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ABSTRACT 

Debris flow is an extremely rapid flow type of landslide that consists of a mixture of materials, 

including soil, mud, rock, and water, which flows down a slope. A debris flow might be initiated 

due to rapid rainfall, logging, snowmelt, or sudden changes in the landscape. It has a relatively 

higher potential to cause loss of lives and damage to the infrastructure due to its higher velocity, 

huge impact force, and longer runout. Therefore, predicting the extent and impacts of debris flow 

is important. Several computer programs are available for simulating debris flows. These programs 

have been developed based on some simplified models due to the challenges of encompassing the 

complexities of the mechanisms of such a large event. This study uses three simulation tools— 

DebrisFlow Predictor, Flow-R, and RAMMS—to simulate actual debris flow events at three 

different sites. Each site is characterized by unique features. (e.g., channelized/unchannelized, 

granular/muddy flow, topography, soil type, etc.). The underlying features (e.g., displacement of 

debris) of each program are also different. By comparing the simulation results with satellite 

images, it is shown that all three numerical programs can simulate the debris flows if appropriate 

model parameters are selected. The erosion of the channel bed during downslope displacement of 

debris can significantly affect simulation results. RAMMS has the capability of simulating the 

erosion effects if the erosion properties and erosion zone are defined properly. Defining the erosion 

zone without having post-event data is challenging. Therefore, the authors suggest using 

DebrisFlow Predictor, which can be used to identify the zones of erosion and deposition based on 

statistical approaches. Flow-R can be advantageous for preliminary assessments of runout extent 

over a large area which is based on fewer input parameters and limited information about the 

initiation of debris flow. 
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Chapter 1: Introduction 

1.1 Background 

Debris flow could be one of the most dangerous and disastrous components of a landslide. Many 

studies focused on the analysis of slope failure and developed analytical and numerical modelling 

techniques using limit equilibrium (LE) and finite element (FE) methods. These types of analyses 

give the factor of safety of the slope and the deformation if FE method is used. Global failure is 

expected if the factor of safety is less than one. After failure, the failed soil mass might travel a 

long distance. Attempts have also been taken to model the downslope movement of soil mass using 

different numerical modelling techniques, including the Eulerian-based finite element method 

(Dey et al. 2015), computational fluid dynamics approach (Clark 2018), and material point method 

(Abe and Konagai 2016). An appropriate soil model is required in these types of numerical 

modelling, which is difficult to define for debris that contains a wide range of materials, and the 

analyses are limited to relatively slow-moving failed soil mass. Most of the analyses were 

conducted for two-dimensional plane strain conditions or used a thin section in the out-of-plane 

direction because these large-deformation analyses are computationally very expensive. The debris 

changes direction during downslope movement at high velocity over a three-dimensional terrain, 

and therefore the above-mentioned advanced numerical modelling techniques in two-dimensional 

conditions cannot be used for debris flow simulation. The debris is composed of soil, mud, rock, 

and water. While flowing, the debris could create significantly large shear stress on the basal layer 

(Costa and Fleisher 1984). This shear stress can erode some materials from the basal layer, and the 

eroded soil enters into the debris. This implies that the debris contains materials not only from the 
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initiation zone but also those materials that enter during downslope movement and form a complex 

mixture of different types of materials. Figure 1.1 shows schematically some of the components 

of the debris flow that contains a wide range of materials, including slurry to boulders.   

 

 

 

 

 

 

 

 

 

Fig. 1.1. A diagram representing a fully developed debris flow surge (Hungr 2001) 

 

Debris flow falls under the category of flow-type landslides (Varnes 1978). Table 1.1 shows the 

materials involved and the conditions required for typical debris flow (Hungr 2001).  Extremely 

rapid flow (velocity 1–20 m/s) occurs in debris flow (Table. 1.1 and Fig. 1.2). 

Generally, the debris flow is associated with high velocities, long runout distances, larger 

inundation areas, and high impact forces on infrastructure (Naqvi 2020). It could be initiated by 

many triggering factors, including heavy rainfall and wildfire, and could affect the infrastructure, 

communities, resources, lives, and the environment at a considerable distance from the source. 

