy lost to impact also 

increased displaying that the impact energy is dependent on the height of which the block 

fell.  
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Figure 3.31 The energy lost to impact is directly related to the mass or volume of the block, 

as the volume of the block was increased and the energy lost to impact also increased. The 

impact energy term is a mass dependent term.  

 

3.6.3 Discussion  

Increasing the volume and height from which the block is dropped increases the energy 

lost at impact as displayed in Figures 3.30 and 3.31 respectively. The potential spring energy of 

the sample does not depend on the potential energy of the system; thus, the potential spring energy 

does not change with increasing potential energy. The excess energy not consumed by the potential 

spring energy is either lost to impact or stays within the system and is consumed by either 

fragmentation or friction. The amount of excess energy is directly related to the potential energy. 

As shown in Figures 3.28 and 3.29 the change in impact surface area and change in the 

block length does not affect the energy lost to impact. Thus, the impact energy model is dependent 

on the initial mass of the block.  
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The impact energy model requires further research to include this process in a simple 

sliding energy model with the consideration of brittle behaviours of rock, to fully understand how 

energy is lost to this process. As well, further work is required to determine the impact surface 

area of the failure mass when it initially falls onto the lower slope. 

 

3.7 The Utilization of Blasting Equations to Represent Fragmentation  

Blasting equations have been used to quantify rock avalanche fragmentation as shown by 

Locat et al. (2006). Rock blasting and rock avalanche fragmentation are unique processes and 

blasting equations likely do not provide an accurate representation of rock avalanche 

fragmentation. Since the Locat et al. (2006) model is based on blasting theory a few assumptions 

would vary from field observations. The blasting theory was designed to break a rock mass in an 

efficient and controlled manner with the product being a material with a fairly uniform grain size 

to ease transportation and processing (Wyllie and Mah, 2004). Rock avalanche deposits do not 

display a uniform grain size, rather the grain size ranges from micrometres to blocks larger than 

houses (Dunning, 2006; Dufresne et al., 2016b; Dufresne and Dunning, 2017; Zhang and 

McSaveney 2017). Further, when blasting a rock mass a grid-like pattern is utilised to ensure that 

the energy required to break the rock radiates equally throughout the mass (Wyllie and Mah, 2004). 

Lastly blasting aims to break a rock in tension as rocks are weakest in this manor and it would 

utilise the least amount of energy (Wyllie and Mah, 2004).  

The Locat et al. (2006) model does not account for the initial geometry of the rock mass, 

the ground stiffness of the lower slope and the impact energy of the failure mass on the slope. It 

has been observed that the rock mass will fragment along pre-existing discontinuities and is 

dependent on the initial join set, impact energy and ground stiffness (Turcotte, 1986; Ruiz-Carulla 
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et al., 2017; Zhao et al., 2017, 2018). The energy lost to the impact between the rock mass and the 

ground or another obstacle such as loose materials on the slope is likely the energy consumed by 

fragmentation.  

Rock avalanche fragmentation more than likely originates from the face which impacts the 

ground and the energy would radiate throughout the block originating from the impact face. This 

would cause a nonuniform grain size as the rock mass at the impact face would be pulverised to 

fine-grain particles while the rock mass furthest from the impact would not receive the same energy 

and would break into larger fragments (Farin et al., 2014; Zhao et al., 2017). Rock avalanche 

fragmentation is likely due to a rock mass breaking in compression rather than tension. Overall 

rock avalanche fragmentation is a chaotic uncontrolled process when compared with the blasting 

of a rock mass.  

 Davies et al. (2019) found that energy lost or required by fragmentation was greater than 

what was available in the system. In constrast De Blasio et al. (2018) found that fragmentation 

energy only required 0.2 to 18% of the total energy available in the system. The discrepancy 

between the two models highlights the knowledge gap in this area of research. 

 

3.8 Accuracy of the Apparent Coefficient of Friction Values  

Using the entrainment, fragmentation and real-world data it was determined that the 

calculated horizontal distance travelled by a rock avalanche is less than the actual distance travelled 

when it is assumed that the apparent coefficient of friction was the Heim’s Ratio value. The results 

of this analysis are shown in Table 3.6. The consistent underestimation of the horizontal distance 
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travelled by a rock avalanche by both the entrainment and fragmentation energy models led to 

further investigation to determine the cause.  

The calculated horizontal travel distance is underestimated by 2 to 32 % that represents a 

significant reduction in the run out values.  

Table 3.6 Comparison of the lengths calculated utilizing the entrainment and fragmentation 

models which assume the apparent coefficient of friction value is the Heim’s Ratio value of 

the events and actual horizontal lengths travelled by rock avalanches, data from (Evans and 

Hungr, 2004; Geertsema et al., 2006; Locat et al., 2006).  

Name Length (m) 

Length 

Calculated (m) % Reduction  

Frank Slide 3500 3034 13 

Slide Mountain 1650 1309 21 

Queen Elizabeth 2645 2309 13 

Jonas Creek north 2800 2665 5 

Jonas Creek south 1830 1774 3 

Claps de Luc 800 716 11 

La Madeliene 4500 3825 15 

Arvel 350 290 17 

Nomash River 2270 1552 32 

Pink Mountain 1950 1914 2 

 

The apparent coefficient of friction value is not known for rock avalanches as we can not 

directly measure for it (Cruden, 1980). A common assumption in rock avalanche literature is to 

assume that the apparent coefficient of friction value is equal to Heim’s Ratio value for each event. 

However, this assumption may be incorrect, as shown in Section 3.2.1, Heim’s Ratio (taken as the 

representation of the coefficient of apparent friction) was derived from a simple sliding energy 

model which only considers potential and frictional energy. When the entrainment and 

fragmentation energy models are solved for the apparent coefficient of friction value, the equations 
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do not simplify to Heim’s Ratio as shown in equations 3.39 and 3.40 respectively. This prompted 

an analysis of the validity of using Heim’s Ratio as the apparent coefficient of friction value for 

energy models which consider other energy terms besides potential and frictional energy: 

𝜇 =
𝑚1𝑔ℎ1+𝑚2𝑔ℎ2−𝐾𝐸𝑙1

(𝑚1+𝑚2)𝑔𝐿−𝑚2𝑔𝑐𝑜𝑠𝜃𝑑1
                                              (3.39) 

𝜇 =
𝑔ℎ−3600𝑤𝑏

𝑔𝐿
                                                      (3.40) 

For the examples considered, the height, mass, degree of fragmentation, and amount of 

mass entrained have been directly observed whereas the apparent coefficient of friction has not. 

Instead of utilizing the models to solve for the horizontal distance travelled, the entrainment and 

fragmentation energy models have been utilised to solve for the apparent coefficient of friction 

value. Table 3.7 displays the new apparent coefficient of friction values which have been 

calculated using Microsoft Excel’s Goal Seek Function.  

From Table 3.8, there is a reduction of 3 to 33% of the calculated (Goal Seek) apparent 

coefficient of friction value when compared with Heim’s Ratio values suggesting that actual runout 

exceeds that inferred by Heim’s Ratio. As stated earlier, Heim’s Ratio is derived from a simple 

sliding energy model which fails to account for other energy terms such as energy lost to inelastic 

collisions.  
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Table 3.7 Comparison of Heim’s Ratio as the apparent coefficient of friction value (µ) and a 

calculated µ value using rock avalanche data and the entrainment and fragmentation models 

to analyse the difference of the two values. 

Name µ = H/L µ (Goal Seek) 

% µ 

Reduction 

Frank Slide 0.22 0.19 13 

Slide Mountain 0.25 0.20 21 

Queen Elizabeth 0.36 0.31 13 

Jonas Creek north 0.31 0.29 5 

Jonas Creek south 0.49 0.48 3 

Claps de Luc 0.46 0.41 11 

La Madeliene 0.28 0.24 15 

Arvel 0.71 0.59 17 

Nomash River 0.24 0.16 33 

Pink Mountain 0.25 0.20 20 

 

The continued use of Heim’s ratio in models which consider other energy loss values would 

yield inconsistent results. This may already be occurring in current literature as Davies et al. (2019) 

utilised the Heim’s Ratio value as the apparent coefficient of friction value for their fragmentation 

energy model, which may account for the error observed in their model. Davies et al. (2019) 

concluded that the fragmentation energy term consumed more energy than what was available in 

the system, although this may not hold if a lower apparent coefficient of friction value is utilised.  

