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Abstract 

A fundamental understanding of the mechanisms affecting the mobility of granular landslide 

flow is critical for the management of risk to life and infrastructure below unstable slopes. 

Modelling methods used in practice are frequently semi-empirical and require calibration against 

high-quality physical data. Large scale physical landslide modeling in the Queen’s University 

landslide flume was conducted with the primary objective of quantifying the effect of collisional 

flow on the mobility of granular landslides. A series of monodisperse landslide tests was 

conducted with a constant volume of material, using various nominal grain sizes. A second series 

of monodisperse tests was conducted using a constant nominal particle size, while varying the 

size of the source volume. Flow velocities and flow thicknesses were quantified using high frame 

rate digital image data captured from top-down and side-profile viewing angles. Shear rates and 

volume fractions were calculated using data from the side-profile viewing camera. Highly 

instrumented “Smart Rock” sensors embedded within the landslide flow experiments were used 

as a means to measure the accelerations within the flows. Terrestrial laser scanning provided a 

method of accurately capturing deposit shape results, used for mobility analyses. Highly 

collisional landslide flows were produced when flow thicknesses were small relative to the 

particle size of the constituent landslide materials. Collisional flows were more dilute, travelled 

faster, were sustained for shorter durations, and resulted in larger measurements of acceleration 

magnitude. Landslide flows with similar collisional activity were observed to exhibit similar 

mobility behaviour. The flows with largest observed differences in collisional activity produced 

a change in the Fahrböschung of nearly 15 %. Collisional flows exhibited increased mobility and 

spreading compared to more frictional flows. 
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 Chapter 1 

Introduction 

1.1 Dry Granular Landslide Flows 

1.1.1 General Description 

Terrestrial landslides pose a ubiquitous threat to humankind across the globe. Naturally occurring and 

anthropogenic landslide events threaten the security of infrastructure, natural resources, and human life. 

Landslides, in general, are a complex phenomenon that can be subdivided into at least 20 different kinds 

(Heim, 1932). Each landslide variation exhibits mobility behaviour that is dependent on the specific 

properties of the landslide. Sturzstroms, as referred to by Heim (1932), have been observed to be 

especially mobile, and occur when large masses of rock crash onto steep slopes, pulverizing the rock 

masses and generating streams of broken debris. “The flow of a sturzstrom can be compared to flow of a 

mass of cohesionless grains in a fluid medium” (Hsü, 1975). Heim (1882) reported on the disastrous 

potential of sturzstrom flows after the famous Elm rockfall in Switzerland in 1881. The Elm rockfall 

resulted in a debris stream which buried a village and killed 115 people (Hsü, 1978). Heim (1932) 

observed that the detrital materials from the rear never caught up with the rock fragments at the head of 

the flow. He explained that the debris in the rear collided with slower moving debris in the front, 

propelling the frontal debris, assisting its downstream propagation. Heim (1932) concluded that the travel 

distance of a sturzstrom depends on: (1) the size of the fallen rockmass; (2) the height of the fall; and (3) 

the regularity of the pathway. He recommended that the Fahrböschung (α), an angular measurement 

between the crest of the detachment and the terminus of the deposit, be used as a comparative measure of 

landslide mobility. The Fahrböschung angle was also referred to as the “travel angle” by Heim (1932), 

who suggested that the coefficient of friction (θ) of the sliding soil is equivalent to the tangent of the 

travel angle. The tangent of the travel angle was later called the “equivalent coefficient of friction” by 
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Shreve (1968a). The mobility of landslides, especially in controlled laboratory environments, has also 

been evaluated using the travel angle (or, equivalent friction) connecting the gravity centres (αg) of source 

volumes and corresponding landslide deposits.  

1.1.2 Long-Runout Hypotheses 

Long-runout landslides are those events that travel further than what is estimated by simple frictional 

models. This phenomenon makes large uncontrolled landslide flows especially hazardous. Many 

hypotheses have been presented to explain the apparent mobility of long runout of landslides. The concept 

that entrapped air could potentially fluidize a debris flow was first suggested by Kent (1966). 

Alternatively, a series of publications from Shreve (1966, 1968a, 1968b) explained that entrapped air was 

more likely to support landslides masses than fluidize them. Voight et al (1983) suggested the possibility 

of fluidization by entrapment of volcanic gases. The identification of sturzstrom deposits on the moon 

(Howard, 1973a; Howard, 1973b), however, provides strong evidence that the air-lubrication theory may 

not be entirely dependable. To fluidize a granular landslide, air pressure within the pore space must 

exceed lithostatic pressures to support the mass of the debris. This would result in normal grading of the 

flow with the largest particles falling to the base. No such features have been observed (Cruden and 

Hungr, 1986). 

Hsü (1975) hypothesized that fine particles alone, without the assistance of a pore fluid, had the capacity 

to fluidize a coarser landslide matrix. Melosh (1979) proposed a method of acoustic fluidization in which 

kinetic energy of particle collisions is transmitted by means of elastic compression waves, which 

eliminates the reliance on pore-fluid for fluidization. Kobayashi (1991) challenged the acoustic 

fluidization theory by questioning the nature of the continuous source of acoustic energy required to 

sustain fluidization for long-runout. Goguel (1978) showed that for very large landslides, vaporization of 

pore water due to frictional heating could hypothetically produce pore pressures greater than lithostatic 
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pressures, eliminating the effect of friction. None of these potential explanations is widely recognized as 

the justification for long-runout landslide behaviour.  

There also exists a mechanical fluidization theory which predicts that the friction angle of a rapidly-

shearing debris flow decreases with increasing velocity, as the dynamic, collisional interactions force 

particles away from one another. Mechanical fluidization has yet to be successfully demonstrated through 

laboratory experimentation.    

1.1.3 Structural Features of Granular Flows 

Within grain-fluid flow theory there is a spectrum over which the influence of pore-fluid varies. On one 

end, there exists a boundary condition where the influence of pore-fluid is negligible. Within a grain flow, 

the dynamic momentum exchange occurs exclusively through particle-particle interactions. Distinct end 

member flow regimes exist within grain flows: a collisional regime, dominated by brief collisions of 

particles, and a frictional regime, dominated by persistent contacts between adjacent particles. In most 

examples of grain flow, regions dominated by collisional particle interactions typically grade into and 

coexist with regions of frictional particle interactions. Thus, the mechanics within frictional regimes, 

collisional regimes, and transitional regimes are significant in the nature of granular flows in which pore-

fluid effects are negligible. 

1.2 Current State of Practice 

The analysis of post-mobilization landslide motion can involve forensic back-analysis, or prediction of 

potential future events. The risk assessment of a landslides hazard often involves assigning conditional 

probabilities to ranges of potential mobility outcomes (McDougall, 2017).   

Runout analysis methods can essentially be divided into two main categories: (1) empirical-statistical 

methods relying on statistical geometrical correlations, and (2) process-based analytical methods. All 

numerical methods fall into the second category, but commonly involve empirically calibrated 



4 

 

mechanical flow parameters. These sorts of ‘semi-empirical’ methods are exceedingly common compared 

to pure mechanical models relying solely on material property estimates and flow approximations.    

Apart from simply estimating the mobility of landslides, runout analyses are used to design mitigation 

structures including debris barriers, berms, and nets (Mancarella and Hungr, 2009; Ashwood, 2014). 

Estimations of flow depths and velocities at specific positions can be used to design such structures 

according to estimated run-up heights and impact loads. Potential secondary effects of landslides, 

including landslide-generated tsunami waves, flooding due to landslide dams, air blasts, and dust cloud 

cover can be estimated using landslide runout analyses (McDougall, 2017). 

Currently, in Canada, limited guidance is provided to practitioners carrying out landside runout 

estimations. Canadian national landslide guidelines exist within an online publication from the Geological 

Society of Canada, providing some advice on the selection of appropriate tools and methods of runout 

analysis (Lato et al., 2016). In British Colombia, the Association of Professional Engineers and 

Geoscientists describe runout analysis and the design of associated protection structures as ‘specialty 

services’, implying that these analyses may go beyond the typical scope of a landslide assessment and 

could require expert consultation (McDougall, 2017). There is a stark contrast between guidance provided 

to Canadian practitioners when compared with guidance provided to practitioners in Hong Kong, who 

receive relatively prescriptive recommendations from the Geotechnical Engineering Office (GEO, 2011).        

1.3 Literature Review  

1.3.1 Physical Investigations  

Bagnold (1954) was the first to be well-recognized for a physical laboratory investigation on dry granular 

flows. The purpose of the investigation was to test constitutive equations of granular flow generated from 

annular shearing of grain-fluid mixtures in a rotating drum with Perspex sidewalls. A relatively uniform 

quartz sand with a mean grain diameter of 0.035 mm was allowed to flow down the flume illustrated in 
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Figure 1.1. By measuring the flow thickness, the flow velocity could be estimated using the hypothesized 

grain-fluid flow model. The height and speed of the flow experiments were measured and compared to 

predicted values, which consistently overestimated observations by about 50 %.  

Savage (1979) conducted dry granular flow experiments using polystyrene beads down an inclined chute, 

tilted between 8° and 15° greater than the angle of repose of the material. At lower angles of inclination, 

flow top-surfaces were underlain by wedge-shaped zones of static particles. The static particles were 

progressively mobilized with increasing inclination of the chute slope. Even with the existence of a quasi-

static frictional zone at the base, saltational particle motion was observed at the top free-surface of the 

flows (Savage, 1979).       

Open channel chute flows were conducted by Hungr and Morgenstern (1984) to investigate the flow 

behaviour of dry sand at high velocities (up to 6 m/s). Experiments were conducted with rounded and 

angular Ottawa sand, mixtures of sand and rock flour, and polystyrene beads. The mean grain size of test 

materials was approximately 1 mm, 100 times less than the typical flow depth of 10 cm. The schematic of 

the test flume is illustrated in Figure 1.2. Testing was conducted at a variety of bed slope angles, and the 

bed of the chute was roughened using a layer of glued test materials. The top surfaces of flow 

experiments were observed to be relatively smooth and steady. In tests with flow thicknesses less than 30 

mm, flows were observed to demonstrate a higher degree of dispersion and individual particle motions 

were compared to the saltational mode.  

Dry cohesionless glass spheres were sheared in an annular shear cell by Hanes and Inman (1984). The 

schematic of the annular shear cell is illustrated in Figure 1.3. Two distinct varieties of flow were 

observed: (1) the entire volume of granular material was mobilized in shear, and (2) a distinct internal 

boundary separated rapidly shearing material above from static grains below. The finite thickness of the 

shearing layer observed in the second flow type illustrates a significant paradigm of dry granular flows: 
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following the observations of Savage (1979) and Hungr and Morgenstern (1984), rapid, saltational flow 

regimes are systematically related to structured, quasi-static flow regimes (Hanes and Inman, 1984).  

Drake (1990) also recognized the intrinsic relationship between frictional and collisional granular flows. 

He conducted flow experiment with 6 mm plastic spheres in a flume with a channel width just wider than 

the diameter of the particles, essentially confining the particles to two dimensions. High speed imaging 

was used to observe the granular flows through transparent glass sidewalls. The flume used in the 

investigation by Drake (1990) is illustrated in Figure 1.4. These experiments revealed the existence of a, 

“distinctive, rigidly hierarchal internal structure in the flows” (Drake, 1990). Collisional flows were 

described as being dominated by binary particle interactions; whereas, frictional flows were comprised of 

dynamic particle contact networks.  