Therefore, accurate prediction of runout extent and other intensity parameters (e.g., velocity, 

impact pressure, and depth) can help assess the hazard in the potentially affected areas. However, 
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it is a very challenging task because of several reasons: (i) significant uncertainties in modelling 

material behaviour, as it contains a wide range of particles of varying size (clay to boulders), (ii) 

estimating initiation zone, (iii) estimating basal erosion, and (iv) computational costs of numerical 

simulations. Therefore, most of the available approaches simplified the problem using some 

assumptions and then conducted numerical analysis. 

 

Table 1.1. Classification of flow-type landslides (Hungr 2001) 
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Fig. 1.2.  Range of velocities for different flow-type landslides (Hungr 2001) 

1.2 Rationale 

Several numerical techniques have been developed to understand the mechanisms and extent of 

debris flow. All these techniques have been developed by simplifying the problems from different 

angles, and varying algorithms are used to calculate the flow. The analysis also requires a varying 

range of input parameters. Also, the numerical simulations using different programs give different 

outputs. For example, some programs give susceptibility maps while others provide the values for 

impact assessment parameters (e.g., flow depth and pressure). The available computer programs 

have been developed using different mathematical frameworks. For example, some used 

empirical/statistical approaches to calculate the flow path, while others used mechanical models 

(yet simplified) and implemented in more intensive numerical programs. Finally, the performance 

of these programs depends on site conditions, including topography, soil conditions, existing 

channels, and frequency of events. Therefore, site-specific parameterization and calibration of the 

model are needed to understand the characteristics of a debris flow. The above-mentioned 

simplified approaches are computationally efficient. However, the main challenge is the 
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calibration of the model using field data from different sites. Such calibration would increase the 

confidence in using the model results and identify appropriate soil parameters. 

1.3 Objectives 

The focus of the present study is to assess the runout of debris flows in three different geological 

settings. Three computer programs are used to simulate some of the reported debris flow at these 

three sites.  The objectives of the research include: 

• Examine selected debris flows at these sites and evaluate the characteristics of the flow 

(e.g., initiation zones, spreading, and runout); 

• Simulate those debris flows using the computer programs, compare with field observation, 

and identify the set of parameters that model best the field observation (parameterization); 

• Compare the simulation results with the three programs and identify the suitability of the 

programs to simulate the debris at these sites and 

• Examine whether the simulation results obtained from one program could be used in 

conjunction with the results of another program for a better evaluation of the process. 

1.4 Outline of the thesis 

The thesis consists of four chapters and two appendixes.  

Chapter 1 highlights the background, rationale, and objectives of the study. 

Chapter 2 contains a literature review. As the thesis is presented in manuscript format, sufficient 

literature review is provided in the manuscript in Chapter 3 and conference papers (Appendixes I 

and II). However, an additional literature review is presented in this chapter. 

Chapter 3 is written in the format of a manuscript. This chapter presents a comparative study of 

three debris flow computer programs. In this study, debris flows at three different sites were 
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modeled using empirical and numerical approaches. A comparison of the simulation results and 

applicability of the three programs is also discussed. A part of the work presented in Chapter 3 has 

been published earlier as two conference papers (Arghya et al. 2022a, Appendix-Ⅰ; Arghya et al. 

2022b, Appendix-Ⅱ). 

Chapter 4 provides some general conclusions and limitations of the present study. The 

recommendations for future research are also discussed in this chapter. 

  



 7 

Chapter 2: Literature Review 

2.1 General 

Debris flow initiates as a consequence of slope failure. Once initiated, the debris might travel over 

a large distance in the downslope direction. It is difficult to prevent the event itself because they 

initiate from upslope steep terrain that is far from the affected areas in the downslope direction, 

which might even be non-accessible. Therefore, the best approach to counteract or avoid the impact 

of debris flow is through modelling the landslide runout and better predicting relevant intensity 

parameters, such as area of spreading, flow depth, flow velocity, and impact pressure (McDougall 

2017; Teetzmann 2020). Several approaches have been developed to predict debris flow impact. 

Among them, numerical tools provide more information. Three numerical tools are used in the 

present study. Therefore, the literature review presented in this chapter primarily concentrated on 

numerical techniques. However, some additional information (e.g., debris behaviour, 

classification, and other methods of prediction) is also provided briefly for completeness. 