When utilizing energy models besides the simple sliding energy model, Heim’s Ratio is 

not a sufficient assumption for the apparent coefficient of friction value. A calibrated apparent 

coefficient of friction value would provide improved accuracy and could provide insight into the 

coefficient of friction. 
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Chapter 4 : Galileo Scaling and Rock Avalanche Geometry 

4.1 Introduction  

Through the statistical analysis of various rock avalanche databases, an interesting 

relationship between volume, area, horizontal length travelled, and Heim’s Ratio has been noted.  

The volume and the horizontal distance travelled appear to follow a square-cube scaling 

relationship. A square-cube scaling relationship was derived by Galilie (1638) to describe how the 

various parameters of an object would change if the volume of the object was increased or 

decreased. Galilie (1638) square-cube scaling law states that as the size of an object is increased, 

the volume of the object will increase greater at a greater rate proportional to the surface area of 

the object. For a given object such as a cube, if the size of the cube was to be increased, the volume 

would increase at a greater rate proportional to that of the surface area as shown in Figure 4.1. This 

theory can be applied to other parameters such as the resting heart rate for varying sizes of mammal 

species. The relationships between volume and area, volume and Heim’s Ratio and volume and 

horizontal distance travelled have been noted to potentially follow a square-cube scaling law 

(Davies, 1981; Hungr, 1990; Hungr and Evans, 2004; Delaney and Evans, 2014). Delaney and 

Evans (2014) were the first to recognise this as Galiloe Scaling. 

These relationships can be considered as empirical models and could potentially be used 

as predictive tools for determining the distance a rock avalanche will travel as well as the deposit 

area (Whittall et al., 2019). This chapter will not go into detail about the efficiency of these models 

as predictive tools. Instead, this chapter provides a preliminary analysis for these relationships.  

  To perform the statistical analysis, a database was created using rock avalanche 

information available in the literature and can be found in Appendix A. Table 4.1 displays an 

example of the information provided in a typical rock avalanche database in the literature.  
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Figure 4.1 A visualisation of Galileo Scaling, as the cube increases in size, the volume will 

increase at a greater rate proportional to the that of the surface area of the cube, as defined 

by Galilie (1638). 
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Table 4.1 The ten largest rock avalanches in the database and the information currently available from databases in literature, 

the location, thickness of the deposit, depositional length, and rock type were not provided.   

Name Location 

Height 

(km) 

Length 

(km) H/L 

Volume 

(km3) 

Area 

(km2) 

Thickness 

(m) 

Deposition 

Length 

(m) 

Rock 

Type Reference 

Popocatepetl  4 33 0.12 28     

Legros, 

2002 

Shasta  3.55 50 0.071 26 450    

Legros, 

2002 

Saidmarreh  1.5 18.9 0.079 20     

Legros, 

2002 

Socompa  3.25 35 0.092 17 480    

Legros, 

2002 

Peteroa  3.9 85 0.045 16     

Legros, 

2002 

Meru  3.9 50 0.078 15 1400    

Legros, 

2002 

Colima  4 40 0.1 12.5 900    

Legros, 

2002 

Flims  2 15.6 0.12 12     

Legros, 

2002 

Yatsugatake 

(Nirasaki)  2.4 32 0.075 9     

Legros, 

2002 

Chimborazo  3.6 35 0.1 8.1     

Legros, 

2002 

Egmont 

(Pungarehu)  2.6 31 0.083 7.5 250    

Legros, 

2002 
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Typically, the only information available from the datasets is the name of the rock 

avalanche, a vague or rough location of the deposit, the height and length it travelled and the 

volume. Further information such as geology, path topography, the thickness of rock avalanche 

deposit, the depositional area is not typically available in the published data. From the database, 

36% of datasets did include deposit length, thickness, area, or geology of the rock avalanche. This 

data has been included in the database when this information is provided. The statistical analysis 

considers the following parameters: volume, horizontal distance travelled, vertical distance 

travelled, apparent coefficient of friction determined from Heim’s Ratio, thickness, area and 

deposit length. Geology was not considered as there was insufficient data to create meaningful 

results as only 17% of cases included geological information, and 3% were of the same rock type. 

  

4.2 Results  

The relationships considered for the statistical analysis are volume and Heim’s Ratio, area 

and Heim’s Ratio, volume and area, volume and deposit thickness, area and thickness, volume and 

horizontal distance travelled, and volume and length of the deposit. Except for the area and deposit 

thickness plot, the figures have been plotted on a log-log scale to better display the relationships 

between parameters. The results of the statistical analysis are shown in Figures 4.2 to 4.8.  
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Figure 4.2 Comparison of the volume and apparent coefficient of friction or Heim’s Ratio, 

as the volume increases the Heim’s Ratio decreases, N = 336. 

 

 

Figure 4.3 A comparison of the area and the apparent coefficient of friction or Heim’s Ratio, 

as the area increases the Heim’s Ratio decreases, following a similar trend as the previous 

analysis. There are less data points in this analysis as area is not as often recorded as volume, 

N = 143.  
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Figure 4.4 The analysis of the volume and area, as the volume increases, the depositional 

area also increases, the data is well confined about the trendline, N = 162. 

 

Figure 4.5 The comparison of the volume and deposit thickness, a general trend does appear 

in that as the volume increases the deposit thickness also increases, better data is required to 

further analyse this relationship, N = 54.  
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Figure 4.6 The analysis of the area and thickness of a deposit, a relationship is not observed 

between these two parameters, N = 54.   

 

 

Figure 4.7 The analysis of the volume and horizontal distance travelled, as the volume 

increases the horizontal distance travelled also increase, the slope of the trendline is 0.33, or 

Galileo Scaling, N = 336. 
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Figure 4.8 Comparison of the volume and length of the rock avalanche deposit, there is a 

correlation between these two parameters in that as the volume increases, the length of the 

deposit also increases, more data is required to confirm this relationship, N = 9. 

 

From Figures 4.2 to 4.8, only one parameter analysis did not show a significant relationship 

or trend when plotted. Figure 4.6 displays the analysis of the depositional area and the reported 

thickness of the deposit, and no significant relationship is observed between these two parameters. 

Thus, the thickness of the deposit is not dependent on the depositional area of a rock avalanche. 

This could be due to the lack of recorded thicknesses of rock avalanche deposits. The reported 

thickness does appear to be related to the volume, however, as shown in Figure 4.5. As the volume 

increases the thickness of the rock avalanche also increases suggesting that a certain thickness is 

required for rock avalanche movement. From Figure 4.4, as the volume increases the depositional 

area also increases and since both area and thickness are dimensional parameters if the volume 

increased, the thickness and area should increase as well. This is further supported by Figure 4.8, 

which shows that as the volume increases so does the length of the deposit.  
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Another trend to note which is displayed in both Figures 4.2 and 4.3 is that the Heim’s 

Ratio decreases with increasing volume and area. The relationship between the parameters does 

display a large scatter, with the similar volume rock avalanches having a large range in Heim’s 

values (eg. Volume of 1M m3, the Heim’s value ranges from 0.1 to 0.9). The scatter is most likely 

due to external factors (e.g. geology, environment, degree of path confinement, and potential 

trigger mechanisms) which affect rock avalanche runout that is not accounted for through this 

correlation.  

Lastly, Figure 4.7 displays the relationship between volume and the horizontal distance 

travelled by a rock avalanche. As the volume increases, the horizontal distance travelled by the 

rock avalanche also increases. However, there is a large degree of scatter about the trendline, for 

a volume of 5 Mm3 there is a horizontal distance travelled of 650 m and 9000 m. This variance in 

the degree of magnitude difference the runout distance can have for similar volumes is not 

acceptable for a prediction tool. This could mean the difference between catastrophic and non-

catastrophic effects from the rock avalanche. The methods to further constrain the scatter present 

in the data will be discussed in section 4.4.  

 

4.3 Discussion  

The volume and horizontal distance travelled appears to follow a Galileo Scaling 

relationship, as the slope of the trendline is 0.33. The volume, area and Heim’s Ratio also appear 

to follow some sort of scaling relationship that is not Galileo Scaling.  