Physical modelling conducted by Okura et al. (2000) investigated the impact of physical flow properties 

on the mobility of landslides. The investigation aimed to elucidate the mechanisms affecting landslide 

fluidization in dry granular flows. Experiments were conducted in an open channel flume, illustrated and 

dimensioned in Figure 1.5. The base of the flume was roughened by glass beads, 2 mm in diameter, glued 

over the entire surface. The internal surfaces of the side-walls were coated with Teflon to decrease the 

interface friction angle at the boundaries. Experiments conducted using increasing volumes of 14 mm 

glass beads indicated a positive correlation between total number of grains and the equivalent friction at 

the gravity centre; thus, a negative correlation between the total number of particles and the mobility of 

the source mass (Okura et al., 2000).  

To assist in optimizing the performance of industrial chutes for granular flows, Roberts (1969) performed 

dry granular chute flows involving millet seed. Based on the concept that fast chute flow is ideal for 

industrial grain processes, advantageous grain flow was considered to be stable and fast-flowing. Using 

an estimate of coefficient of equivalent friction, Roberts (1969) found that increasing equivalent friction 

resulted from increasing the thickness of the steady grain flow.  
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Bartali et al. (2017) performed dry granular flow experiments aimed at understanding the behaviour of 

granular avalanches containing particles of two different sizes. The two different nominal particle sizes 

were 4 mm and 0.25 mm. With a constant source mass of 4 kg, the relative content of fine particles by 

mass was varied from 0 % – 100 %. Increasing the contribution of fine particles to the source volume 

related in flows that exhibited decreasing mobility. Similar to the observation of Okura (2000), Bartali et 

al. (2017) have observed decreasing mobility of dry granular flow experiments with increasing number of 

particles. 

1.3.2 Empirical Models 

 As explained by McDougall (2017), most empirical methods used to predict the mobility of landslides 

are based on simple geometrical correlations. A correlation between the volume and the tangent of the 

travel angle (Fahrböschung) indicates gradually increasing mobility with increasing volume (e.g. 

Scheidegger, 1973; Abele, 1974; Corominas, 1996) for field-scale events. Alternatively, a correlation 

between landslide volume and the resulting coverage area of the deposit, based on Galileo scaling laws, 

was first derived by Abele (1974), and has been supplemented with data from Hungr (2006). The area-

volume correlation has been used in the development of the GIS-based mapping program LAHARZ 

(Iverson et al., 1998). LAHARZ is used by the U.S. Geological survey to map lahar flow hazards around 

volcanoes in the U.S. The program DFLOWZ is a modified version of LAHARZ generated by Berti and 

Simoni (2014), accounting for unconfined flow conditions. The empirical correlations listed above are 

illustrated in Figures 1.6 and 1.7, respectively.  

Although the correlations presented above are highly simplistic, their utility for practitioners tasked with 

landslide runout prediction is unparalleled. Focusing on the correlation illustrated in Figure 1.6, the 

spreading of the data away from the negative linear correlation provides a statistical basis for confidence 

intervals to be used in quantitative risk assessment. If the volume of source materials in a potential slide 

can be estimated, a range of travel angles can be estimated from a data set of similar case histories. Using 
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an example from McDougall (2017), as illustrated in Figure 1.8, the best-fit of the data set is associated 

with an exceedance probability of 50%; thus, a 50% probability that the runout will be exceeded. By 

increasing the percentile of travel angle prediction (e.g. 50% to 90%), the exceedance probability is 

reduced according to the spread of the data. From the perspective of decision making in engineering 

practice, empirical correlations provide practitioners with quantifiable methods to manage risk associated 

with the runout of landslides.       

1.3.3 Lumped Mass Models  

A lumped mass model, also commonly refer to as a “block” or “sled” model, represents an undeformed 

unit of rock sliding on a prescribed slip surface. The model of rock avalanche runout presented by 

Scheidegger (1973) is essentially a sliding block model in which friction prevents the motion of an 

undeformed mass at the basal slip surface (Davies and McSaveney, 1999). Such models are 

oversimplified as they neglect to incorporate the critical effects of internal deformation within a failed 

rockmass (Hungr, 2006). However, the lumped mass model developed by Körner (1976) is useful in 

introducing the “energy line” concept. As illustrated in Figure 1.9, the energy line is an equipotential 

surface above the sliding plane corresponding to the kinetic energy along the movement path (He = v
2
/2g). 

For the simple case where a block is sliding along a dry frictional surface and the frictional resistance to 

sliding is proportional to normal force, the energy line is straight, inclined at the friction angle. Körner 

(1979) illustrated that the frictional lumped mass model had a tendency to over-estimate the velocities of 

rock avalanches. By adopting a frictional/turbulent flow rheology presented by Voellmy (1955), 

researchers (e.g. Körner, 1979) have shown that the prediction of velocity profiles of rock avalanches 

using the lumped mass technique is much improved, compared to the simpler frictional model. In the 

Voellmy model, resistive forces are assumed to be proportional to the normal force and the square of the 

velocity; thus, the energy line of the sliding block is concave, as kinetic energy is dissipated due to 

turbulence with increasing velocity. Alternatively, a convex energy line, predicting higher velocities for a 
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given overall displacement, could be explained by any of the aforementioned theories of fluidization: for 

example, the elusive mechanical fluidization theory (Hungr, 2006).    

The assumptions relating to sliding conditions which are necessitated by lumped mass models make them 

oversimplified and unrealistic; however, the energy line concept is effectively illustrated using lumped 

mass modelling examples.   

1.3.4 Shallow-Flow Approximated Models 

The understanding of collisional flow mechanics began with the seminal studies of dry granular flows 

conducted by Bagnold (e.g. 1954). He applied a kinetic theory roughly analogous to the kinetic theory of 

gasses to accurately predict the shear-rate dependence of the stress conditions within collisional flows. 

The kinetic theory presented by Bagnold (1954) assumed that a uniform grain concentration 

homogeneously persisted throughout grain flows. The ability of researchers to closely approximate the 

behaviour of these purely saltational flows by modifying the kinetic theory of gases resulted in a 

concentration of research which neglected frictional particle interactions (Drake, 1990).  

Many numerical methods used to predict landslide mobility, such as DAN-W 2D (Hungr, 1995), are 

continuum methods which have been developed on the basis of shallow-flow approximated constitutive 

equations originally developed by Savage and Hutter (1989). They recognized that the hydrostatic stress 

states proposed by traditional Rankine earth pressure theory were not suitable for the description of stress 

within granular flows. Furthermore, the application of Rankine pressure theory to dry granular flows must 

assume that no shear stresses develop at the interface between the flowing soil and the basal slip surface. 

Savage and Hutter (1989) explained that the principal stress axes rotate as a result of basal shear stresses, 

which is suitable given a negligible depth gradient as in shallow flows. However, if a depth gradient 

exists within the flow, such as in the beginning of a dam break problem, an additional stress rotation is 

required to describe initial spreading phases (Hungr, 2008). The relative differences in stress states 

proposed by traditional Rankine earth pressure theory, by the original shallow-flow models presented by 
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Savage and Hutter, and the modified Savage-Hutter (SH) model presented by Hungr (2008) are illustrated 

in Figure 1.10. Physical dam-break experiments conducted in a small-scale flume with very steep depth 

gradients were compared against numerical results from DAN-W using each of the stress conditions 

discussed above, and the modified SH model repeatedly out-performed the original SH model and the 

Rankine theory model.  

Although these models can be used to approximate real flow scenarios, shallow-flow approximations are 

inherently approximate; their applications somewhat analogous to that of limit equilibrium methods for 

slope stability assessment (Hungr, 2008). Using the physical investigation of Hanes and Inman (1984) as 

an example, observations of a finite thickness of motion have significant implications on the applicability 

of continuum models to field-scale landslides. According to the current state of knowledge of granular 

flows, it is no longer adequate to consider a single geometry; one must consider the inclusion of various 

geometries which correspond to the existence of a structural relationship between frictional and 

collisional flow regimes (GDR MiDi, 2004).  

1.3.5 Frictional – Collisional Models 

Following the observations of Hanes and Inman (1984), researchers were alerted to the necessary 

combination of frictional and collisional granular flow mechanics in order to develop robust constitutive 

models for granular flow. A preliminary study by Johnson and Jackson (1987) modelled the transition 

between collisional and frictional flow regimes by simply taking the sum of frictional and collisional 

contributions to particle translation. The constitutive model was tested with a problem of steady-state 

shearing between two infinite parallel plates. Their analysis resulted in the prediction of a boundary 

between shearing and non-shearing particle regions when the energy input from the upper plate was 

insufficient to induce collisional momentum transfer throughout the whole granular mass (Johnson and 

Jackson, 1987). Although the effects of shearing particles on non-shearing particles were ignored in the 
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simulations, these results represented a significant first step in understanding granular flows in which both 

frictional and collisional stresses reside (Drake, 1990).       

A similar constitutive relation presented by Berzi et al. (2011), in which frictional and collisional stress 

contributions were linearly summed, was compared against physical experimental data of inclined flows 

of glass spheres over rigid beds. The physical investigation, conducted by Pouliquen (1999), measured the 

impact of bed inclination on the resulting macroscopic properties of the cohesionless grain flows. The 

constitutive relation proposed by Berzi et al. (2011) agreed well with the experimental data of Pouliquen 

(1999) for thick, steady flows with depths greater than 10 particle diameters. The proposed constitutive 

models have not yet been compared against experimental data of unsteady granular flows.       

1.3.6 Emerging Numerical Techniques 

Emerging numerical techniques to estimate the behaviour of granular landslides involve various methods 

of simulating the dynamic interactions of individual landslide particles within a flow.   

The application of a 2D Distinct Element Method (DEM) to simulate granular flows was first proposed 

by Cleary and Campbell (1993). 3D DEM simulations of the collapse of prismatic columns, conducted by 

Utili et al (2015) using the open source code ESyS-Particle (Weatherley et al., 2011), produced numerical 

predictions of granular spreading which qualitatively matched experimental results from Lube et al. 

(2005). The results of the numerical analysis indicated that most of the energy in the column was 

dissipated by inter-particle friction, and that frictional dissipation increased with increasing aspect ratios 

of the source columns. The advantageousness of DEM simulations for natural hazard mitigation is 

emphasized in the abilities of such simulations to predict the momentum of a flow at any given point. 

A meshless Lagrangian numerical technique known as Smoothed Particle Hydrodynamics (SPH), 

originally developed in the 1970’s to model astrophysical phenomena, is being used in the development 

of the numerical model DAN3D (McDougall, 2017). Using this method, equations of motion are 
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calculated based on the location of the free-surface of the simulated flow. Flow thicknesses are 

numerically constructed by the superposition of particles (i.e. the depth of the slide mass is the sum of 

contributions from each individual particle). The equations of motion are solved at each individual 

particle location and at each subsequent position throughout time. Particles are able to move freely within 

the continuum, applying contact pressure to adjacent particles during contacts, and splitting apart from 

each other to move around obstacles in the path. The ability of the SPH method to handle large 

deformations is advantageous for applications of landslide flow modelling on steep, complex terrain and 

topographic features (McDougall, 2017).  