2.2 Constituents and Forms of Debris Flow 

In general, debris contains a mixture of coarse-grained (e.g., rock, gravel, and sand) and fine-

grained materials (i.e., silt and clay-sized particles) in water (Costa 1984; Iverson 1997; 

Takahashi). These heterogeneous materials have been described in different ways. For example, 

Takahashi (2007) considered the debris as a mix of mud, water, and debris, where the particles are 

dispersed in a slurry. Davies (1990) described debris as a heterogeneous fluid that is formed by 

water and solids without distinct separation of the phases. In many cases, debris flows very rapidly 

to extremely rapidly (Hungr et al. 2001). It is very difficult to measure the properties of the debris 
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as it contains a mixture of a wide range of materials (from fines to boulders). Table 2.1 shows 

some basic properties of the materials in debris flow (Iverson 1997). 

Table 2.1. Typical values of basic physical properties of debris flow mixtures (Iverson 1997) 

 

As the debris is a two-phase material (solid and fluid), the interaction between these two phases 

plays a major role. Although challenging, several attempts have been made to understand the 

characteristics of the mixture’s interaction. For simplicity, in most of the mechanics-based 

approaches, the behaviour of debris has been idealized as non-Newtonian fluid. The idealized fluid 

properties depend on fluid and solid contents and their interaction, which is related to speeds and 

shear rates (Iverson 1997). Therefore, numerical simulations have been performed for a wide range 

of properties (Mikoš and Bezak 2021). 

According to Nettleton (2005), there are two forms of debris flows: (i) hillslope/open slope (i.e., 

unchannelized) flow and (ii) channelized debris flow (Fig. 2.1). Hillslope forms their own path 

while flowing down the slope, just like tracks or sheets, before depositing the entrained material 
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at a lower slope gradient. In contrast, in channelized flow, the debris follows existing gullies, 

valleys, depressions, and hollows. In the present study, numerical simulations are performed for 

both types of debris flow. 

 

 

 

 

 

 

 

 

Fig. 2.1. Type debris flow: (a) hillslope debris flow; (b) channelized debris flow (Nettleton 2005) 

2.3 Debris Flow Hazard Assessment 

Rickenmann (1999) stated that assessing debris flow hazards in a specific catchment involves two 

steps: determining the likelihood or probability of debris flows occurring on a torrent and 

quantitatively estimating important parameters for hazard assessment. Both are equally important. 

The former provides overall information which could be used for estimating the likelihood of 

occurrence such that appropriate measures could be taken (e.g., avoiding new development of 

critical structures in an area of major debris flow). The latter one is used for detailed calculations 

of debris flow impact. 

The likelihood or probability of debris flow occurrence can be assessed either by measuring the 

physical characteristics of the catchment or by statistical analysis. Besides, it is possible to identify 
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the pattern of debris flow frequency and debris flow volume of a specific catchment if we have 

information on the historical debris flow events. According to Zimmermann et al. (1997), this 

pattern is dependent on the sediment availability and lithology of the catchment. 

For quantitative debris flow hazard assessment, empirical relationships for debris flow volume, 

peak discharge, front velocity, flow cross-section, total travel distance, and runout distance on the 

fan may be used to determine the endangered area. These parameters could also be determined 

using numerical simulation programs. 

2.4 Debris Flow Modelling  

Several approaches have been proposed to model the debris flow. The available methods have also 

been classified in different ways. Chen and Lee (2004) divided the available approaches into the 

following three major categories: empirical, physical, and dynamic modelling (Fig. 2.2). Empirical 

analysis and physical modelling were the only options in the early days. However, with the 

advancement of computational power in the last several decades, a number of numerical modelling 

tools have been developed which can simulate debris flow phenomena more accurately and 

provide additional information for hazard analysis. 

McDougall (2017) classified the available runout analysis methods into two broad categories: 

empirical-statistical and analytical methods (Fig. 2.3). The red dashed line indicates a subcategory 

of hybrid “semi-empirical” numerical models that require parameter calibration. The available 

analytical methods have been divided into several sub-groups (Fig. 2.3). 
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Fig. 2.2. Methods of predicting runout extent  (after Chen and Lee 2004) 

 

Fig. 2.3. Runout analysis methods (after McDougall 2017) 
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2.4.1 Empirical Modelling 

Empirical relationships are simpler and can be used to estimate the parameters, including the 

volume, peak discharge, mean flow velocity, total travel, and runout distances of a debris flow. 