As noted in the previous section, there is significant scatter. A method that is commonly 

utilised for building empirical relationships is to divide the database down into smaller datasets 
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based on the general location of the rock avalanches. Using this method of analysis, three new 

datasets were considered alongside the Legros (2002) database. The Legros (2002) database is a 

baseline to compare the results of the new datasets as it is a large database. The three different 

datasets were based on the location of which the rock avalanche occurred: Norway, China and 

Canada (Cruden, 1976; Eisbacher, 1977, 1979; Clague and Souther, 1982; Cruden, 1982; Cruden 

and Eaton, 1987; Jackson and Isobe, 1990; Ryder et al., 1990; Evans and Clauge, 1991; Evans et 

al., 2001; Levson et al., 2003; Hungr and Evans, 2004; Huscroft et al., 2004; Orwin et al., 2004; 

Geertsema et al., 2006; Brideau et al., 2010; Brideau et al., 2012; Guthrie et al., 2012; Hermanns 

et al., 2012; Sakals et al., 2012; Blais-Stevens et al., 2015; Schleier et al., 2017; Zhan et al., 2017; 

Mitchell et al., 2019). The results are shown in Figures 4.9, 4.10 and 4.11 and Tables 4.2, 4.3 and 

4.4. 

Figures 4.10 and 4.11 show a correlation between the parameters however these 

relationships do not necessarily follow Galileo Scaling as the exponents are not 0.33 or 0.66. 

Further, from Figure 4.10, the trendlines exponents vary greatly between the datasets with none 

following Galileo Scaling. From Table 4.4, the R2 values of both the Chinese and Canadian 

databases are low. The Norwegian database is not considered for Figure 4.9 as the area was not 

recorded for any of the events.  

Table 4.2 The equation of the trendline and R2 value for Figure 4.9. 

Dataset 

Trendline 

Equation R2 

 

N 

Legros, 2002 y = 8x0.36 0.81 81 

Norway y = 93x0.18 0.36 24 

China y = 6x0.36 0.84 37 

Canada y = 90x0.21 0.47 29 
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Figure 4.9 The analysis of volume and horizontal distance travelled from the four datasets, 

the equations of the trendlines and the R2 values can be found in Table 4.8, the Legros, (2002) 

and Chinese database both have slope values of 0.36, whereas the Norwegian and Canadian 

databases have trendline values of 0.18 and 0.21 respectively. 

 

 

Table 4.3 The equation of the trend lines and R2 values for Figure 4.10. 

Dataset 

Trendline 

Equation R2 

 

N 

Legros (2002) y = 6x0.78 0.92 81 

Norway N/A N/A 0 

China y = 325x0.51 0.73 37 

Canada y = 2x0.78 0.98 29 
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Figure 4.10 The analysis of the volume and area using the Legros (2002), Chinese and 

Canadian database, the Norwegian database did not list area for the rock avalanche deposits 

and is not included in this analysis.  The trendline equations and R2 values can be found in 

Table 4.3.   

 

Table 4.4 The equation of the trend lines and R2 values for Figure 4.11. 

Dataset 

Trendline 

Equation R2 

 

N 

Legros (2002) y = 7x-0.19 0.75 81 

Norway y = 6x-0.16 0.70 24 

China y = 0.41x-0.047 0.03 37 

Canada y = 0.84x-0.73 0.19 29 
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Figure 4.11 The analysis of the volume and Heim's ratio using four datasets, the equation of 

the trendlines and R2 values are listed in Table 4.4, the slopes of the four trendlines vary, 

with the Chinese trendline having a slope value of 0.047, and the Canadian database having 

a slope value of 0.73. 

 

Figure 4.9 illustrates an important knowledge gap in rock avalanches. The Legros (2002) 

dataset is created of rock avalanches on a global scale, which would average the trendline to 

Galileo Scaling. Examining the individual datasets, the Chinese dataset consists of similar rock 

avalanche events whereas the Norwegian and Canadian datasets do not. The Chinese dataset of 

rock avalanches originates from the 2008 Wenchuan earthquake and occur in similar geologies 

and environments. This increases the confinement of the data about the trendline as the rock 

avalanches would have similar dictating properties. The Norwegian and Canadian datasets consist 

of rock avalanches from across their respective countries and generally occur within a similar time 

span. These rock avalanches occurred under different conditions and have different controlling 
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properties, essentially the data is not well confined. These datasets could be reorganised in a way 

that would allow for improved organization of the data and potentially increase our understanding 

of rock avalanches. Nicoletti and Sorriso-Volva (1991), Straub (1996) and Mitchell et al. (2019) 

have determined that environment, topography, and source geology can affect the horizontal 

distance and Heim’s Ratio for a given rock avalanche. Datasets could be reconstructed based on 

rock avalanche properties rather than location. Rock avalanches that occur in the same locality 

may not display similar characteristics and the properties dictating the horizontal distance travelled 

could vary drastically. For instance, a large factor that controls rock avalanche travel distance is if 

it is laterally confined. Rock avalanches may occur in the same area and one may be channelised 

and the other unconfined, where the latter does not travel as far as a channelised rock avalanche 

(Eisbacher, 1979). However, this information is rarely provided as shown in Table 4.5, as well as 

other prominent characteristics about rock avalanches such as their geology, degree of 

entrainment, the grain size of the deposit etc. Table 4.5 has been created to display the information 

provided in the Legros (2002) paper of the rock avalanches across the world. Due to data sparsity, 

further analysis to determine if datasets arranged by their properties rather than their location 

would yield better results can not be examined. 

To examine the scaling relationship the volume and horizontal distance travelled were 

compared against a synthetic horizontal distance travelled value that has been calculated from 

Galileo Scaling. The results of this comparison are shown in Figure 4.11. The equation used to 

calculate the synthetic value from Galileo scaling is given as: 

𝐿𝑝 = 𝑉0.33                                                            (4.1) 
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where 𝐿𝑝 is the calculated horizontal distance from the Galileo Scaling and V is the volume of the 

rock avalanche.  

Table 4.5 An example of the information available in a rock avalanche database (Legros, 

2002). 

Rock Avalanche 

Name Location 

Height 

(km) 

Length 

(km) H/L V (Mm3) 

Area 

(km2) 

Asama   1.8 20 0.090 2 90 

Bandai-san 1888   1.2 11 0.109 1.5 34 

Bezymianni 1956   2.4 18 0.133 0.8 30 

Callaqui   3.1 15 0.207 0.15   

Chaos Crags   0.65 5 0.130 0.15 8 

Chimborazo   3.6 35 0.103 8.1   

Chokai   2.2 25 0.088 3.5   

Colima   4 40 0.100 12.5 900 

Egmont 

(Pungarehu)   2.6 31 0.084 7.5 250 

Egmont (Opua)   2.5 27 0.093 0.35 120 
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Figure 4.12 The synthetic Galileo Scaling values have been compared with the volume and 

horizontal distance travelled data, the synthetic Galileo Scaling values plot an order of 

magnitude below the actual data.  The trendlines for these two datasets are parallel as both 

have a slope of 0.33.  

 

From Figure 4.12, the horizontal distance travelled (L) calculated for a given volume (V) 

(based on Eq. 4.1) plots an order of magnitude below the volume and horizontal distance trend 

line. The trend line of the two datasets is parallel to each other (i.e., the exponent is 0.33) thus, 

showing that the volume and horizontal distance relationship follows a Galileo Scaling 

relationship. The order of magnitude difference between the two trend-lines is found to be 1 and 

there appears to be an offset between the two databases of about 12 (if we multiplied the Galileo 

Scaling values by 12, we would obtain a value close to the actual value of the rock avalanche). 

This value does not appear to be related to any rock avalanche parameter and changes when 

considering different databases. Figure 4.13 displays the three smaller databases compared against 

the synthetic Galileo Scaling value. The Chinese database appears to have a smaller offset value 
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of 6 whereas the Canadian and Norwegian databases are offset by 89 and 92 respectively, these 

values are obtained from the trendline equation. This value could be related to the degree of 

confidence of the dataset. Further work is required to determine why this value changes with 

different databases. 

 

Figure 4.13 The comparison of the four smaller datasets with the synthetic Galileo Scaling 

values, again, the real datasets plot an order of magnitude above the synthetic values and the 

trendlines of the datasets appear to be parallel to the synthetic Galileo Scaling values with 

the exception of the Norwegian database.  