Similarly, the Material Point Method (MPM) is a particle-based numerical method, also possessing the 

capacity to accommodate for large deformations. The MPM method, developed by Sulsky et al. (1994, 

1995) and improved by Bardenhagen and Kober (2004), discretizes the physical domain into material 

points using a double Lagrangian-Eulerian method (Llano-Serna et al., 2016). Each individual material 

point carries state data for the mass of material that it represents, which is mapped to an arbitrary 

computational mesh during each time step. The computational grid carries no permanent information, 

meaning that it can be reconstructed after each time increment for computational convenience (Li et al., 

2016). Equations of mass, momentum, and velocity are calculated for each mass point in the background 

computational mesh. A study by Li et al. (2016) applied the MPM method to model the post-failure 

behaviour of the 2008 Wangjiayan landslide. The study demonstrated that the MPM method was a 

suitable technique to simulate the behaviour of the slide, and that the landslide mass was successfully 

described by the MPM simulation. It is stated however, that further calibration and validation is required 

to confirm the accuracy of the technique (Li et al., 2016) 

1.4 Objectives  

This thesis will examine the impact of collisional activity on the mobility and structure of dry granular 

landslide flows. The primary objective of this work is to provide high quality physical data which can 
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accurately quantify and characterize varieties of dry granular landslide flows. The specific research goals 

include: 

 To conduct a comprehensive experimental study to quantify the collisional activity within various 

monodisperse dry granular flows, and mobility of such flows. 

 To collect high-quality physical data quantifying correlations between flow structure, collisional 

activity, and landslide mobility. 

1.5 Methods  

The research objectives will be achieved by conducting two series of monodisperse dry granular landslide 

experiments in a large scale landslide flume.  

The first series of experiments will involve a constant volume of material, where changing the nominal 

particle size within the source volume is intended to change the resulting flow behaviour. Experimental 

results will be compared using digital image data from perpendicular viewing angles, resultant 

acceleration data from “Smart Rock” sensors embedded within flow experiments, and terrestrial laser 

scanning data collected inside the flume after deposition of the landslides.  

The second series of experiments involving a constant nominal particle size will be conducted using 

various source volumes. High speed digital imaging will be used to analyze macroscopic flow properties 

such as flow velocity and flow thickness, and to calculate flow properties including shear rate and volume 

fraction. A Smart Rock will be used to measure resultant acceleration signals within the flows. Terrestrial 

laser scanning conducted inside the flume will be used to capture deposit shape results.    
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1.6 Organization of Thesis  

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

University. Chapter 1 of this dissertation include a general introduction, preceded by an overarching 

abstract. Chapters 2 and 3 are original manuscripts, composing the bulk of this dissertation.  

Chapter 2 presents the results of a series of monodisperse dry granular landslides in a large-scale landslide 

flume at Queen’s University. The total number of particles within landslide experiments was varied by 

changing the nominal particle size within a constant source volume. The impact of collisional activity 

within the landslide flows on the mobility such flows is highlighted, and connections are made between 

qualitative characterizations of flow structure and measured collisional activity.  

Chapter 3 presents the results of a subsequent series of monodisperse dry granular landslides in the large-

scale landslide flume at Queen’s University, extending on the results illustrated in chapter 2. This chapter 

investigates the effects of normalized flow thickness to particle diameter on the shear rate and volume 

fraction of dry granular landslide flows. This chapter also investigates the connection between increases 

in shear rate to the collisional activity measured within the flow, and the resulting mobility behaviour of 

landslide experiments.   

Chapter 4 summarizes the overall conclusions drawn from this collection of work.        
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Figure 1.1: An illustration of the flume apparatus used by Bagnold (1954) 
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Figure 1.2: Schematic of test flume used by Hungr and Morgenstern (1984) 



22 

 

 

Figure 1.3: Schematic of annular shear cell used by Hanes and Inman (1984) 

 

Figure 1.4: The flume used to investigate particle-scale behaviour of two-dimensional dry granular 

flows (Drake, 1990)
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Figure 1.5: Illustration of the flume used in the physical investigation of landslides by Okura et al. (2000) 
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Figure 1.6: Empirical correlation between the tangent of the Fahrböschung angle and volume of landslide materials. From Scheidegger 

(1973).   

 



25 

 

 

 

Figure 1.7: Empirical correlation between landslide volume and area of coverage from deposition, 

based on Galileo scaling laws, as presented by Hungr (2008) 
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Figure 1.8: An illustration of an empirical-statistical runout prediction example presented by 

McDougall (2017) 
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Figure 1.9: Energy lines corresponding to different rheological predictions of landslide runout. He is 

the energy head, and v the velocity of the slide (Hungr, 2006) 
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Figure 1.10: The stress states in granular flows as suggested by (a) tradition Rankine earth pressure 

theory, (b) the original Savage and Hutter (1989) equations, (c) and the modified SH model 

proposed by Hungr (2008) 



29 

 

 Chapter 2 

Observed Increase in Mobility of Dry Granular Landslides, Corresponding to 

Increased Collisional Activity, Quantified by a Smart Rock Sensor 

2.1 Introduction 

Landslide flows, such as debris flows and rock-fall avalanches, can be extremely mobile, posing serious 

risks to downstream settlements and infrastructure. When a landside hazard is identified, runout analyses 

must be conducted to determine potential inundation areas, estimate risks, and to design appropriate 

mitigation strategies (e.g. McDougall, 2017). Current methods of landslide modelling tend to rely heavily 

on empiricism because the constitutive laws governing landslide flows have not yet been uncovered in a 

sufficiently simplistic and realistic manner such that they can be incorporated into numerical models 

(Pastor et al., 2012). The investigation of dry granular flows in a controlled environment with minimal 

uncertainty has been proven as an effective strategy in developing comprehension of the mechanical 

factors affecting landslide mobility. Dry granular flows have been extensively studied experimentally 

through such methodologies as plane and annular shear flow (e.g. Bagnold 1954; Hanes, 1985), vertical 

chute flow (e.g. Chevoir et al., 2001), and inclined chute flow (e.g. Drake, 1990; Okura, 2000; Ancey, 

2001; Louge and Keast, 2001; Goujon et al., 2003; Hungr, 2008; Cagnoli, 2010; Yang et al., 2011; Bryant 

et al., 2014; Bartali et al., 2017). This work has illustrated the existence of distinct varieties of granular 

flow, bounded by two end member flow regimes. Drake (1990) explains that these end member regimes 

differentiate primarily according to particle interactions: a collisional regime, where momentum transfer 

is dominated by collisional particle interactions and, alternatively, a frictional regime, which is dominated 

by prolonged shearing of adjacent particles. These interflow zones have also been termed the gaseous and 

quasi-static flow regimes, respectively, between which there exists a transitional regime where collisional 

particle interactions are coincident with a frictional contact network (GDR Midi, 2004). Figure 2.1a 
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displays a frictional-type flow with a distinct network of non-ephemeral particle contacts; whereas, Figure 

2.1b depicts a chaotic flow where particle interactions tend to be brief and collisional as suggested by 

Drake (1990). Only flows which are sufficiently deep or slow will produce thick, frictional regions; 

however, all flows will exhibit a chaotic, collisional flow regime at the top free-surface of the flow 

(Drake, 1990). It has been postulated that the shift from a dense flow regime to a dilute flow regime 

depends on the restitution coefficient of the particles, representing the efficiency of energy transfer during 

particle collisions. Accordingly, a transition in flow structure should also be dependent on the frequency 

and intensity of collisional particle collisions (GDR Midi, 2004).  

Okura et al. (2000) and Bartali et al. (2017) have observed that, by increasing the total number of particles 

of a dry granular landslide experiment, the mobility of the flow is decreased when volume is constant 

between tests. Modelling methods used in the current state of practice neglect to incorporate particle size 

effects in runout estimations. The proposition herein is that by increasing the total number of particles in a 

dry granular landslide flow, the flow thickness relative to the particle size is increased and, consequently, 

the collisional activity of the flow is reduced. The flow illustrated in Figure 2.1a has more layers of 

particles within the total flow thickness relative to the flow illustrated in Figure 2.1b; therefore, the flow 

in Figure 2.1a is dominated by more frictional particle interactions. The recent development of highly-

instrumented particles (i.e. “Smart Rocks”) now permits the quantification of collisional activity within a 

landslide flow (Apostolov and Benoît, 2017). Using Smart Rocks (SRs) in landslide experiments 

represents a unique opportunity to investigate the impact of collisional flow on the mobility of landslides, 

as expressed by the distal reach and spreading of their deposits.     

In this chapter, high frame-rate digital imaging techniques, SRs, and three-dimensional laser scanning are 

used inside a large-scale landslide flume apparatus to quantify the impact of collisional flow on dry 

granular landslide runout. The objective of this research is to provide a comprehensive set of physical 

data which correlates variance in the collisional activity of landslide flows to differences in runout. Each 

landslide flow will be quantified by means of flow velocity, flow thickness, deposit shape, and collisional 
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activity. The intention is that these data will be used in the future to develop and validate numerical 

models which attempt to predict the influence of collisional flow on the runout of dry granular landslides.  

2.2 Materials and Methods  

2.2.1 Flume 

The Queen’s University landslide flume is 2.09 m wide, has an 8.23 m long inclined section at 30° to the 

horizontal, and has a horizontal runout section which is 36 m in length (Bryant et al., 2015). The side-

walls are 1.21 m in height, constructed using panels of tempered glass 19 mm in thickness. On the sloped 

section and the first 3.68 m of the horizontal runout section, the flume base is covered by an aluminum 

plate which is coated with a textured paint to provide consistent basal friction. The remaining length of 

the horizontal runout section has a smooth concrete base. Such a controlled environment provides optimal 

conditions for simplicity in future numerical modelling applications.      

A soil release box is situated at the top of the inclined section, which housed the 0.4 m
3
 prisms of granular 

materials prior to release, as illustrated in Figure 2.2. The internal dimensions of the release box (1.75 m 

in width, 1.50 m in length, and 0.75 m in height perpendicular to the slope) yield a maximum capacity of 

1.68 m
3
. Prior to release, double-acting pneumatic actuators applied sealing forces to the door, 

counteracting the self-weight of the granular source volumes. Upon reversal of actuation pressure, the 

door opened at approximately 1 m/s to release the granular flows.  

2.2.2 Landslide Materials  

Pseudo-spherical ceramic beads (Denstone 2000 Support Media) were used as the granular materials for 

all landslide experiments. The beads possess nominal grain diameters of 3 mm, 6 mm, 13 mm, and 25 

mm, and a dry bulk density of 1400 kg/m
3
 as measured in the lab. According to Denstone, the hardness is 

given as greater than 6.5 on the Mohs scale. Figure 2.3 illustrates each of the nominal bead sizes. Samples 

of 30 beads from each grain size population were used to quantify average values of grain dimeter, mass, 
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and sphericity. A set of digital calipers were used to measure the minimum and maximum diameters of 

each of the sample beads in three dimensions. Histograms in Figure 2.4 and Figure 2.5 represent grain 

mass and grain size distributions, respectively, for each nominal grain size. Grain sphericity was 

evaluated based on three grain shape parameters:  

 Diameter Ratio: evaluated between the average diameter of a grain and the maximum 

diameter of a grain 

 Volume Ratio: evaluated between the volume of a sphere, calculated using a radius equal 

to half of the average dimeter of a grain, and the volume of an approximated ellipsoid 

using measured grain dimensions (i.e. minimum diameter and maximum diameter in 3D) 

 Surface Area Ratio: evaluated between the surface area of a sphere, calculated using a 

radius equal to half of the average dimeter of a grain, and the surface area of an 

approximated ellipsoid using measured grain dimensions (i.e. minimum diameter and 

maximum diameter in 3D) 

Results of the material characterization indicate that the variously sized particles are nominally identical 

apart from diameter. 