Rickenmaan (1999) developed some empirical relationships based on a large amount of historical 

data. Empirical relationships are generally site-specific and may not be applicable to new locations 

unless calibrated. Also, these approaches do not consider the material behaviour (rheology), which 

may not be the same at different sites. Moreover, it does not provide some key information (e.g., 

flow depth, flood height, impact pressure) which is required for engineering design. Despite their 

limitations, empirical models play a crucial role in hazard assessment and are widely used 

(Hürlimann 2008). 

Some well-known empirical approaches for debris flow modelling are: (i) Angle of Reach Method 

(Corominas 1996), (ii) Volume-Change Rate Method (Fannin and Wise 2001), (iii) Channel 

Geometry Method (Benda and Cundy 1990), and (iv) Geometrical Method (Lucia 1981). Guthrie 

(2009) divided the empirical models into two categories. The first category of models was 

developed using the initial volume of the debris (Corominas 1996; Rickenmann 1999). However, 

several researchers have observed that debris flow volume depends not only on the initial volumes 

but also on the materials entrained during flow (Benda and Cundy 1990; Guthrie et al. 2008). This 

entrained volume along the path could surpass the initial volume (Benda and Cundy 1990). 

Therefore, empirical relationships based on the initial volume only might be questionable (Hungr 

et al. 2008). Therefore, the second category of models also considered the entrained volume 

components and is known as the “sediment balance approach” (Benda and Cundy 1990; Fannin 

and Wise 2001). In this approach, debris starts to flow with a known volume of debris. It also 

evaluates the change in volume based on morphological and geometrical variables along with the 
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incoming flow volume. The process continues until the volume or mass of the event reaches zero. 

While the second one is a better approach, it requires detailed channel information. 

2.4.2 Physical Modelling 

This approach involves physical simulation of debris flow in laboratory settings, such as flume 

experiments or reduced scale model tests, to study the behaviours and dynamics of debris flow. 

The goal of this type of modelling is to improve the understanding of the complex process of debris 

flow. The data from the physical models can be used to improve the accuracy of numerical 

modelling for predicting and mitigating hazards (Turnbull 2015). However, it is an intricate task 

to recreate the natural debris flow in a laboratory setup as significant uncertainties are involved in 

debris flow in the field where the debris displaces over a large distance. A scaled-down physical 

model may behave differently compared to that in the field. Besides, complex geological 

formations, sediment properties, and vegetation effects may not be fully captured in physical 

models. Therefore, the results obtained from physical models can limit the direct applicability to 

real-world situations.  

2.4.3 Dynamic Modelling 

Dynamic modelling of debris flows involves simulating the movement of the debris flow over time 

and predicting its behaviour as it moves downslope. It is mainly subdivided into three categories: 

lumped mass model, distinct element model, and continuum model.  

Lumped mass models, also known as discontinuum models, simplify the movement of a flow by 

representing it as a single point (Perla et al.1980; Hutchinson 1986). However, this approach does 

not account for internal deformation (Naqvi 2020). While these models can provide a basic 

approximation to the movements of the center of gravity of the sliding mass, they cannot simulate 
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the motion of the flow front (Hungr 1995). The flow front is the most important part of runout 

analysis as it is the most dynamic and rapidly changing part of the flow. Although simplicity is an 

advantage of the lumped mass model, this approach cannot capture complex failure patterns or 

internal deformation of the sliding mass. 

Distinct Element Model (DEM) is a numerical technique to investigate the mechanical 

characteristics of granular flows. In this method, the interaction among the flow particles is 

investigated using a collection of regular-shaped particles (e.g., discs and spheres). Equilibrium 

states are achieved when the internal forces within the flow particles are balanced. This method is 

effective in comprehending segregation and deposition in granular flows. However, this approach 

of modelling applies to micro-scale modelling, as the simulations are computationally expensive. 

While modelling debris flows, it is important to capture the macro-scale behaviours quantitatively.  