The horizontal distance represented by Galileo Scaling underestimates the horizontal 

distance travelled by a rock avalanche in the field.  Galileo Scaling appears to be a simple 

geometric concept that does not account for any of the mechanics and/or field conditions which 

cause an increase in the travel distance of a rock avalanche. However, this does not account for the 

scatter observed in the data, as discussed earlier, smaller datasets with similar characteristics will 

likely yield results that follow closer to a trend line. These smaller datasets could potentially be a 

useful simple prediction tool however further research is required.  
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The synthetic Galileo Scaling value was utilised to analyse the relationship observed 

between the volume and Heim’s Ratio value in Figure 4.14. Figure 4.14 examines utilizing real 

height data of the rock avalanches and the synthetic horizontal distance travelled to calculate a 

new Heim’s Ratio value. The new dataset was analysed with the real-world Heim’s Ratio values.  

 

Figure 4.14 A synthetic Heim’s Ratio value was compared with the actual Heim’s Ratio value 

against volume, the synthitec Heim’s Ratio was calculated by dividing the height of the rock 

avalanche by the synthetic length calculated from Galileo Scaling.  The synthetic Heim’s 

Ratio values plot above the actual as the length values calculated from Galileo Scaling are 

less than the actual lengths of the events.  

 The relationship observed in Figure 4.14 displays the comparison between the real Heim’s 

Ratio values for rock avalanche events and a synthetic Hiem’s Ratio value. This value was 

determined by utilizing real-world height data for rock avalanches and the synthetic horizontal 

distance value to calculate a new synthetic Heim’s Ratio value. Per Figure 4.14, the trendline for 

these two databases appears to be parallel with an exponent of ~ 0.33 consistent with Galileo 

Scaling. The synthetic data points is offset by roughly an order of magnitude from the actual field 
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data. Again, it is not known what causes this offset as it does not relate to any rock avalanche 

parameters. A probable cause is that as explained earlier, the calculation for the synthetic 

horizontal distance value does not account for external factors that influence the horizontal 

distance travelled.  

 

4.4 Conclusion  

Galileo Scaling can be used as a rough prediction tool for determining the total horizontal 

distance travelled by a rock avalanche. Equation 4.2 displays a proposed equation for predicting 

the horizontal distance travelled by a rock avalanche based on Galileo Scaling. 

𝑦 = 𝐵 +  𝑉0.33 ± 𝐸                                                    (4.2) 

Where y is the horizontal distance travelled, B is an offset term to account for the offset 

between the synthetic Galileo Scaling values and the real data, V is the volume of the rock 

avalanche and E is an error term. Further research is required to build a database containing 

information past the height, length, and volume of the rock avalanches which in turn, would allow 

for the creation of a more accurate empirical statistical tool. By including the source geology, the 

degree of lateral confinement, and mode of failure, the understanding of the Galileo Scaling 

relationship between volume and the horizontal distance travelled could be improved. This could 

potentially devise an accurate prediction tool that could be utilised quickly in the field to determine 

the potential horizontal distance a rock avalanche could travel.  

Available filed data shows that the area and deposit thickness do not share a strong 

relationship. Area and apparent coefficient of friction expressed as Heim’s Ratio do correlate, as 

well as volume and thickness, and volume and length of deposit. These relationships could prove 
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useful in potentially predicting future rock avalanche deposit geometry once smaller data sets have 

been established. 
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Chapter 5 : Conclusions and Implications 

5.1 Literature Review of Rock Avalanche Models  

An extensive literature review of rock avalanche behaviour current was completed to 

determine the present knowledge gaps of these catastrophic phenomena. These have been 

identified as:  

1. Fragmentation – while various models have been developed to characterise rock 

avalanche fragmentation, these models do not agree with respect to how much 

energy is lost to this process or how this process occurs. 

2. Entrainment – there are active discussion as to whether the entrainment of mass 

during rock avalanche motion is an energy sink or source term. Furthermore, it is 

not well understood how entrainment affects the horizontal distance travelled by a 

rock avalanche. 

3. Environment – environmental factors are not typically quantified in rock avalanche 

models even though the environment, degree of lateral confinement, source 

geology and initial failure mechanisms have all been shown to affect the horizontal 

distance travelled.  

4. Coefficient of Friction – The coefficient of friction of a rock avalanche is typically 

assumed to be constant, which likely is not the case in the field. The coefficient of 

friction would change depending on the degree of fragmentation of the rock 

avalanche, how much mass is entrained, and if the mass entrained is saturated or 

unsaturated.  

5. Databases – existing rock avalanche databases often only include the name, height, 

length, volume and general location of the event, other information such as source 
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geology is typically not included. Consideration of other parameters such as the 

environment could improve the analysis of the Galileo Scaling relationship 

observed between the volume and the horizontal distance travelled.  

 

5.2 Simple Physics Energy Models  

The sliding physics analysis shows that a change (entrainment or deposition) in the initial 

mass of the rock avalanche does not affect the horizontal distance travelled. Instead, the percentage 

of mass either entrained or deposited during  rock avalanche motion either decreased (entrainment) 

or increased (deposition) the horizontal distance respectively. An explanation could be found in 

the impact energy model, which was the only simple physics model to display a direct dependency 

on the initial mass of a rock avalanche. As the initial rock avalanche mass increases, the energy 

lost to impact also increased, this energy loss is likely transferred into fragmentation and frictional 

energy. Further research is required however into the impact energy model to provide a better 

understanding of how this model is affected by varying slope angles and to fully incorporate the 

model into an equation that represents the entire rock avalanche process.  

The path geometry of the rock avalanche was found to not affect the total horizontal 

distance travelled. Two different topographic profiles were examined: i) a slope that connects to a 

lower, horizontal surface, and, ii) a slope that connects to a lower horizontal surface which has a 

hill over which the rock avalanche travels and continues on a distal horizontal slope. When 

calculating the horizontal distance travelled between these two topographic profiles the distance 

calculated was the same between the two. The geometry of the runout path does not affect the 

horizontal distance travelled and the importance of determining the path geometry may not be as 

crucial as previously considered. It is important to note that the lateral confinement of a rock 
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avalanche has been shown to have a direct effect on the horizontal distance travelled. Nicoletti and 

Sorriso-Valvo (1991) found that unconfined rock avalanches generally did not travel as far as 

confined rock avalanches, and that unconfined rock avalanches displayed a larger deposit area 

which were thinner in thickness than that of a confined rock avalanche. There should be more 

importance placed on the lateral constraints of a rock avalanche rather than the path geometry as 

it has a greater effect on the rock avalanche travel distance.  

The assumption that blasting theory is an accurate representation of rock avalanche 

fragmentation could potentially be incorrect. Blasting theory is derived from a controlled energy 

blast within a rock mass that radiates equally through the mass to obtain an almost uniform grain 

size (Locat et al., 2006). Rock avalanches are chaotic events that display a large range in grain size 

from boulders to silty particles (Bartali et al., 2020). Rock avalanche fragmentation likely 

originates from the impact face of the rock body onto a lower slope and radiates outwards. This 

process would likely be a large energy sink however further research is required to determine the 

implications of this model.  

Heim’s Ratio is typically used as the apparent coefficient of friction value in rock avalanche 

models which is an incorrect assumption in many cases. Heim’s Ratio is derived from a simple 

physics model which exclusively considers potential energy and frictional energy, no other energy 

losses are considered. If a rock avalanche model only considered energy losses to friction, then the 

assumption that the apparent coefficient of friction is equal to Heim’s Ratio is correct. When other 

energy losses are considered, such as fragmentation or entrainment, the apparent coefficient of 

friction value is found to be lower than the Heim’s Ratio value by 3 to 33%. When the other simple 

models (e.g. entrainment) are rearranged to solve for the apparent coefficient of friction value, they 

do not simplify to Heim’s Ratio. Once energy loss or gains besides potential energy and frictional 
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energy are considered, Heim’s Ratio is no longer a reasonable assumption for the apparent 

coefficient of friction value. A direct implication of the improper use of Heim’s Ratio as the 

apparent coefficient value can be observed in Davies et al. (2019) model of fragmentation. These 

authors determined that the fragmentation energy used more energy than what was available to the 

system; however, the apparent coefficient of friction value for the frictional energy loss was 

assumed to be Heim’s Ratio. By assuming Heim’s Ratio as the apparent coefficient of friction 

value, the energy loss to friction would be overestimated and could contribute the finding that  lost 

to fragmentation exceeds the available energy (Davies et al., 2019). Heim’s Ratio may still be used 

as a way to display the mobility of a rock avalanche as it is a quick analysis and allows for the 

mobility to be compared between various rock avalanche events.  