Considering the postulation that flow structures are dependent on the restitution coefficients of constituent 

particles, it is relevant for this investigation to quantify the restitution coefficients of the beads. Individual 

particles were recorded at 1000 frames per second dropping vertically onto the aluminum flume base and 

rebounding upwards. Restitution coefficients (e) were calculated by finding the ratio between the freefall 

velocity (VIN) and the rebound velocity (VOUT).  

  e = VOUT / VIN       (1) 
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The freefall and rebound velocities were obtained from Particle Imaging Velocimetry (PIV), using 

geoPIV (White et al., 2003). The dynamic mesh version of this technique allowed for individual particle 

tracking between adjacent frames. Instantaneous particle displacements were recorded as the difference in 

pixel locations of the particles between frames, which were then converted to velocities using the scale of 

the image and the known frame rate of the camera. All measured grain properties are summarized in 

Table 2.1.  

2.2.3 Observation Methods  

High frame-rate (HFR) cameras were situated to observe the grain-scale interactions of the dry granular 

flows from profile and bed-normal perpendicular viewing angles. A single Prosilica GX 1050 camera 

fitted with a 24 mm Nikkor lens (100 frames per second (fps) at a maximum resolution of 1024 pixels × 

1024 pixels) was situated on a cross beam above the middle of the flow channel to capture bed-normal 

flow 6.17 m down-slope from the release box. A higher frame rate camera (Sony DSC-RX10M2 

equipped with a SONY Vario-Sonnar T* Carl Zeiss 2.8/8.8-73.3 lens, operating at 500 fps), situated on a 

tripod, was used to observe flow profiles 6.23 m from the release box. A PALLITE VIII high-speed (i.e. 

flicker-free) light source was used to illuminate the fields of view for both cameras. The locations of the 

fields of view of both cameras, illustrated in Figure 2.2, are such that maximum flow velocities could be 

observed while the flows remained unaffected by the transition to the horizontal runout section.  

Data captured from the bed-normal camera position was used to measure flow velocities in the centre of 

the flow channel. Measurements of grain displacements were obtained from Particle Imaging Velocimetry 

(PIV), using geoPIV (White et al., 2003). The static mesh version of this technique allowed for a network 

of rectangular mesh elements to be fixed at specific coordinates within the field of view of the camera. 

Each mesh element captured an instantaneous position of the granular flow, corresponding to a unique 

texture that was then matched in subsequent images of the flow to obtain particle displacements. An 

example of a static mesh grid with displacement vectors is illustrated in Figure 2.6.  
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Data captured from the profile camera position was used to observe flow thicknesses. Given lightly 

coloured particles on a black background, the method of determining the thickness of a flow in a singular 

frame was a matter of identifying the pixel location of the top surface of the flow using a method of pixel 

intensity averaging. The intensity of a pixel corresponds to the amount of light that is captured by the 

camera at a specific location within a frame. Starting at the top of an image, pixel intensity values were 

averaged across the image width. At the top surface of a flow, average pixel intensity values increased 

corresponding to the increased density of reflective particles antecedent to the black background. The 

horizontally averaged pixel intensity value observed at the top surface of a flow was set as the respective 

threshold intensity value, below which the flow thickness extended vertically until basal truncation. When 

the threshold intensity value was met or exceeded in each individual frame, the pixel location of the 

threshold exceedance was recorded, representing the specific location of the top surface of the flow. 

Figure 2.7a shows a singular profile-view frame, and Figure 2.7b illustrates the corresponding curve of 

pixel intensity averages. The threshold intensity value, depicted in Figure 2.7b, corresponds to a pixel 

intensity that accurately represents the top of the flow profile. Knowing the pixel value of the row of 

pixels at the base of the flow, thickness was calculated using a simple scale-factor conversion.  

Quantifying landslide runout by means of comparing initial and end positions requires a method of 

accurately measuring the end position of landslide after it has come to rest. Historically, landslide runout 

has been quantified using the Fahrböschung angle (α) (Heim, 1932) existing between the head of the slide 

and the toe of the deposit (e.g. Hsü, 1975; Corominas, 1996), which represents the inverse tangent of the 

ratio of the vertical fall height (Hmax) to the horizontal runout length (Lmax), as illustrated in Figure 2.2. 

The tangent of the Fahrböschung angle was later called the equivalent coefficient of friction (Shreve, 

1968a), and the equivalent coefficient at the gravity center was proposed as the tangent of the travel angle 

(αg) between the centers of gravity of a landslide source volume and the deposit (Okura, 1999). The 

Fahrböschung angle is used more frequently than the travel angle at the gravity centre because, from a 

geo-hazard perspective, it is the distal reach of a natural landslide that defines the maximum horizontal 
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extent of the impact zone. Additionally, it can become exceedingly difficult to pinpoint the centre of mass 

of a natural landslide deposit; whereas, it is much simpler to know the maximum extent of distal reach. 

A FARO Focus
s
 Laser Scanner was used to capture the position and morphology of the landslide 

deposits. Two scan positions were used, as shown in Figure 2.8: the first of which was on the horizontal 

runout section beyond the distal extent of the coherent deposits, and the second was above the inclined 

section of the flume. The second scan position was required because the upstream faces of the landslide 

deposits could not be adequately captured by scans from the first position. Individual scans were 

registered to one another by means of target-based registration, using reference spheres from FARO as 

targets. This method of target based registration forces the scans to align according to the locations of the 

targets. The validity and accuracy of deposit shape results from laser scanning data was confirmed by 

manual measurements of deposit thickness. 

Smart Rocks, developed at the University of New Hampshire by Apostolov and Benoît (2017) capable of 

collecting three-component acceleration and angular velocity data, were embedded within landslide flows 

during testing in the flume at Queen’s University. Figure 2.2 illustrates the two locations that SRs were 

placed on the landslide source volumes in the release box, prior to initiation. Figure 2.9 displays the 

approximate sizing of various SR designs and their internal components. The SRs used for landslide 

testing in the flume at Queen’s University were approximately the size of the largest particles used during 

testing (~ 25 mm) and are shown as Standard Casing on Figure 2.9.   

Equipped with three-component accelerometers, gyroscopes, and magnetometers, SRs build reference 

frames using the orientation of Magnetic North with respect to the gravity vector during a pre-testing 

calibration process (Apostolov, 2016). The accelerometer inside a SR, initially at rest, will experience 

approximately 9.81 m/s
2
 or 1g of acceleration oriented downward. Thus, the accelerations experienced by 

a SR during a landslide flow can be observed by comparison to the background signal. The operational 

frequencies of data acquisition for the SRs in the front and back positions were 500 Hz and 200 Hz 



36 

 

respectively. Data collected by a SR during a landslide test was saved directly to a micro SD card onboard 

the SR. The concept of using SRs within landslide flows allows the collection of data which provide 

opportunities to make correlations between the collisional accelerations experienced within various 

landslide flows. 

A simple drop test was conducted with a SR to illustrate its functionality, filmed from the side using the 

Sony DSC-RX10M2. The SR was dropped from a height of approximately twenty centimeters onto an 

unopened package of 500 sheets of copy paper. The frames in Figure 2.10b correspond temporally to the 

resultant acceleration signal observed at the respective times indicated in Figure 2.10a. The particle 

initially experienced 1g while at rest and, when released, was no longer subjected to the force that 

prevented its motion according to the gravity field. As the particle fell, the acceleration experienced by 

the particle decreased as the forces acting on the particle came towards equilibrium. When the particle 

impacted the ground, it experienced a substantial spike in resultant acceleration as its motion was sharply 

arrested. As the particle bounced back upwards into suspension, the resultant acceleration declined as, 

once again, active forces approached an equilibrium state. These data indicate that collisions correspond 

to positive spikes in resultant acceleration, and moments of “weightlessness” interposing collisions are 

represented by declines in acceleration. PIV methods were used to quantify the instantaneous velocity 

vectors at targets on opposite ends of the SR to help illustrate the motion of the SR between frames in 

Figure 2.10b.  

2.3 Results  

Monodisperse dry granular landslide testing was conducted using each of the four nominal grain sizes, a 

constant source volume of 0.4 m
3
, and a constant slope angle of 30°.  

The effect of varying the total number of particles in the source volume on flow structure is evident in 

high frame-rate digital image data. Figures 2.11 and 2.12 show adjacent frames captured by the bed-

normal camera for each of the nominal particle sizes. From these images, it is easily discernable that the 
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flows that involving a fewer number of the larger particles was more dilute relative to the flows of a 

larger number of the smaller particles. The SR seems to have floated on the surface of the flow in the 3 

mm experiment; whereas, in the 25 mm experiment, the SR became entrained within the flow. This 

observation is consistent with particle segregation phenomenon (i.e. the Brazil nut effect) for granular 

mixtures of variously sized particles, where larger particles tend to overly smaller particles, as illustrated 

in Figure 2.1. For dry granular landslide flows involving pseudo-spherical beads, increasing the grain size 

while keeping volume constant translated into flows that were more dilute and, thus, more collisional in 

nature. Smaller void spaces between particles in landslide experiments involving smaller beads meant that 

particle contacts tended to be prolonged and, thus, more frictional. The macro-scale differences in 

rheology and runout behaviour between landslide experiments were quantified using flow velocity and 

flow thickness profiles from the HFR cameras, acceleration data from the SRs, and deposit shape data 

collected using the FARO laser scanner.     

Velocity profiles obtained through PIV and thickness profiles obtained through pixel-intensity 

thresholding, displayed in Figure 2.13, indicate the relative flow changes that resulted from varying the 

total number of particles in a constant source volume. Using these thickness and velocity data, collected 

6.23 m and 6.17 m down-slope from the release box respectively, the overarching comparisons that can 

be made are that flows of larger particles travelled faster, for shorter durations, and were thicker than 

flows of smaller particles. Although flow thicknesses increased with increasing particle diameter, the 

thicknesses of the flows relative to the particle size decreased as a function of the particle-particle 

interactions. Table 2.2 summarizes flow thickness results in terms of average flow thickness and average 

flow thickness relative to particle size. In theory, flows that are sufficiently thick necessarily contain 

frictional regimes; whereas, shallower flows tend to exhibit more collisional behaviour (Drake, 1990).  

The raw SR data in Figure 2.14 illustrates how some data from a 6 mm landslide experiment appears pre-

processing. The SR used the North-East-Down convention where the x-axis was oriented north along the 

length of the flume, the y-axis was oriented east, perpendicular with the side-walls, and the z-axis was 
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orientated down. Looking downstream along the length of the flume, positive rotation was clockwise 

about the x-axis, counter-clockwise about the y-axis, and clockwise about the z-axis. The negative 

angular accelerations displayed in Figure 2.14 simply represent rotational velocities in opposite 

orientations to those listed above. The z-channel initially experienced 1g, while the other two channels 

experienced 0g. After initiation at time equals zero, fluctuations in resultant acceleration and angular 

velocity indicate flow entrainment of the SR resulting in particle-particle interactions. The peak maximum 

resultant accelerations and angular velocities were approximately coincident between tests, as the SR 

more-or-less impacted the runout section of the flume around 2.2 - 2.3 seconds. All SR data used to 

compare landslide flows occurred during unimpeded flow after initiation and before impact with the 

runout section of the flume.  