The continuum method generally incorporates mass and momentum conservation equations to 

describe the dynamic behaviour of debris flows. It can be used with an appropriate rheological 

model, and the required parameters of it can be determined either by laboratory experiments or 

through back analysis of historical events. This type of approach provides detailed information for 

landslide hazard assessment. The continuum method is subdivided into two categories: analytical 

solution and numerical simulation. The analytical solution relies on several simplifying 

assumptions. These assumptions are made to make the mathematical analysis more tractable and 

to simplify the complexities of the real-world behaviour of debris flows. As a result, the analytical 

solution represents an idealized or simplified version of the actual behaviour observed in the field 

or in physical models. On the other hand, numerical simulation models are based on Eulerian or 

Lagrangian reference frames. In numerical simulation, friction parameters are used to explain the 
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roughness and turbulence of debris flow (Rickenmann 1999). Therefore, it is essential to choose 

the proper rheology and friction parameters, which require careful calibration.  

A number of numerical programs have been developed to simulate runout. Some notable programs 

are (i) Flow-R, where the friction loss function can be calculated by the angle of reach method 

proposed by Corominas (1996) (Horton et al. 2013); (ii) DebrisFlow Predictor (Guthrie and Befus 

2021), which incorporates a mass balance approach similar to the work of Fannin and Wise (2001). 

Some other prominent numerical programs are DAN (Hungr 1995) and DAN3D (Hungr and 

McDougall 2009), FLO-2D (O’Brien et al. 1993), r.avalow (Mergili et al. 2017), TITAN2D 

(Pitman 2003), RAMMS (Christen et al. 2010), which are based on rheological models. Table 2.2 

shows a list of numerical models available for debris flow simulation.  

 

Table 2.2. Available numerical models to simulate debris flow (revised from McDougall 2017) 

 

 

Model Type Selected References 

3dDMM 3D, Continuum Kwan and Sun (2007) 

DAN 2D, Continuum Hungr (1995) 

DAN3D 3D, Continuum McDougall (2006) 

FLATModel 3D, Continuum Medina et al. (2008) 

FLO-2D 3D, Continuum FLO-2 D Software Inc. (2007) 

Flow-R 3D, Spreading Algorithm Horton et al. (2013) 

GeoFlow-SPH 3D, Continuum Pastor et al. (2009b) 

D-Claw 3D, Continuum Iverson and George (2014) 

MADFLOW 3D, Continuum Chen and Lee (2000) 
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Table 2.2. (Continued) 

2.5 Simulation Tools 

In this study, the following three computer programs are used to simulate debris flow: (i) 

DebrisFlow Predictor, (ii) RAMMS, and (iii) Flow-R. The key features of these programs have 

been provided in Chapter 3. However, some additional details are provided in the following 

sections. All three programs solve the process numerically; however, the modelling of the flow of 

material from one cell to another is different. DebrisFlow Predictor and Flow-R were developed 

using some empirical models/algorithms, while RAMMS is based on three-dimensional 

continuum modelling that simulates the flow process with time increment.  

Model Type Selected References 

MassMov2D 3D, continuum Begueria et al. (2009) 

PFC 3D, Discontinnum Poisel and Preh (2008) 

RAMMS 3D, Continuum Christen et al. (2010) 

RASH3D 3D, Continuum Pirulli (2005) 

r.avalanche 3D, Continuum Mergili et al. (2012) 

r.avaflow 3D, Continuum Mergili et al. (2017) 

Sassa-Wang 3D, Continuum Wang and Sassa (2002) 

SCIDDICA S3-hex 3D, Cellular Automata D’Ambrosio et al. (2003) 

SHALTOP-2D 3D, Continuum Mangeney-Castelnau et al. (2003) 

TITAN2D 3D, Continuum Pitman et al. (2003) 

TOCHNOG 3D, Continuum Roddeman (2002) 

VolcFlow 3D, Continuum Kelfoun and Druitt (2005) 

Wang 2D, Continuum Wang (2008) 
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2.5.1 DebrisFlow Predictor 

DebrisFlow Predictor, formerly known as LABS (Landslides: Agent Based Simulation), is a 

computer program for simulating landslide runout, scour, and deposition. It was developed by 