 

5.3 Statistical Relations  

It has been noted in the literature that there appears to be a square-cube law relationship, 

identified by Delaney and Evans (2014) as Galileo Scaling, between volume and the depositional 

area, horizontal distance travelled and Heim’s Ratio. A preliminary analysis was completed 

through the use of a rock avalanche inventory to determine the validity of these relationships. The 

horizontal distance, Heim’s Ratio and depositional area all scale with the rock avalanche volume, 

with horizontal distance travelled and volume displaying the strongest correlation. The major 

criticism of these correlations is the amount of scatter, for a given volume the horizontal distance 

travelled may range from 650m to 9000m. These figures are often created using rock avalanche 

inventories which represent rock avalanches from variable source geology, and environments, all 

of which affect the horizontal distance travelled by a rock avalanche. To limit scatter smaller 

datasets were considered. These datasets were constrained by location, environment and source 
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geology and generally displayed less scatter. The large database had an R2 value of 0.73, whereas 

the Legros (2002) and Chinese database had R2 values of 0.81 and 0.84 respectively, thus showing 

an increase of the confidence of the data about the trendline. When considering the volume and 

horizontal distance travelled the Chinese database exhibited strong Galileo Scaling,  

An estimate of the horizontal distance travelled by a rock avalanche can be calculated using 

Galileo Scaling, this new value was compared with field characteristics in the database to explore 

potential rock avalanche behaviour. The field data plotted an order of magnitude above the 

calculated horizontal distance value and did not correlate well with any rock avalanche parameters 

such as deposit length, thickness, area or apparent coefficient of friciont. 

A simple prediction equation was created based on Galileo Scaling that could potentially 

account for the offset observed between the synthetic and real values.  

 

5.4 Further Research  

The fragmentation and impact energy simple models require further research. The impact 

energy model is limited to the current analysis as the model increases in complexity when 

considering a block sliding down a slope. Additional insights may be gained from understanding 

how this model would behave when the rock mass falls onto slope rather than a horizontal surface. 

As well, further data about deformation rates of various rock types are required to explore how 

lithology can affect the horizontal distance travelled.  

Further, the energy lost when a rock mass impacts a lower slope is likely related to the 

energy lost to fragmentation. The current rock fragmentation models for rock avalanches differ the 

amount of energy consumed by these processes. The fragmentation energy model used in this 
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thesis is based on blasting theory. This model assumes that energy lost to the breaking of the rock 

mass is distributed evenly across the rock and originates from the centre of the mass and that the 

final material has a uniform grain size (Locat et al., 2006). Rock avalanches do not display a 

uniform grain size, rather the grain size often ranges from dust to blocks the size of a house 

(Delaney and Evans, 2014). Further, the fragmentation of a rock avalanche would originate from 

the side of a rock mass which collided with the lower slope and radiate outwards from this surface. 

These key differences change how the rock would fragment, and changes the energy consumed by 

this process.  

Mitchell et al. (2018) and Whitall et al. (2020) have theorised that the utilizing a scaling 

relationship could potentially be used as a prediction tool for determining the potential travel 

distance of rock avalanches. This would require databases that contained more information about 

rock avalanches than what is currently available in the literature. Databases with greater 

information about rock avalanches would allow for the creation of smaller datasets that are 

constrained based on location, environment, source geology, the rock avalanche trigger, and other 

external conditions. The completion of these smaller datasets would allow for further analyses to 

be completed to determine how Galileo Scaling is affected by these factors and to create a potential 

prediction tool.  
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Name Location 

Height 

(km) 

Length 

(km) H/L 

Volume 

(km3) 

Area 

(km2) 

Thickness 

(m) 

Deposition 

Length Rock Type Reference 

           

Blackhawk  1.2 9.6 0.13 0.28     Legros, 2002 

Corno di desde 1.2 3.7 0.32 0.02     Legros, 2002 

Deyen, Glarus  0.74 6.6 0.11 0.6     Legros, 2002 

Diablerets  1.9 5.5 0.35 0.05     Legros, 2002 

Disentis  0.74 2.1 0.35 0.015     Legros, 2002 

Elm  0.71 2.3 0.31 0.01     Legros, 2002 

Engelberg  1.6 7.4 0.22 2.75     Legros, 2002 

Fernpass  1.4 15.6 0.09 1     Legros, 2002 

Flims  2 15.6 0.13 12     Legros, 2002 

Frank  0.87 3.5 0.25 0.03     Legros, 2002 

Garnish  1.9 7.5 0.25 0.8     Legros, 2002 

Goldau  1.2 6 0.20 0.035     Legros, 2002 

Gros Ventre  0.56 3.4 0.16 0.038     Legros, 2002 

Kandertal  1.9 9.9 0.19 0.14     Legros, 2002 

Maligne Lake  0.92 5.47 0.17 0.5     Legros, 2002 

Medicine 

Lake  0.32 1.22 0.26 0.086     Legros, 2002 

Madison  0.43 1.6 0.27 0.029     Legros, 2002 

Mombiel  0.37 0.8 0.46 0.0008     Legros, 2002 

Obersee GL  1.8 5 0.36 0.12     Legros, 2002 

Pamir  1.5 6.2 0.24 2     Legros, 2002 

Poshivo  1.5 4.1 0.37 0.15     Legros, 2002 

Saidmarreh  1.5 18.9 0.08 20     Legros, 2002 

Schachental  1.8 3.1 0.58 0.0005     Legros, 2002 

Scimada Saoseo 1.5 5.5 0.27 0.08     Legros, 2002 

Sherman  1.3 6.2 0.21 0.03     Legros, 2002 

Siders  2.4 17.4 0.14 1.5     Legros, 2002 

Tamins  1.3 13.5 0.10 1.3     Legros, 2002 
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Vaiont  0.5 1.5 0.33 0.25     Legros, 2002 

Val Lagone  1.05 2.4 0.44 0.0007     Legros, 2002 

Voralpsee  1.1 3.4 0.32 0.03     Legros, 2002 

Wengen 1  0.5 1.1 0.45 0.0025     Legros, 2002 

Wengen 2  0.59 1.4 0.42 0.0055     Legros, 2002 

Akagi  2.4 19 0.13 4     Legros, 2002 

Asakusa  1 6.5 0.15 0.04     Legros, 2002 

Asama  1.8 20 0.09 2 90    Legros, 2002 

Bandai-san 1888 1.2 11 0.11 1.5 34    Legros, 2002 

Bezymianni 1956 2.4 18 0.13 0.8 30    Legros, 2002 

Callaqui  3.1 15 0.21 0.15     Legros, 2002 

Chaos Crags  0.65 5 0.13 0.15 8    Legros, 2002 

Chimborazo  3.6 35 0.10 8.1     Legros, 2002 

Chokai  2.2 25 0.09 3.5     Legros, 2002 

Colima  4 40 0.10 12.5 900    Legros, 2002 

Egmont (Pungarehu) 2.6 31 0.08 7.5 250    Legros, 2002 

Egmont (Opua) 2.5 27 0.09 0.35 120    Legros, 2002 

Fuji  2.5 24 0.10 1.8     Legros, 2002 

Galunggung  1.9 25 0.08 2.9 175    Legros, 2002 

Iriga  1.05 11 0.10 1.5 65    Legros, 2002 

Iwaki  1.6 14 0.11 1.5     Legros, 2002 

Komagatake  1 11.5 0.09 0.25     Legros, 2002 

Kurohime  0.8 6 0.13 0.12     Legros, 2002 

Mageik 0.8 0.8 9 0.09 0.09     Legros, 2002 

Mawenzi  4.5 60 0.08 7.1 1150    Legros, 2002 

Meru  3.9 50 0.08 15 1400    Legros, 2002 

Monbacho  1.3 12 0.11 1 45    Legros, 2002 

Mt. St. Helns 1980 2.55 24 0.11 2.5 60    Legros, 2002 

Myoko (Sekikawa 2 19 0.11 0.8     Legros, 2002 

Myoko (Taguchi) 1.4 8 0.18 0.23 10    Legros, 2002 

Ovalnaya Zimina 2.4 17 0.14 0.4     Legros, 2002 
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Papandayan  1.5 11 0.14 0.14     Legros, 2002 