Using SRs within these landslide experiments permitted the quantification of particle-particle interactions 

by means of resultant acceleration signal processing. The front SR position was given priority over the 

back SR position as it allowed the SR to become more entrained within the flows. Figure 2.15 and Table 

2.3 display data from the front SR position only. Figure 2.15 illustrates resultant acceleration profiles 

generated from SR data collected in the front position. Each of these acceleration profiles were corrected 

such that the first deviation of the resultant acceleration signals away from the 1g baseline occurred at 

time zero. The frequency of collisions experienced by a SR was quantified by calculating the average 

number of positive spikes in a resultant acceleration signal per second, during the first 2 seconds after 

initiation. The average intensity of collisional acceleration was quantified by calculating the mean of the 

magnitudes of all of the positive spikes in a resultant acceleration signal. Table 2.3 summarizes average 

collisional frequency and average collisional acceleration results. These data indicate that, as the particle 

size increased, SRs experienced accelerations of greater magnitudes at higher frequencies.  

Figure 2.16 summarizes the results of all the data sets from both the front and back initial positions. 

Trends in these data indicate that with an increasing total number of particles, as the flow thicknesses 

increased relative to particle size, there were subsequent decreases in both the number of collisions per 
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second and the magnitude of such collisions. These trends remained true for both front and back SR 

positions. The spreading of repeat data sets in Figure 2.16 provides some indication of the repeatability of 

the landslide experiments. For repeat data sets from the front SR position, the average standard deviation 

of collisional acceleration represented < 10% of the mean value, and the average standard deviation of 

collisional frequency represented < 15% of the mean value. Thus, repeat data sets indicate that identical 

landslide experiments exhibit insubstantial differences in collisional activity.    

To understand the impact of collisional activity on the mobility of dry granular landslides, the positions of 

the landslide deposits were quantified using 3D laser scanning. Figure 2.17 illustrates the final resting 

positions of landslide experiments conducted using each nominal particle size. The locations of the 

landslide deposits relative to the flume base were confirmed by manual measurements of deposit 

thickness, evaluated at 0.25 m intervals along the length of the runout section of the flume. Qualitatively, 

the landslide experiments with larger particles travelled further than the landslide experiments with 

smaller particles. The deposits of large-particle landslide experiments tended to be shallower and longer 

than those of smaller particles, which tended to be shorter and taller. Thus, the distinction between 

collisional and frictional particle interactions during landslide flow is significant in terms of dry granular 

landslide mobility, as well as deposit morphology.      

The relative mobility of landslide experiments was compared using the travel angle at the gravity centre 

and the Fahrböschung angle. The angle connecting source volume and deposit is lesser for landslides that 

travel further; therefore, both the travel angle at the gravity centre and the Fahrböschung angle decreased 

with increasing particle size. By increasing the diameter of the landslide particles from 3 mm to 25 mm, 

the travel angle at the gravity centre (αg) was observed to decrease from 27.8° to 25.3° (Δαg =  - 9.0 %) 

and the Fahrböschung angle (α) was observed to decrease from 25.0° to 21.4° (Δα = -14.4 %). Larger 

particle flows with increased mobility had relatively dilute flow structures, and possessed small flow 

thicknesses relative to particle size as illustrated in Figure 2.18. Table 2.4 summarizes the mobility results 

for dry granular landslides of each nominal particle size.     
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2.4 Conclusions 

Highly-instrumented “Smart Rocks” (SRs) were embedded within monodisperse dry granular landslide 

experiments to quantify the collisional activity within such flows, and to understand the influence of 

collisional flow on the mobility of landslides. All experiments were conducted in a large scale flume at 

30° to the horizontal, with a constant source volume equal to 0.4 m
3
. The total number of particles in each 

landslide experiment was altered by means of changing the nominal particle size. The particles were 

pseudo-spherical ceramic beads with nominal grain diameters of 3 mm, 6 mm, 13 mm, and 25 mm. 

Resultant acceleration data collected by the SRs were effective in quantifying the collisional activity 

within the various flows. With each increase in particle diameter, there were associated increases in the 

magnitude and frequency of the collisions measured by the SRs.  

High frame rate (HFR) digital image processing indicated that increases in collisional activity resulted 

from decreases in flow thicknesses relative to particle size. This finding is consistent with previous 

observations of granular flows indicating that shallower flows tend to exhibit more chaotic, disorderly 

flow structures. 3D deposit shape data, captured using the FARO Focus
s
 laser scanner, indicated that 

landslide mobility and spreading were dependent on collisional flow effects.  

The results of the landslide testing program presented within this chapter indicate that by increasing the 

monodisperse grain size of a dry granular landslide using pseudo-spherical ceramic beads, the collisional 

activity of the flow increased. Increasing collisional activity within monodisperse dry granular landslides 

was directly related to increased runout and spreading of corresponding landslide deposits. By increasing 

the size of landslide particles from 3 mm to 25 mm using a constant source volume of 0.4 m
3
, the travel 

angle at the gravity centre (αg) was observed to decrease from 27.8° to 25.3° (Δαg = - 9.0 %) and the 

Fahrböschung angle (α) was observed to decrease from 25.0° to 21.4° (Δα = -14.4 %).  

Site-specific empirical landslide mobility estimation remains invaluable in industry, but the results 

presented in this chapter indicate that mechanistic landslide mobility modelling techniques could be 
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improved with the incorporation of collisional flow effects. The observations of collisional landslide flow 

presented in this chapter could represent a physical manifestation of the mechanical fluidization theory of 

long-runout landslides. Additional work is required to determine the impact of particle size disparity on 

SR resultant acceleration results.    
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  Table 2.1: Summary of measured grain properties 

 

Nominal Grain Size 

 

3 mm 6 mm 13 mm 25 mm 

Average Grain Mass (g) 0.0677 ± 0.0193 0.4110 ± 0.0575 2.807 ± 0.448 19.75 ± 1.37 

Average Grain Diameter (mm) 3.85 ± 0.41 7.03 ± 0.38 13.43 ± 0.66 25.86 ± 0.58 

Average Grain Sphericity (%) 92.2 ± 0.9 96.2 ± 0.6 95.7 ± 0.1 94.9 ± 0.3 

Average Grain Density (kg/m
3
) 2241 ± 157 2242 ± 66 2195 ± 77 2177 ± 71 

Average Restitution Coefficient 0.611 0.635 0.653 0.663 

 

Table 2.2: Summary of average flow thickness results relative to respective particle diameter 

Nominal Particle Diameter (d)  Average Flow Thickness (s) Thickness / Diameter (s/d) 

3 mm 31 mm 8.1 

6 mm 42 mm 6.0 

13 mm 60 mm 4.4 

25 mm 82 mm 3.2 
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Table 2.3: Collisional flow properties 

Nominal Particle Diameter  Average Collisions per Second  Average Collisional Acceleration (g) 

3 mm 45 0.28 
 

6 mm 51 0.54
 

13 mm 60 1.04
 

25 mm 62 1.38
 

 

Table 2.4: Summary of landslide mobility results 

Nominal Particle Diameter Travel Angle at Gravity Centre (°) Fahrböschung Angle (°) 

3 mm 27.8 25.0 

6 mm 27.0 24.0 

13 mm 26.9 22.9 

25 mm 25.3 21.4 
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Figure 2.1 a) Frictional shear-type flow and, b) chaotic, collisional-type flow 
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Figure 2.2: Illustration of the landslide flume at Queen`s University. SR1 represents the back initial 

Smart Rock position and SR2 represents the front initial Smart Rock position. Centres of gravity 

are indicated within profiles of landslide materials 
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Figure 2.3: The four different particles sizes, using a ruler for scale 
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Figure 2.4: Histograms of grain mass distributions for each nominal particle size 
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Figure 2.5: Histograms of particle diameter distributions for each nominal particle size 
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Figure 2.6: Example of static mesh used in PIV analysis of granular flow, including displacement 

vectors, evaluated between frames during 0.01 seconds of motion
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Figure 2.7: Example of (a) a singular profile frame with flow thickness indicated, and (b) the associated curve of pixel intensity averages 

with the threshold value indicated 
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Figure 2.8: The FARO Focus
s
 laser scanner operating in the landslide flume at Queen’s University 
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Figure 2.9: The Smart Rock and its internal components 
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Figure 2.10: A simple drop test using a SR where (a) shows the resultant acceleration signal and (b) 

shows where the SR is, spatially, at each indicated point. Instantaneous displacement vectors from 

PIV included for all frames where the SR is in motion 
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Figure 2.11: Bed-normal image sequence of each particle size using 0.4 m
3
 source volumes. The 

location of the Smart Rock is indicated in each frame 
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Figure 2.12: Zoomed-in bed-normal frames of full-sized images in Figure 11 
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Figure 2.13: Flow velocity (v) and flow thickness (s) profiles for landslide tests using each nominal particle size with a constant source 

volume of 0.4 m
3 
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Figure 2.14: (a) Raw three-component acceleration data from the SR, and (b) raw three-component 

angular velocity data from the SR in 0.4 m
3
 of 6 mm beads 
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Figure 2.15: The differences in resultant acceleration measured by a front position SR in 0.4 m
3
 

landslide experiments, conducted using each nominal particle size 
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Figure 2.16: Variation in collisional activity observed in landslide experiments using 0.4 m
3
 source 

volumes with flow depth normalized by particle diameter (s/d) 
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Figure 2.17: The final resting positions of landslide tests at 0.4 m
3
, using each of the nominal 

particle sizes, with respect to the flume base 
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Figure 2.18: The relationships between travel angle, relative flow thickness, and average collisional 

acceleration 
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 Chapter 3 

The Influence of Volume Fraction and Shear Rate on Collisional Granular 

Landslides 

3.1 Introduction 

The energy and momentum present within a granular flow is limited by the gravitational potential of the 

source volume. Energy dissipation during flow occurs in conjunction with momentum transfer between 

particles (Campbell, 2006), and by interaction with a resistive flow path (McDougall and Hungr, 2004). 

The runout prediction of naturally occurring flows is highly relevant in terms of risk management for 

downstream life and infrastructure. Research focused on modeling granular flow represents an 

intersection of multiple fields, including fluid mechanics, soil mechanics, flow rheology, and statistical 

physics (Forterre and Pouliquen, 2008). This field of work is primarily motivated by the prediction of the 

mobility and distal reach of highly-complex natural phenomena generally described as rock avalanches, 

pyroclastic flows, and landslides.  

The diversity in the behaviour of such flows has prevented the development of a constitutive law with the 

capacity to reproduce the wide variety of behaviours observed for flows of cohesionless grains. Forterre 

and Pouliquen (2009) explain that behavioural regimes of granular flows range from a granular gas 

regime characterized by a dilute and saltational flow structure, to a liquid regime characterized by dense, 

steady flow. The adaptation of the kinetic theory of gases to model the saltational behaviour of extremely 

dilute granular flows it well documented (e.g. Bagnold, 1954). On the other end of the spectrum, dense 

granular flows can be modeled by approximation using theory from dense granular gas mechanics. The 

development of dense granular gas theory, however, is subject to nontriviality due to the presence of 

clustering and micro-structural force networks (Goldhirsch, 2003). The mechanical behaviour of granular 

flows has been investigated experimentally through the six main configurations including plane shearing, 
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annular shearing, vertical chute flow, inclined chute flow, vertical flow onto a pile, and shearing in 

rotating drum. Inclined chute flow experiments have indicated that most granular flows exist within a 

“liquid” flow regime, where dense and saltational regimes coexist and grade into one another (GDR 

MiDi, 2004; Pouliquen and Chevoir, 2002; Forerre and Pouliquen, 2008). A governing constitutive law 

requires the inclusion of inhomogeneous flow structures ranging in volume fraction from dense to dilute 

(Jenkins and Louge, 1997). 