Guthrie and Befus (2021) and is based on a cellular automata approach. In the cellular automata 

model for debris flow, the topographic surface is divided into a grid of small cells, similar to pixels 

on an image. Each cell in the grid represents a small portion of the terrain and has its own state, 

which can either be empty or filled with debris. The simulation starts with an initial configuration 

where some cells are filled with debris, and others are empty. As time progresses, the model 

updates the states of these cells based on predefined rules that govern how debris interacts with 

their neighbouring cells. These rules can be quite simple or highly complex, depending on the 

specific characteristics of the debris flow being simulated. For instance, they might take into 

account factors such as slope, soil properties, etc. The rules could define how debris propagates, 

erodes, deposits, and accumulates in certain areas. Details about the concept of CA and its 

application in debris flow modelling can be found in Han et al. (2017). In DebrisFlow Predictor, 

debris flow consists of a set of agents or autonomous subroutines that each occupy a single cell on 

the grid at a given time step and represent a variable mass of material moving from cell to cell 

down a slope. Agents are spawned and terminated as necessary to simulate landslide spread and 

decay according to the set of rules. Agents' lifetime is illustrated in Fig. 2.4. Scour and deposition 

at each time step depend on the topography and the probabilistic rules assigned to the agents. 

Guthrie and Befus (2021) defined independent probability distribution rules for 12 slope classes 

(bins). Further details of this program can be found in Guthrie and Befus (2021).  

DebrisFlow Predictor has been used in previous studies for runout modelling. Using DebrisFlow 

Predictor, probability maps were developed to assess the hazard components of risk to the residents 
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of the North Shore of Cowichan Lake in Vancouver Island,  British Columbia, due to debris flow 

and debris avalanche (Stantec 2021). Wasklewicz et al. (2022) evaluated the performance of an 

agent-based probabilistic model (DebrisFlow Predictor) by simulating the Black Hollow debris 

flow that occurred in Larimer County, Colorado, USA. Using DebrisFlow Predictor, Wasklewicz 

et al. (2023) simulated debris flow at three active wildfire locations in Colorado. They also 

compared the performance of DebrisFlow Predictor with the most utilized tool for assessment of 

postfire debris flow hazards in the USA (USGS Model) and showed that USGS calculated a higher 

volume of debris and thereby represented more conservative measures. Knibbs et al. (2023) 

showed that the agent-based model (e.g., DebrisFlow Predictor) can be used in conjunction with 

geographic information software (GIS) for quantification of geohazards over a large area (i.e., on 

a regional scale) to assess the impact on linear infrastructure, such as rail, highways, and pipelines. 

Grasso et al. (2022) identified vulnerable zones using DebrisFlow Predictor in North Ogden, Utah, 

and Laminar County, Colorado, USA, that could be impacted by debris flow. North Ogden already 

experienced a large debris flow known as the “1991 Cameron Cove debris flow”.  As the urban 

area extends towards the Cameron Cove subdivision, and if a similar type of event takes place, it 

will be impacted by debris flow. In the case of Laminar County, which recently experienced a 

wildfire in December 2022. As the vegetation is burnt due to the wildfire, it is more exposed to 

rainfall, which might result in debris flow. Their prediction model indicates that 44 homes will be 

impacted by the debris flows, and the probability of being impacted is higher for the houses located 

near the apex and middle part of the alluvial fans.  
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Fig. 2.4. Flow diagram of agent's lifetime (after Guthrie 2007) 
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2.5.2 RAMMS 

RAMMS::DEBRISFLOW is one of the three components of Rapid mass movement system 

(RAMMS) software. This component has been developed to simulate fast-moving materials like 

debris. RAMMS has been developed using some fundamental properties of the debris. The 

downslope movement is governed by gravitational force, which is related to density. Generally, 

the debris contains a wide range of materials. Previous studies showed an assumed density of 2000 

kg/m³ would be a good estimate (Costa and Fleisher 1984; Iverson 1997; Iverson and Denlinger 

1987).  

The RAMMS was developed using 2-D depth-averaged shallow water equations. It incorporates 

the Voellmy-Salm fluid model to describe the rheology of the flowing debris (Christen et al. 2010; 

Frank et al. 2015, 2017; Abraham et al. 2020; Gardezi et al. 2021). The frictional behaviour of the 

flow is described by the velocity-independent dry-Coulomb friction coefficient () and the 

velocity-dependent turbulent friction coefficient (). The program can calculate the flow path, flow 

velocities, flow heights, and impact pressures. Further details on mathematical formulations are 

available in Christen et al. (2010). Dash et al. (2021) provided a list of studies where successful 

simulations of debris flows and calibration of model parameters were done using RAMMS (Table 

2.3). A brief summary of some additional studies using RAMMS are also provided in Table 2.4. 