Peteroa 3.9 3.9 85 0.05 16     Legros, 2002 

Popa  1.2 11 0.11 0.8     Legros, 2002 

Popocatepetl  4 33 0.12 28     Legros, 2002 

Shasta  3.55 50 0.07 26 450    Legros, 2002 

Shiveluch 2 2 12 0.17 1.5 98    Legros, 2002 

Sierra Velluda  3.4 25 0.14 0.5     Legros, 2002 

Socompa  3.25 35 0.09 17 480    Legros, 2002 

Tashiro  0.7 8.8 0.08 0.55     Legros, 2002 

Tateshina  1.4 12.5 0.11 0.35     Legros, 2002 

Unzen  0.85 6.5 0.13 0.34 12    Legros, 2002 

Usu  0.5 6.5 0.08 0.3     Legros, 2002 

Yatsugatake (Nirasaki) 2.4 32 0.08 9     Legros, 2002 

Yatsugatake (Otsukigawa) 1.4 12.5 0.11 0.27     Legros, 2002 

Soufriere Guadeloupe 1.35 9.5 0.14 0.5 25    Legros, 2002 

St Helens 20000 BP 1.75 16 0.11 1     Legros, 2002 

Vesuvius 1944  0.575 0.64 0.90 0.0002 0.898    Legros, 2002 

Vesuvius 1944  0.505 0.94 0.54 0.0009 0.537    Legros, 2002 

Vesuvius 1944  0.285 0.5 0.57 0.0006 0.099    Legros, 2002 

Vesuvius 1944  0.47 0.96 0.49 0.0008 0.126    Legros, 2002 

Vesuvius 1944  0.636 1.24 0.51 0.001 0.136    Legros, 2002 

Vesuvius 1944  0.36 0.68 0.53 0.0011 0.145    Legros, 2002 

Vesuvius 1944  0.41 0.82 0.50 0.0012 0.161    Legros, 2002 

Jocotitlan  1.15 12 0.10 2.8 80    

Legros, 2002, Siebe et al. 

1992  

Frank Slide  0.76 3.5 0.22  2.44 15 2300  Locat et al. 2006 

Slide Mountain 0.42 1.65 0.25  1.28 25 1130  Locat et al. 2006 

Queen Elizabeth 0.95 2.65 0.36  0.93 60 1800  Locat et al. 2006 

Jonas Creek north 0.86 2.8 0.31  1.08 3 1880  Locat et al. 2006 

Jonas Creek south 0.9 1.83 0.49  0.5 12 700  Locat et al. 2006 

Claps de Luc  0.37 0.8 0.46  0.4 15 425  Locat et al. 2006 
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La Madeleine  1.25 4.5 0.28  2.06 60 500  Locat et al. 2006 

Charmonetier  0.52 0.6 0.87  0.04 15 400  Locat et al. 2006 

Arvel  0.25 0.35 0.71  0.03 10 310  Locat et al. 2006 

Sao Nicolau N  2.869  0.11      Masson et al. 2008 

Sao Nicolau NE 3.127  0.12      Masson et al. 2008 

Sao Nicolau NW 2.682  0.10      Masson et al. 2008 

Sao Nicolau S  4.306  0.07      Masson et al. 2008 

Sao Vicente  2.703  0.06      Masson et al. 2008 

Thurwieser   0.583 2.9 0.20      Sosio et al. 2008 

Lorna d Aspereza 1 7 0.14     Granite/schist 

Hermanns and Strecker, 

1999 

Aval d Zarzo I  0.9 6.5 0.14     Granite 

Hermanns and Strecker, 

1999 

Aval d Zarzo 

II  0.65 4 0.16     Granite 

Hermanns and Strecker, 

1999 

Lorna d Redonda 1 7 0.14     Granite/Schist 

Hermanns and Strecker, 

1999 

Villa Vil I  0.3 2.5 0.12     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Villa Vil II  0.35 2.25 0.16     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Villa Vil III  0.4 2.5 0.16     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Villa Vil IV  0.4 2.75 0.15     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Villa Vil V  0.4 1.5 0.27     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Villa Vil VI  0.25 1 0.25     

Volcanic 

breccia 

Hermanns and Strecker, 

1999 

Rincon Ruins I  0.8 5.5 0.15     Granite 

Hermanns and Strecker, 

1999 

NN  0.5 2.2 0.23     Granite 

Hermanns and Strecker, 

1999 
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nn  0.7 3.5 0.20     Phyllite 

Hermanns and Strecker, 

1999 

NN  0.7 3.75 0.19     Conglomerate 

Hermanns and Strecker, 

1999 

NN  0.7 3.1 0.23     Conglomerate 

Hermanns and Strecker, 

1999 

El Paso I  1.1 4.75 0.23     Conglomerate 

Hermanns and Strecker, 

1999 

El Paso II  0.7 2.85 0.25     Conglomerate 

Hermanns and Strecker, 

1999 

Casa de los Loros II 1.1 3.5 0.31     Conglomerate 

Hermanns and Strecker, 

1999 

I  0.65 2.3 0.28     Conglomerate 

Hermanns and Strecker, 

1999 

Brealito  0.7 2.25 0.31     Conglomerate 

Hermanns and Strecker, 

1999 

Pandemonium Cr. 1959 2 8.6 0.23     Gneiss 

Nicoletti and Sorriso-

Valvo, 1991 

Twin Slides   0.9 4.67 0.19     Caron r. 

Nicoletti and Sorriso-

Valvo, 1991 

Twin Slides €  0.82 4.4 0.19     Carbon r. 

Nicoletti and Sorriso-

Valvo, 1991 

Antronapiana, 1642 1.65 4.19 0.39     Gneiss 

Nicoletti and Sorriso-

Valvo, 1991 

Huascaran, 1962 3.6 15.5 0.23     Granodiorite 

Nicoletti and Sorriso-

Valvo, 1991 

Triolet Glac, 1717 1.86 6.9 0.27     Granite 

Nicoletti and Sorriso-

Valvo, 1991 

Steller 1, 1964  1.2 6.7 0.18     Granite 

Nicoletti and Sorriso-

Valvo, 1991 

Allen 4, 1964 or 1965 1.3 7.7 0.17     Granite 

Nicoletti and Sorriso-

Valvo, 1991 

Fairweather 1964 or 1965 3.3 10 0.33     Granite 

Nicoletti and Sorriso-

Valvo, 1991 

Schwan, 1964  1.55 6.1 0.25     Granite 

Nicoletti and Sorriso-

Valvo, 1991 
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Devastation GL. 1975 1.19 6.1 0.20     Soft volc r. 

Nicoletti and Sorriso-

Valvo, 1991 

Diablerets, 1749 1.2 5.5 0.22     Limestone 

Nicoletti and Sorriso-

Valvo, 1991 

Rubble Cr. 1855 or 1856 1.04 6.9 0.15     Dacite 

Nicoletti and Sorriso-

Valvo, 1991 

Nozzle, unk  1.05 6.42 0.16     Carbon r. 

Nicoletti and Sorriso-

Valvo, 1991 

Huscaran, 1970 3.85 15.6 0.25     Granodiorite 

Nicoletti and Sorriso-

Valvo, 1991 

Dust Cr. 1963  0.97 2.49 0.39     Dacite 

Nicoletti and Sorriso-

Valvo, 1991 

Sasso Englar  0.6 2.3 0.26     

Resissant volc. 

R 

Nicoletti and Sorriso-

Valvo, 1991 

Dfinov   0.37 1.68 0.22     Gneiss 

Nicoletti and Sorriso-

Valvo, 1991 

Damocles  0.55 3.4 0.16     Carbon r, 

Nicoletti and Sorriso-

Valvo, 1991 

Mystery Cr.  1.25 4 0.31     Diorite 

Nicoletti and Sorriso-

Valvo, 1991 

Goldau 1806  1.12 6.1 0.18     Conglomerate 

Nicoletti and Sorriso-

Valvo, 1991 

Low Gros Venture, 1925 0.66 4.35 0.15     

Sandstone, 

limestone soft 

red r. 