The shear rate of a granular flow (γ̇), defined as the gradient between basal and free surface flow 

velocities, is a frequently used parameter in the characterization of granular flows. Various methods of 

dimensional analyses intended to describe the structural behaviour of granular fluid flows have been 

proposed by the works of Bagnold (1954) and Savage (1989). GDR MiDi (2004) and da Cruz et al. 

(2005) propose that the shear state of a flow of cohesionless grains is controlled by the inertial number (I), 

equal to the square root of the Savage number (Sa). The inertial number concept has been widely applied 

to quantify the relationships between velocity, stress, and friction coefficients for cohesionless grain flows 

(Fall et al., 2015). Bagnold defined that a transition from viscous dominated flows to grain inertia 

dominated flows occurred with increasing Bagnold number (Bagnold, 1954). Similarly, Savage found that 

long lasting contacts dominated for small values of Sa (< 0.1), and single grain collisions dominated for 

values of Sa > 0.1 (Cabrera et al., 2018). According to the direct relationship between the Savage number 

and the inertial number, it follows that small values of I correspond to flows within the quasi-static 

regime; whereas, large values of I correspond to rapid chaotic flows (Forterre and Pouliquen, 2008). 

When pore fluid density is negligible and flows are conducted under 1g gravitational acceleration, the 

formulation to evaluate the Savage number of a granular flow is as follows:  

 Sa =  
γ̇𝑑

𝑔𝑠
         (1)   
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In Equation 1 above, γ̇ is the shear rate, d is the particle diameter, g is gravitational acceleration, and s is 

the thickness of the flow. The Savage number (Sa) is directly proportional to shear rate of the flow, 

indicating that the transition from dense, frictional flow to dilute, saltational flow theoretically 

corresponds to increasing shear rate. Sa is inversely proportional to flow thickness divided by particle 

diameter (s/d). The s/d term provides a quantitative measure of the number of particle diameters within 

the average thickness of a granular flow. The Savage number theory was developed using experimental 

data from the shearing of granular materials in an annular shear cell, where shear rates were calculated 

between rotating and static shear cell boundaries. By such a definition, the agitation of particles in a shear 

cell, alternatively defined as the collisional activity within a flow, increases with increasing shear rate.  

Previous physical investigations of dry granular flows in an open channel landside flume in chapter 2 

have indicated that dilute flows exhibited increased velocity and collisional activity relative to dense 

flows produced from equivalent source volumes. Experimental data have indicated that the occurrence of 

dense granular flow is necessitated by a minimum number of grain layers within the flow thickness. 

Dilute flows have been observed to occur when the flow thickness relative to a monodisperse particle 

diameter is relatively small. These observations are consistent with the results of experiments conducted 

by Drake (1990), who extensively characterized the structural relationships between frictional and 

collisional regimes within granular flows in an inclined chute. In this chapter, the density of granular 

flows will be quantified by a measurement of volume fraction (φ). 

Bryant et al. (2015) also reported on the results of dry granular landslide experiments conducted in an 

open channel flume. Flows were observed to exhibit variable flow regimes temporally within individual 

landslide events. Granular gas behaviour was observed towards the leading and trailing edges of the 

flows; meanwhile, the middle regions of the flows were generally characterized by a liquid behaviour 

regime. As dense, steady flow was obtained towards the middle of dry granular flow experiments, the 

mean velocity was observed to decrease and the mean shear rate was observed to increase (Bryant et al., 
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2015). These observations of decreasing shear rate with progression towards dense, steady flow are in 

direct opposition with the formulation of the Savage number.  

For the purposes of a discussion on the behaviour of shearing and non-shearing flow in this chapter, the 

two end-member archetypal shearing behavioural regimes are classified as plug flow and shearing flow. 

Perfect plug flow is characterized by a zero rate of shearing between the top and bottom surfaces of a 

flow; thus, constituent particles travel with identical transverse velocities throughout the whole thickness 

of a perfectly plug flow. Alternatively, shearing flow is characterized by a large shear-velocity gradient 

evaluated over the flow thickness. Figure 3.1 illustrates examples of granular flow structures with two 

different shear rate magnitudes. 

This chapter investigates the relationships between flow velocity, flow thickness relative to particle 

dimeter, collisional activity, shear rate, mass fraction, and overall mobility behaviour. Alternative to the 

traditional methods of shear rate calculation in annular shear cells, shear rates will be calculated based on 

the deformation of the granular mass as conducted by Bryant et al. (2015). The purpose of this research is 

to extend onto the data presented in chapter 2 to assist in the development and calibration of new 

numerical techniques which can incorporate flow-regime dependent variation on the collisional activity 

and resulting mobility behaviour of landslides.   

3.2 Materials and Methods  

3.2.1 Open Channel Landslide Flume 

The landslide flume at Queen’s University is illustrated in Figure 3.2. The inclined section of the flume is 

set at 30° to the horizontal, and allows for 6.73 m of unimpeded landslide flow (Bryant et al., 2015). The 

flume is 2.09 m in width, and has transparent tempered glass side walls 1.20 m in height along the 

inclined section and the first 3.68 m of the runout section. The base of the flume is covered by an 

aluminum plate within the extents of the transparent side walls, beyond which the base is smooth 
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concrete. Furthermore, a soil release box rests at the top of the inclined section which has the capacity to 

host approximately 1.5 m
3 
of granular materials, depending on the angle of repose of constituent 

materials. The door of the release box is controlled by a pneumatic actuation system that applies a sealing 

force to the door when required, during infilling of the box and prior to release. Landslide experiments are 

initiated by a reversal of actuation pressure, opening the release door at approximately 1 m/s at its bottom 

edge. Such a well-defined landslide testing apparatus provides an optimal situation for future replication 

of results by emerging numerical techniques.   

3.2.2 Materials 

Dry granular landslide experiments were conducted in the landslide flume at Queen’s University using 

0.2 m
3
, 0.4 m

3
, 0.6 m

3
, 1.0 m

3
, and 1.4 m

3
 source volumes. All experiments were conducted with 25 mm 

pseudo-spherical ceramic beads, supplied by Denstone Ceramic Support Media. The beads have a dry 

bulk unit weight equal to 1400 kg/m
3
, and a hardness greater than 6.5 on the Mohs scale. Average values 

of grain diameter and grain sphericity were quantified by 3D measurements of long and short axes lengths 

of individual grains. An average value of grain mass was quantified using a Sartorius analytical balance. 

An average restitution coefficient of the beads was quantified by evaluating the ratio of incoming and 

outgoing velocities for beads being dropped vertically onto the aluminum flume base. Average grain 

dimeter, grain sphericity, grain mass, and restitution coefficient are 19.75 g, 25.86 mm, 94.9 %, and 0.663 

respectively.    

3.2.3 Data Acquisition and Processing 

Digital image data was captured using high frame-rate cameras, situated to observe the flow behaviours 

from top-down (normal to the bed) and side-profile (parallel with the bed) viewpoints. The bed-normal 

situated camera was a Prosilica GX 1050 fitted with a 24 mm Nikkor lens, operating at 100 frames per 

second (fps), capturing digital images with its maximum operating resolution of 1024 pixels × 1024 

pixels. The side-profile viewing camera was a Sony DSC-RX10M2 equipped with a SONY Vario-Sonnar 
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T* Carl Zeiss 2.8/8.8-73.3 lens, operating at 500 fps. The bed-normal camera, situated on a cross beam 

elevated above the flume, and the profile-view camera, situated on a tripod outside the flume, observed 

the flows 6.17 m and 6.23 m down-slope from the release box, respectively. The cameras were situated as 

such to maximize the utility of the inclined section of the flume, and to observe the flows prior to impact 

with the horizontal runout section. A PALLITE VIII high-speed (i.e. flicker-free) light source was used to 

effectively illuminate the fields of view of both cameras.  

Side-walls of open channel flume structures invariably act as frictional surfaces. An investigation by 

Bryant et al. (2015) illustrated that sidewall friction in the landslide flume at Queen’s University 

influenced the observed velocity of landslide flows within approximately 17 particle diameters from the 

sidewall. Following such an observation, given the average diameter of the particles used for testing, 

measurements of flow velocity in the centre of the flow channel are minimally and inconsequentially 

affected by sidewall friction. Digital images captured using the bed-normal camera above the centre of the 

flume were utilized to calculate flow velocity profiles. Grain displacements between individual frames 

were calculated using a method of Particle Imaging Velocimetry (PIV) developed by White et al. (2003). 

This technique allows for a network of mesh elements to be statically positioned within the field of view 

of a camera. Within each individual frame, a unique texture is recorded and subsequently matched in 

subsequent frames to calculate instantaneous pixel displacements. Such displacements are converted to 

velocities using the known frame rate of the camera and a scale factor conversion from pixels to units of 

length.  

The transparency of the flume sidewalls at Queen’s University allows for direct observations of flow 

thickness profiles. The side-profile orientated camera captured digital image data which was used to 

analyze the thicknesses of landslide flows relative to particle diameter. Given reflective particles 

antecedent to a dark, non-reflective background, the thickness of a flow was represented by a zone of high 

pixel intensity. To determine the location of the top surface of a flow, the average pixel intensity at the 

top free-surface was measured and set as a threshold value. Starting at the top of a digital image, pixel 
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intensity values were averaged across each row of pixels within the frame, producing a curve of pixel 

intensity averages down the height of the image. The location of the top surface of the flow was recorded 

as the vertical position coinciding with the first occurrence of threshold exceedance. Knowing the 

location of the top surface of the flow and the location of the base of the flume, the thickness of the flow 

was calculated using a scale factor conversion between pixels and length.  

Digital image data captured from the side-profile viewing camera was also used to calculate the shear 

rates and volume fractions exhibited by the landslide flows. According to observations of the temporal 

variability of flow structures within individual landslide events made by Bryant et al. (2015), saltational 

behaviour invariably exists at both the leading and trailing edges of all granular landslide events. An 

example of such behaviour is illustrated in Figure 3.3, which displays 3 frames taken within a 0.6 m
3
 dry 

granular landslide experiment conducted with 25 mm beads: one at the leading edge, one in the middle, 

and one at the trailing edge. Assuming that the saltational behaviour at the leading and trailing edges is 

more or less constant between flows of changing volume, and that the shear rates and volume fractions of 

such flows are dependent on flow structure, samples must be taken in the middle of flow experiments to 

avoid the peripheral saltation zones and provide a consistent basis for comparison between experiments.  