Nicoletti and Sorriso-

Valvo, 1991 

Stalk Lakes  0.7 3 0.23     Clastic r. 

Nicoletti and Sorriso-

Valvo, 1991 

Lavini di Marco 1883 1.17 5.65 0.21     Carbon r. 

Nicoletti and Sorriso-

Valvo, 1991 

Mont Granier, 1248 1.52 7.69 0.20     

Limestone 

marl 

Nicoletti and Sorriso-

Valvo, 1991 

Silver Reef  0.76 6.67 0.11     Marble 

Nicoletti and Sorriso-

Valvo, 1991 

Martinez Mt  1.85 8.56 0.22     Gneiss 

Nicoletti and Sorriso-

Valvo, 1991 
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Rockslide Pass  1 6.33 0.16     

Dolostone, 

Limestone 

Nicoletti and Sorriso-

Valvo, 1991 

Maligne Lake  0.98 5.47 0.18     

Carbon r. 

Chert, Shale 

Nicoletti and Sorriso-

Valvo, 1991 

Mayunmarca, 1974 1.8 8 0.23     

Sandstone, 

Siltstone 

Nicoletti and Sorriso-

Valvo, 1991 

Costantino, 1973 0.94 2.24 0.42     Gneiss 

Nicoletti and Sorriso-

Valvo, 1991 

Madison Canyon, 1959 0.43 1.68 0.26     

Gneiss, Schist, 

Dolostone 

Nicoletti and Sorriso-

Valvo, 1991 

Monte Zandilla, 1987 1.39 3.95 0.35     

Diorite gabbro, 

orthoquartz 

Nicoletti and Sorriso-

Valvo, 1991 

Hope, 1965  1.22 4.24 0.29     

Basic metavolc 

r. 

Nicoletti and Sorriso-

Valvo, 1991 

Triple Slide  0.55 3.97 0.14     Carbon r. 

Nicoletti and Sorriso-

Valvo, 1991 

Parpan  1.34 6.55 0.20     

Dolostone, 

crystal r. 

Nicoletti and Sorriso-

Valvo, 1991 

LC1n    0.18      Crosta et al. 2017b 

LC1s    0.18      Crosta et al. 2017b 

LC2    0.21      Crosta et al. 2017b 

LC3s    0.24      Crosta et al. 2017b 

LC3s    0.30      Crosta et al. 2017b 

LC3n    0.26      Crosta et al. 2017b 

LC3n    0.33      Crosta et al. 2017b 

LC4    0.34      Crosta et al. 2017b 

LC3n    0.36      Crosta et al. 2017b 

LN1    0.18      Crosta et al. 2017b 

LN1    0.27      Crosta et al. 2017b 

LN2    0.26      Crosta et al. 2017b 

LN3s    0.25      Crosta et al. 2017b 

LN3n    0.26      Crosta et al. 2017b 

LN3c    0.25      Crosta et al. 2017b 
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LS1    0.38      Crosta et al. 2017b 

Poulter River       10   

Whitehouse and 

Griffiths, 1983 

Poutler River       35   

Whitehouse and 

Griffiths, 1983 

Poulter River       10   

Whitehouse and 

Griffiths, 1983 

Poulter River       10   

Whitehouse and 

Griffiths, 1983 

Taramakau River      30   

Whitehouse and 

Griffiths, 1983 

Waimakariri River      40   

Whitehouse and 

Griffiths, 1983 

Waimakariri River      50   

Whitehouse and 

Griffiths, 1983 

Otira River       100   

Whitehouse and 

Griffiths, 1983 

Taipo River       50   

Whitehouse and 

Griffiths, 1983 

Taipo River       20   

Whitehouse and 

Griffiths, 1983 

Wainamkariri River      100   

Whitehouse and 

Griffiths, 1983 

Craigieburn Range      10   

Whitehouse and 

Griffiths, 1983 

Taipo River       15   

Whitehouse and 

Griffiths, 1983 

Cragieburn Range      5   

Whitehouse and 

Griffiths, 1983 

Wilberforce River      50   

Whitehouse and 

Griffiths, 1983 

Wilberforce River      20   

Whitehouse and 

Griffiths, 1983 

Avoca River       50   

Whitehouse and 

Griffiths, 1983 
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Craigieburn Range      130   

Whitehouse and 

Griffiths, 1983 

Acheron River       10   

Whitehouse and 

Griffiths, 1983 

Wilberforce River      10   

Whitehouse and 

Griffiths, 1983 

Wilberforce River      25   

Whitehouse and 

Griffiths, 1983 

Lake 

Coleridge       20   

Whitehouse and 

Griffiths, 1983 

Mathias River       100   

Whitehouse and 

Griffiths, 1983 

Mathias River       20   

Whitehouse and 

Griffiths, 1983 

Mathias River       20   

Whitehouse and 

Griffiths, 1983 

Mathias River       10   

Whitehouse and 

Griffiths, 1983 

North Ashburton River      15   

Whitehouse and 

Griffiths, 1983 

South Ashburton River      10   

Whitehouse and 

Griffiths, 1983 

Lawrence River      10   

Whitehouse and 

Griffiths, 1983 

Lawrence River      15   

Whitehouse and 

Griffiths, 1983 

Clyde River       50   

Whitehouse and 

Griffiths, 1983 

Clyde River       20   

Whitehouse and 

Griffiths, 1983 

Martin River 2  1.12 4 0.28  5 2   Sosio et al. 2012 

Martin River 3  1.4 5 0.28  3.9 2   Sosio et al. 2012 

Martin River 4  2.36 5.9 0.40  5.2 1   Sosio et al. 2012 

Martin River 5  1.184 3.7 0.32  1.5 2   Sosio et al. 2012 

Martin River  1.72 4.3 0.40  2.1 1   Sosio et al. 2012 
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Martin River unnamed 2 1.116 3.6 0.31  1.8 1   Sosio et al. 2012 

Illiamna-Red Glacier 1.978 8.6 0.23  4 2   Sosio et al. 2012 

Mt Munday  1.035 4.5 0.23  2.5 1.5   Sosio et al. 2012 

Punta Thurwieser 1.392 2.9 0.48  0.8 5   Sosio et al. 2012 

Eperon de la Brenva 2.145 5.5 0.39  0.35 6   Sosio et al. 2012 

Mt. Cook  0.759 6.9 0.11  7.5 1.5   Sosio et al. 2012 

Jiweishan  0.7 2.15 0.33       

Tsaoling, Taiwan 1.208 3.8 0.32      Tang et al. 2009a 

Glarnisch    0.25      Scheidegger, 1973 

Vajont     0.34      Scheidegger, 1973 

Diablerets    0.34      Scheidegger, 1973 

Little Tahoma Pk.   0.29      Scheidegger, 1973 

Wengen    0.42      Scheidegger, 1973 

Wengen S    0.45      Scheidegger, 1973 

Airolo     0.64      Scheidegger, 1973 

Lecco    0.88      Scheidegger, 1973 

Berrfottene  1 4 0.25      Hermanns et al. 2012 

Bjorkum  0.4 0.55 0.73      Hermanns et al. 2012 

Erdalen  0.46 1.01 0.46      Hermanns et al. 2012 

Frykkjelen  0.95 2.2 0.43      Hermanns et al. 2012 

Furuneset  0.9 1.5 0.60      Hermanns et al. 2012 

Grande  1.35 1.45 0.93      Hermanns et al. 2012 

Gravem  0.9 1.5 0.60      Hermanns et al. 2012 

Grotlandsura  0.5 1.2 0.42      Hermanns et al. 2012 

Gumpedalen  0.72 2.2 0.33      Hermanns et al. 2012 

Hellaren  0.9 4 0.23      Hermanns et al. 2012 

Hysket  0.55 1.13 0.49      Hermanns et al. 2012 

Kubergan 1  0.375 0.7 0.54      Hermanns et al. 2012 

Kubergan 2  0.35 0.64 0.55      Hermanns et al. 2012 

Langhammaren 0.85 1.5 0.57      Hermanns et al. 2012 

Melkevoll  0.48 0.75 0.64      Hermanns et al. 2012 
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Nakkevatnet  0.9 2.35 0.38      Hermanns et al. 2012 