Volume fraction is defined as the ratio between grain-occupied space and total area within the flow-

occupied region of a side-profile digital image. The method used to calculate volume fraction was the 

same used to evaluate solid concentration by Gollin et al. (2017), who provided the program used for 

digital image analysis. From a starting position at the base of the flume, images were sequentially 

analyzed upwards until the top surfaces of the flows. The locations of 2D circles within specified limits of 

minimum and maximum radii were calculated using a circular Hough transform search. Using an edge 

detection method applied to the digital images by analyzing intensity contrast gradients between pixel 

locations, 3D parameter spaces were constructed. The parameter space was initially occupied by an 

accumulator matrix comprised entirely of zeros. The three dimensions (x,y,z) of the parameter space were 

comprised of latitudinal coordinates, longitudinal coordinates, and accumulation magnitude. When the 
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pixel location of an edge of a circle was identified in the original space, a circle with a range of potential 

radii was assigned to the edge point in the corresponding parameter space. The value of a grid element in 

the accumulator matrix denoted the total number of projected “circles” passing through the element in the 

parametric accumulator grid. If similar circles are applied at all edge points detected in the original space, 

and the magnitude of accumulation in the parameter space counts the intersections of edge-point circle 

projections, the centres of particles from the digital space will spatially correspond to the locations of 

local maxima in the parameter space. Figure 3.4 illustrates the general process of determining the location 

of a particle which contributes to the volume fraction of a flow.  

The analytical method associated with calculating the shear rate of a flow was similar to that of 

calculating the top-down velocity of a flow. For digital image data captured from the side-profile viewing 

camera, a network of static PIV mesh elements was situated within the thickness of a flow. In theory, 

high-shearing flows sustaining large deformations are expected to exhibit high velocities at their top 

surfaces relative to the velocities exhibited at the base. Alternatively, relatively non-shearing flows, 

sustaining small shearing deformations, are expected to exhibit more consistent velocities over their flow 

thicknesses. Similar to the top-down velocity analyses, PIV mesh elements used for shear rate analyses 

recorded pixel displacements between frames. To gather the most accurate and representative shearing 

velocity results possible, mesh element size was optimized by effectively maximizing the number of rows 

of elements within the flow thicknesses. The main factor that limited the amount of rows of elements was 

the horizontal displacement of individual particles between adjacent frames. To measure appropriate and 

representative particle displacements, the horizontal displacement of particles between frames could not 

exceed the length of mesh elements. In general, the ideal mesh element length was approximately equal to 

1 particle diameter. Using 4 columns of PIV mesh elements, the average shear velocities calculated at 

each elevation within a flow thickness, for each time interval, was a mean value of the 4 elements within 

the corresponding row. Figure 3.5 illustrates the method of using static PIV to measuring the shear 

velocities within a landslide profile.  
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A highly instrumented Smart Rock sensor developed by Apostolov and Benoît (2017) was embedded 

within each landslide experiment to quantify the collisional activity within the flows. Prior to initiation of 

a test, the Smart Rock was placed on the top surface of the source volume at a distance back from the 

release door equal to 20% of the total length of the top of the source volume. The Smart Rock is very 

similar in size to the pseudo-spherical beads used for testing, but has a slightly elongated shape as 

illustrated in Figure 3.1. The Smart Rock was equipped with a three-component accelerometer which, 

during a pre-calibration procedure, built a reference frame according to the gravity field. The Smart Rock 

initially experienced 1g acceleration due to gravity, and collisions during landslide flows corresponded to 

spikes in the resultant acceleration signals as the Smart Rock exchanged momentum with surrounding 

landslide particles. The two quantitative measures used to compare sets of Smart Rock data were the 

average collisional acceleration and the frequency of collisions, both analyzed from data within a specific 

time window defined by unimpeded flow down the 30° inclined section of the flume. The magnitude of 

average collisional acceleration measured by the Smart Rock was taken as the average of all of the 

resultant acceleration peaks within the relevant time window. The collisional frequency was calculated by 

counting the total number of resultant acceleration peaks within the time window, and dividing it by the 

total number of seconds. The operational frequency of the Smart Rock was 500 Hz, and data collected 

during each experiment was saved directly to an onboard micro SD card. Smart Rock resultant 

acceleration signals provide quantitative measures of the collisional activity occurring within landslide 

flows, and a means of flow regime comparison against popular dimensional analyses.    

A significant point of relevance for developing an understanding of granular flow mechanics relates to the 

prediction of runout for natural landslide phenomena. Historically, researchers have used the 

Fahrböschung angle (α), initially proposed by Heim (1932), to quantify the runout of landslides. The 

Fahrböschung is represented by the inverse tangent of the ratio between the vertical drop height and the 

horizontal distance connecting the crest of the source volume to the toe of the resulting deposit (e.g. Hsü, 

1975; Corominas, 1996). The equivalent coefficient of friction was later defined as the tangent of the 
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Fahrböschung angle by Shreve (1968a), and the equivalent coefficient of friction evaluated at the gravity 

center was proposed as the tangent of the travel angle (αg) between the centers of gravity of source 

volume and the deposit (Okura, 1999). The displacement components used to calculate the Fahrböschung 

angle (α) and the gravity centre travel angle (αg) are illustrated in Figure 3.2. To quantify the mobility of 

landslide experiments, terrestrial laser scanning was conducted inside the flume using a FARO Focus
s
 

laser scanner. Laser scanning represents a reliable and accurate method of quantifying the positions of 

landslide deposits along the horizontal runout section. 3D point cloud data sets defining the locations and 

thicknesses of landslide deposits are supported by manual measurements of deposit thickness.  

3.3 Results and Discussion 

Dry granular landslide testing was conducted at a constant slope angle of 30°, using monodisperse source 

volumes of various sizes comprised of nominally identical pseudo-spherical particles 25 mm in diameter. 

The relevant flow characteristics and differences between the flows are discernable from flow thickness 

and flow velocity profiles, Smart Rock resultant acceleration data, mass fraction profiles, shear rate 

profiles, and deposit shapes.  Figures 3.6 – 3.10 illustrate the relative change in such flow properties by 

presenting data from a small volume test (0.2 m
3
), a medium volume test (0.6 m

3
), and a large volume test 

(1.4 m
3
). Furthermore, Figures 3.11 – 3.14 illustrate the overall trends in the data for each of the volumes 

tested. Figures 3.11 – 3.14 possess the term s/d on the x-axis which, initially illustrated in Figure 3.1, 

represents the ratio of average flow thickness to particle diameter.  

Flow velocity profiles calculated using PIV and flow thickness profiles obtained through pixel-intensity 

thresholding are displayed in Figure 3.6. The most striking difference between the profiles produced using 

different volumes is the variability in the total durations of the flows. With increasing volume, the total 

duration steadily increased, suggesting that the initiation of the flows in the release box was a time 

dependent process. The beads did not simply flow as coherent masses, as is assumed by lumped mass 

models, but tended to disperse progressively from their initial configurations. The results of flow 
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thickness and flow velocity analyses are summarized in Figure 3.11. While flow thickness approximately 

followed a positive linear trend with increasing normalized flow thickness, flow velocity followed what 

appears to be a positive parabolic trend.  

Resultant acceleration profiles measured by the Smart Rock sensor indicate that each of the flow 

experiments discussed in this chapter was dominated by collisional particle interactions. While each of 

the resultant acceleration profiles illustrated in Figure 3.7 appear to be fairly similar, the average 

collisional acceleration measured by the Smart Rock trended towards a decreasing value with increasing 

volume. Relative to previous dry granular flow experiments presented in chapter 2 this result could have 

been anticipated; however, the changes in average collisional acceleration with increasing volume were 

relatively insubstantial. The results of Smart Rock resultant acceleration signal processing are 

summarized in Figure 3.12. While the flows appear to becoming gradually more frictional with increasing 

s/d, the negative gradient in the trend was very low, indicating that all flows remained within a collisional 

regime.   

Calculating the volume fraction of a granular flow provides a method of quantifying the extent to which 

the thickness of a flow affects the gradation of grain concentration from sparse to dense. Volume fraction 

is defined as the ratio between cumulative grain-occupied areas to total area within a 2D cross section of 

flow thickness. Figure 3.8 illustrates volume fraction profiles for granular flows of small, medium, and 

large volumes. As volume increased, corresponding to increasing s/d, the volume fraction of the flows 

correspondingly increased. The results of all volume fraction analyses are summarized in Figure 3.13. 

Volume fraction was observed to flow a positive linear trend with increasing source volume.   

Observations of the temporal shear rate variations existing within dry granular landslide flow events by 

Bryant et al. (2015) indicated that dense steady flow corresponded to increased mean shear rate relative to 

dilute unsteady flow. According to these observations, flows with larger values of s/d should exhibit 

higher relative shear rates compared to flows with smaller values of s/d, coinciding with the propensity of 
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thicker flows for dense steady-flow behaviour. Figure 3.9 depicts shear velocity profiles for granular 

flows of increasing volume. Each point on a respective line in Figure 3.9 is based on measurements of 

average shear velocity at height intervals within the flow, calculated using geoPIV (White et al., 2003). 

Shearing velocities have been normalized by subtracting linearly extrapolated basal slip velocities to 

assist in the visualization of shear rate differences. Figure 3.13 summarizes shear rate results for 

increasing s/d. Shear rate appears to approximately follow a positive linear trend with increasing volume.  

A mobility analysis is highly relevant for any parametric discussion on the behaviour of granular 

landslides. Figure 3.10 illustrates a deposit shape comparison for increasing volumes of material. The 

deposits in Figure 3.10 indicate that the locations of the centers of mass of the deposits appear to be 

similarly positioned; simultaneously, thicknesses increased, and proximal and distal extents of coherent 

deposits extended laterally. The mobility results summarized in Figure 3.14 indicate that the travel angles 

measured at the centers of gravity for all of the experiments discussed in this chapter were within ± 2° of 

a mean value. However, the data indicates a slightly decreasing mobility trend at the gravity centers with 

increasing volume, which may correspond to increases in frictional activity within the flows.   

The s/d values for each of the landslide tests discussed in this chapter suggest that, even for the thickest 

flow experiment discussed, the thicknesses of the flows did not exceed 5 particle diameters. According to 

these small values of relative flow thickness, theory suggests that such flows should be relatively 

collisional. The Savage number is a dimensionless unit used by researchers to classify granular flows into 

frictional or collisional categories. Taken as a bulk rheological parameter in this case, the Savage number 

correctly predicts that each of these flows is highly collisional, as illustrated in Figure 3.15. However, this 

application of the Savage number also predicts that with increasing volume, the flows continue to move 

deeper into the collisional regime. Experimental data discussed in this chapter suggests that increasing the 

source volume resulted in lesser collisional activity and a progression towards a more frictional flow 

structure.              
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3.4 Conclusions 

Large scale physical landslide modeling was conducted to observe the relationships between volume 

fraction and shear rate for collisional flows, and to analyze the suitability of the Savage number as a bulk 

rheological metric for flow regime prediction. A series of 5 landslide tests were conducted with nominally 

identical pseudo-spherical ceramic beads 25 mm in diameter, using volumes of 0.2 m
3
, 0.4 m

3
, 0.6 m

3
, 1.0 

m
3
, and 1.4 m

3
. High speed digital imaging was used to capture the macro-scale behaviour of the flows. A 

highly instrumented Smart Rock sensor, embedded within the flows, was used to measure accelerations 

within the flows. Terrestrial laser scanning was used to capture 3D point clouds the landslide deposit 

shapes in order to make a mobility comparison between the flows.  