Rorsetura  0.65 1.1 0.59      Hermanns et al. 2012 

Skjaersura  1 1.75 0.57      Hermanns et al. 2012 

Store Urdi  0.4 1.4 0.29      Hermanns et al. 2012 

Stolaholmen  0.42 0.96 0.44      Hermanns et al. 2012 

Sordalen  0.675 1.5 0.45      Hermanns et al. 2012 

Tjellefonna  0.75 2 0.38      Hermanns et al. 2012 

Urbadouri  0.47 1.35 0.35      Hermanns et al. 2012 

Venge  0.76 1.7 0.45      Hermanns et al. 2012 

Verkildsdalen  0.675 1.6 0.42      Hermanns et al. 2012 

LCRA1  0.495 1.78 0.28   23   Lee et al. 2009 

Cascadw  0.62 4.8 0.13  9.1    Barth, 2014 

Round Top  0.57 4.8 0.12  5.6    Barth, 2014 

Wenjia Gully  0.44 4 0.11  3    Zhan et al. 2017 

Shuimo Gully  0.49 2 0.25  0.915    Zhan et al. 2017 

Dawuji  0.54 1.9 0.28  0.792    Zhan et al. 2017 

Donghekou  0.24 2.4 0.10  1.283    Zhan et al. 2017 

Hongshi Gully  0.29 2.7 0.11  0.687    Zhan et al. 2017 

Woqian  0.33 1.6 0.21  0.695    Zhan et al. 2017 

Xiaojiashan  0.48 1.35 0.36  0.465    Zhan et al. 2017 

Niumian 

Gully  0.32 2.64 0.12  0.527    Zhan et al. 2017 

Liqi Gully  0.36 1.5 0.24  0.355    Zhan et al. 2017 

Caocaoping  0.345 1.34 0.26  0.354    Zhan et al. 2017 

Huoshi Gully  0.27 1.32 0.20  0.322    Zhan et al. 2017 

Shibangou  0.45 1.8 0.25  0.496    Zhan et al. 2017 

Xiejiadianzi  0.4 1.6 0.25  0.294    Zhan et al. 2017 

Dashui Gully  0.32 1.4 0.23  0.241    Zhan et al. 2017 

Changping  0.29 1.2 0.24  0.224    Zhan et al. 2017 

Xiaomuling  0.175 1.03 0.17  0.218    Zhan et al. 2017 

Baishuling  0.335 1.2 0.28  0.208    Zhan et al. 2017 
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Dawan  0.22 1 0.22  0.203    Zhan et al. 2017 

Xiajiashan  0.34 1.14 0.30  0.198    Zhan et al. 2017 

Shicouzi  0.26 1.2 0.22  0.169    Zhan et al. 2017 

Changtan  0.4 1.65 0.24  0.151    Zhan et al. 2017 

Hongmagong  0.195 0.8 0.24  0.144    Zhan et al. 2017 

Baiguocun  0.165 0.8 0.21  0.139    Zhan et al. 2017 

Qinglongcun  0.09 0.6 0.15  0.134    Zhan et al. 2017 

Pengjiashan  0.2 1 0.20  0.127    Zhan et al. 2017 

Longwancun  0.205 0.86 0.24  0.099    Zhan et al. 2017 

Zhangzhengb

o  0.125 0.8 0.16  0.099    Zhan et al. 2017 

Dujiayan  0.1 0.88 0.11  0.094    Zhan et al. 2017 

Madiping  0.14 0.74 0.19  0.094    Zhan et al. 2017 

Yandiaowo  0.145 0.8 0.18  0.092    Zhan et al. 2017 

Chuangzi 

Gully  0.185 0.67 0.28  0.091    Zhan et al. 2017 

Zhaojiashan  0.115 0.7 0.16  0.082    Zhan et al. 2017 

Weiziping  0.135 0.6 0.23  0.074    Zhan et al. 2017 

Maochongshan 2 0.16 0.74 0.22  0.07    Zhan et al. 2017 

Waqianshan  0.135 0.62 0.22  0.07    Zhan et al. 2017 

Muhongping  0.175 0.97 0.18  0.068    Zhan et al. 2017 

Dapingshang  0.16 0.64 0.25  0.065    Zhan et al. 2017 

Liushuping 2  0.15 0.58 0.26  0.054    Zhan et al. 2017 

North Creek  0.728 2.8 0.26      Geertsema et al. 2006 

Kshwan Glacier 0.713 2.3 0.31      Geertsema et al. 2006 

Kendall Glacier 0.204 1.2 0.17      Geertsema et al. 2006 

Howson II  1.296 2.7 0.48      Geertsema et al. 2006 

Chisca  0.36 1.5 0.24      Geertsema et al. 2006 

Turnoff Creek  0.56 2 0.28      Geertsema et al. 2006 

Mosque Mountain 0.504 1.2 0.42      Geertsema et al. 2006 

Zymoetz  1.247 4.3 0.29      Geertsema et al. 2006 
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Harold Price  0.72 4 0.18      Geertsema et al. 2006 

Pink Mountain  0.42 2 0.21      Geertsema et al. 2006 

Wenjiagou  0.535 2.28 0.23      Zhou et al. 2012 

Niumiangou  0.658 2.61 0.25      Zhou et al. 2012 

Tschirgant  1.48 6.3 0.23  9.8    Dufresne et al. 2015 

Innerdalen  1.24 5.28 0.23      Schleier et al. 2017 

Innfjorddalen  1.34 4.19 0.32      Schleier et al. 2017 

Aishihik River  0.56 2.16 0.26      Huscroft et al. 2004 

Avalanche Lake North 1.09 4 0.27      Eisbacher 1977, 1979 

Avalanche Lake South 1.12 6.25 0.18      Eisbacher 1977, 1979 

Beaver Flats North 0.32 1.07 0.30      Cruden 1976 

Beaver Flats South 0.22 1.2 0.18      Cruden 1976 

Brazeau Lake Slide 0.62 2.4 0.26      Cruden 1982 

Cheam  1.05 6.42 0.16      Orwin et al. 2004 

CHisca  0.33 1.39 0.24      Geertsema et al. 2006 

Eagle Pass (Clanwilliam) 0.57 0.95 0.60      Hungr and Evans 2004 

Jonas Creek North 0.88 3.25 0.27      Cruden 1976 

Jonas Creek South 0.92 2.49 0.37      Cruden 1976 

Little Salmon Lake 0.49 1.62 0.30      Brideau et al. 2010 

McAuley Creek 0.5 1.6 0.31      Brideau et al. 2012 

Mount Kitchener 0.95 2.42 0.39      Cruden 1976 

Mount Meager 1.72 8.95 0.19      Guthrie et al. 2012 

Mount Sparrowhawk 0.56 1.59 0.35      Cruden and Eaton 1988 

Mt Cayley 1963 1 2.46 0.41      Clague and Souther 1982 

Mt Cayley 1984 1.18 3.46 0.34      Evans et al. 2001 

Nahanni But  0.4 1.55 0.26      Evans et al. 1987 

Nomash River  0.46 1.93 0.24      Hungr and Evans 2004 

Pelly Mountains 1 0.74 3.7 0.20      Jackson and Isobe 1990 

Pelly Mountains 2 0.61 2.18 0.28      Jackson and Isobe 1990 

Pelly Mountains 3 0.35 1.8 0.19      Jackson and Isobe 1990 

Pelly Mountains 4 0.78 2.92 0.27      Jackson and Isobe 1990 
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Pelly Mountains 5 0.471 1.61 0.29      Jackson and Isobe 1990 

Ruby Volcano  0.69 3.34 0.21      Levson et al. 2003 

Sutherland  0.27 1.45 0.19      Blais-Stevens et al. 2015 

Texas Creek  0.71 2.3 0.31      Ryder et al. 1990 

Todagin Creek  0.84 2.19 0.38      Sakals et al. 2012 

Vulcan Creek  0.355 1.2 0.30      Brideau et al. 2016 

Tim Williams Glacier 0.935 3.7 0.25      Evans and Clague, 1991 

Mount Meager 1.34 3.68 0.36      Evans and Clague, 1991 

Kshwan Glacier 0.675 2.21 0.31      Evans and Clague, 1991 

Yigong   3 10 0.30  6.2 80 4600  Wang et al. 2017 

 