With dramatically increasing volume at the source, the flow thicknesses were observed to increase only 

moderately with respect to the particle size. For a 600% increase in volume between the smallest volume 

(0.2 m
3
) and the largest volume (1.4 m

3
), s/d only increased by about 55%. The lack of a dramatic change 

in s/d, preventing any significant transition in flow structure, likely maintained each of the flows within a 

dominantly collisional regime. Resultant acceleration signals measured by a highly instrumented Smart 

Rock sensor within the various landslide flows also suggested that the flows were all highly collisional. It 

is interesting to note, however, that the average magnitudes of collisional accelerations measured by the 

Smart Rock trended towards a decreasing value with increasing volume. This observation supports the 

hypothesis that deeper flows are necessarily more frictional relative to shallower flows, even though each 

of the flow experiments discussed were dominantly collisional.   

The volume fraction, analyzed for each of the flows using side-profile digital image data, indicated that 

the relative density or sparsity of flows was a function of s/d. For flows of individually saltating particles, 

increasing the volume fraction of the flow should theoretically correspond to the initiation of more 

prolonged, frictional shearing of adjacent particles. Drake (1990) explains that frictional flow regimes are 
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necessitated by relatively large flow thicknesses. Volume fraction measurements confirmed that increases 

in flow thickness relative to particle diameter corresponded to increases in flow density.  

PIV digital image analysis was used to calculate the shear rates of the flows. Shear velocity profiles 

revealed increasing shear velocity gradients with increasing s/d. The shear rate was observed to increase 

consistently with increasing volume at the source. Such an observation illustrates the effect of changing 

volume fraction on the shear rates developed within dry granular landslide flows. In general, increases in 

volume fraction, corresponding to increases in s/d, indicated a progression towards shearing of adjacent 

particles during prolonged frictional contacts. Increases in the occurrence of frictional contacts logically 

coincide with the development of larger shear velocity gradients. The progression of collisional granular 

flows to frictional flow with increasing s/d was supported by experimental evaluations of shear rate. 

A FARO Focus
s
 terrestrial laser scanner was used to accurately capture the deposit shapes of each of the 

landslide experiments within the flume at Queen’s University. A mobility analysis using the travel angles 

at the gravity centers, comparing the angles connecting the centers of gravity of the source volumes and 

the deposits, indicated that these collisional flows exhibited similar overall mobility results. A slightly 

decreasing mobility trend with increasing volume supports previous observational results that indicate 

decreasing mobility with increasing frictional behaviour.    

The Savage number is a dimensional analysis unit which is frequently used to classify granular flows into 

frictional or collisional behavioural regimes, where large values of Savage number correspond to 

collisional flows. Applied to the bulk behaviour of the landslide tests discussed in this chapter, the Savage 

number correctly predicted that these flows were dominantly collisional. The Savage number, however, is 

directly proportional to shear rate by definition. Observations of shear rates within the granular flows 

discussed herein suggest that increasing shear rate corresponded to a progression towards dense, frictional 

flow. Such an observation suggests that the usage of Savage number to classify granular flows based on 

bulk rheological measurement parameters may not be entirely reliable.  



78 

 

Digital image analyses suggest that, even for flows that were dominantly collisional, volume fraction and 

shear rate varied significantly for relatively small changes in s/d. Dilute, collisional flows were 

characterized by low volume fraction and low shear rate. Alternatively, dense frictional flows would be 

characterized by high values of volume fraction and shear rate. Using the data presented in this chapter, 

the transition between frictional and collisional flows is yet to be characterized. Additional testing is 

required to generate flows that are increasingly frictional to adequately characterize this transition. Using 

a landside testing scheme in the flume at Queen’s University, one could conduct similar dry granular 

flows experiments with changing volume at the source, using smaller nominal particle sizes. Increasing 

the total number of particles at the source for a given volume generates flows that will exhibit grater 

values of s/d, resulting in increased frictional behaviour.  

The volume fraction and shear rate of a granular landslide are intimately connected to the dominant nature 

of particle interactions within the flow, and the thickness of the flow relative to the particle size. 

Predictive analytical techniques used to estimate the behaviour of landslides may benefit from an 

inclusion of much mechanical behaviour.     
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Table 3.1: Summary of collisional flow properties, generated using various volumes of 25 mm ceramic beads 

Volume (m
3
) 

 

Average Velocity 

(m/s) 

Average Thickness 

(mm) 

Volume 

Fraction 

Shear Rate 

(s
-1

) 

Gravity Center Travel Angle 

(°) 

s/d 

0.2 m
3 

5.53 73 0.22 3.5 26.2 2.8 

0.4 m
3 

4.01 82 0.29 5.5 25.3 3.2 

0.6 m
3 

3.84 89 0.33 8.3 27.4 3.4 

1.0 m
3
 3.53 96 0.41 8.9 27.7 3.7 

1.4 m
3
 4.03 110 0.51 11.2 27.1 4.3 
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Figure 3.1: Thick, dense shearing flow and, b) thin, dilute plug flow 
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Figure 3.2: Depiction of the landslide flume at Queen's University, with dimensions of the inclined section 
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Figure 3.3: Illustration of the temporal variation in the flow structure within a single landslide event 
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Figure 3.4: Illustration of the Hough transform method used in volume fraction calculation 
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Figure 3.5: Illustration of the PIV method used to analyze the shear deformations within the 

granular landslides, used to calculate the shear rates of the flows 
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Figure 3.6: Flow velocity and flow thickness profiles for small, medium, and large volumes 
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Figure 3.7: Smart Rock resultant acceleration profiles for small, medium, and large volume
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Figure 3.8: Volume fraction profiles for small, medium, and large volumes 
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Figure 3.9: Shear velocity for small, medium, and large volumes 
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Figure 3.10: Deposit profiles for small, medium, and large volumes 
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Figure 3.11: Summary of flow velocity and flow thickness results 
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Figure 3.12: Summary of Smart Rock results 
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Figure 3.13: Summary of shear rate and volume fraction result 
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Figure 3.14: Landslide mobility results 
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Figure 3.15: Summary of Savage number predictions 
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Chapter 4 

Conclusions 

The effect of collisional flow on macro scale flow properties, flow regime structure, and mobility 

behaviour of dry granular landslide flow experiments has been quantified in an experimental parametric 

study within a large scale landslide flume. High speed digital imaging techniques were used to observe 

landslide behaviour from top and side perpendicular viewing angles. A Smart Rock sensor was used to 

measure resultant acceleration signals from within landslide flows. Terrestrial laser scanning was used to 

accurately capture 3D point clouds of landslide deposits. All experiments were conducted using pseudo-

spherical ceramic beads obtained from Saint-Gobain NorPro.  

Flows with differing collisional activity were conducted to observe relative differences in macro scale 

flow structure and mobility behaviour. A series of 4 monodisperse dry granular landslide experiments 

using a constant source volume were conducted using nominal particle sizes equal to 3 mm, 6 mm, 13 

mm, and 25 mm. Compared with flows involving smaller particles, flows of larger particles exhibited 

relatively dilute flow structures. The effect of changing the flow structure was evaluated in terms of 

resultant acceleration measured within the flows, and the overall mobility of such flows. General 

conclusions regarding the large scale physical landslide experimentation of flows using various nominal 

particle diameters include: 

 The flows with larger particles travelled faster down the inclined section of the flume, and were 

sustained for shorter durations through the observation windows of the high speed cameras.  

 While the flow thicknesses steadily increased with increasing particle diameter, simultaneously, 

the flow thickness relative to the particle size decreased. Such a normalization of average flow 

thickness, using the respective particle size of the monodisperse flow, provided a measure of the 

number of layers of particles within the flow thicknesses.  
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 Resultant acceleration data, measured by a highly-instrumented Smart Rock sensor within the 

landside flows, indicates a graduation from low to high collisional activity with decreasing flow 

density as particle size was increased. Both the magnitude of the average collisional acceleration 

and the frequency of collisions were observed to increase with increasing particle diameter.   

 The mobility behaviour of the granular landslides was dramatically affected by the differences in 

collisional activity. Increasing particle diameter resulted in landslide deposits that travelled 

further, both at their gravity centers and distal reaches, and displayed an increased degree of 

spreading. By changing nothing but the size of the particles within a constant source volume, the 

Fahrböschung angle was observed to deviate by at least 14 %.  

Furthermore, collisional flows were investigated for their respective shearing behaviours, volume fraction 

compositions, and deposit shape morphologies. 5 monodisperse dry granular landslide experiments were 

conducted using 25 mm particles, at volumes of 0.2 m
3
, 0.4 m

3
, 0.6 m

3
, 1.0 m

3
, and 1.4 m

3
. The results of 

these experiments were compared against a frequently used dimensional analysis for categorizing 

granular flows to analyze the performance of the method using bulk rheological parameters. The 

following list includes the main conclusions for the experimental program exclusively involving 

collisional flows:  

 The average flow thicknesses consistently increased with increasing volume. However, 

increasing the volume of materials by 600 % only increased the s/d ratio by about 55 %. The s/d 

ratio produced by the largest volume did not reach a critical value where frictional flow was 

necessitated.  

 The average velocities of the flows appeared to follow a positive parabolic trend with increasing 

volume. The smallest volume displayed the highest flow velocity. The flow velocity steadily 

decreased for increasing volume up until 1.0 m
3
, beyond which the velocity was observed to 
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rebound upwards. Additional testing is required to determine the extent to which granular flows, 

in general, follow a positive parabolic trend with increasing volume.    

 Smart Rock data indicates that each of the 5 flows was dominated by collisional particle 

interactions.  

 With increasing flow thicknesses as volume increased, the volume fraction of the flows was 

correspondingly increased. Reducing the void spaces within the dynamic flow structures forced 

the particle interactions towards prolonged frictional shearing; however, frictional shearing flow 

was not produced.  

 Increasing the density of the flows by increasing the volume resulted in flows that were observed 

to exhibit larger shear rates. Regarding the thinner flows produced by the smaller volumes, shear 

rates were observed to be relatively small; whereas, the thicker flows exhibited relatively high 

shear rates.  

 The travel angles of each of the collisional flows, evaluated between the centres of gravity of the 

source volumes and the deposits, indicated that each of flows exhibited similar mobility. The 

gravity center travel angles for each of the 5 experiments deviated no more than 2° from a mean 

value. A slightly decreasing trend in mobility with increasing volume supports previous 

observations that decreases in dry granular landslide mobility correspond to increases in 

frictional behaviour.  

 The collisional flows discussed herein displayed significant relative differences in terms of shear 

rate and volume fraction. However, these data only apply to granular flows that are within a 

collisional regime. Additional testing is required to determine the nature of the transition 

between the frictional and collisional flow regimes, and to quantify the associated impact on 

macro scale flow properties, and the mobility behaviour of granular flows. 
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The data presented in this research greatly extends the current state of knowledge of the behaviour of 

collisional granular landslide flows. The main purpose of this work was to quantify the collisional activity 

within monodisperse dry granular landslides, and the relative mobility of such flows. The high-quality 

physical data presented in this body of work quantifies the connections between flow structure, collisional 

activity, and mobility behaviour. The comprehensive data sets presented herein can be used in the 

development and validation of new theoretical and numerical models which incorporate grain-scale 

behaviour to predict macro mobility of landslide geohazards. The results of this investigation indicate that 

collisional activity is a mechanism that significantly affects landslide mobility. Landslide runout 

prediction techniques would benefit from calibration against these data to ensure that energy dissipation 

within flow simulations is being estimated appropriately.    