Table 2.5 shows the ranges of μ and ξ used to simulate different types of debris flows across the 

world. 
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Table 2.3. Overview of previous debris flow modelling using RAMMS  (modified from Dash et al. 2019) 

 

 

 

 

 

 

Authors Study Area Flow Type and Methods Major Findings  

Cesca and 

D’Agostino (2008) 

 

Italy (Belluno) Type: N/A 

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: No 

Model Validation: No 

Entrainment: No 

Surface detention has a large influence on runout 

distances and maximum lateral dispersions. 

 

Simoni et al. (2012) Eastern Italian Alps Type: N/A 

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: No 

Entrainment: No 

Flow velocity is influenced by both parameters but 

mostly by the turbulent coefficient, which affects 

the peak flow velocity along the diverse channel 

and the rate of deceleration that increases with . 
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Table 2.3. (Continued) 

 

  

Authors Study Area Flow Type and Methods Major Findings  

Hussin et al. (2012) Southern French Alps 

(Barcelonnette Basin) 

Type: Channelized 

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: No 

Entrainment: Yes 

Runout distance is most sensitive to the 

friction coefficient (). Velocities of the 

flows were most sensitive to Voellmy 

turbulent coefficient ( ). Total deposition 

volume and debris flow heights were most 

sensitive to the RAMMS entrainment 

coefficient (K). 

Klaus et al. (2015) Austria Type: N/A  

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: No 

Entrainment: No 

Friction parameter  has a stronger 

influence on the runout distances of the 

simulated debris flows. 
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Table 2.3. (Continued) 

 

  

Authors Study Area Flow Type and Methods Major Findings  

Schraml et al. (2015) Austria Type: N/A 

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: Yes 

Entrainment: No 

Deposition patterns showed a significant 

sensitivity to variation in   and event 

volume. 

Frank et al. (2017) Switzerland (Bondasca and 

Meretschibach Catchment) 

Type: N/A 

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: No 

Entrainment: Yes 

Model results can be quite sensitive to the 

volume of the initial block release in the 

model, which corresponds to the initial 

landslide volume. 
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Table 2.3. (Continued) 

 

 

  

Authors Study Area Flow Type and Methods Major Findings  

Chattoraj et al. (2018) India (Malin Landslide) Type: Unchannelized 

Release type: Block 

Model Calibration: Yes 

Sensitivity Analysis: No 

Model Validation: No 

Entrainment: No 

An increase in the friction coefficient   causes a 

decrease in the runout distance due to an increase in 

the basal friction of the flow. Change in the value of 

 did not affect the runout distance significantly. 

Krušić et al. (2018) Selanac Type: N/A  

Release Type: Block 

Model Calibration: Yes 

Sensitivity Analysis: Yes 

Model Validation: No 

Entrainment: No 

Calibration of frictional parameters is difficult to 

verify without good field observation. 
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Table 2.3. (Continued) 

 

 

 

 

 

 

 

Authors Study Area Flow Type and Methods Major Findings  

Chattoraj et al. (2019) India (Varunavat, 

Ukhimath, Kedarnath, 

Maithana Landslide) 

Type: Channelized and  

Unchannelized 

Release type: Block 

Model Calibration: Yes 

Sensitivity Analysis: No 

Model Validation: No  

Entrainment: No 

Shear strength parameters used for a numerical 

simulation model can be validated by laboratory 

instrumentation techniques. 
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Table 2.4. Review of debris flow modelling using RAMMS 

 

 

 

Authors     Remarks 

Abraham et al. (2020) 

 

Back calculated the runout extent of  Kurichermala debris flow in 

Kerala, India. Effects of soil type and shear strength parameters were 

investigated to understand the flow behaiviour. 

Huang et al. (2017) 

 

Simulated possible runouts before and after the engineering treatment 

(installment of slide-resisting piles) for the Tazhiping landslide in 

Sichuan Province, China. They showed that after engineering treatment, 

the area of high-hazard zones could be reduced by two-thirds.  

Bezak et al. (2019) 

 

Selected an actual debris fan from Slovenia and an artificially created 

fan with a constant slope to see the impact of a random debris flow 

sequence on debris fan formation. They found that a random sequence 

of debris flow events has a minor effect on the debris fan formation after 

varying Voellmy’s rheological parameters in a wide range.  

Gardezi  et al. (2021) 

 

Back calculated Attabad landslide in Pakistan using two numerical 

programs named DAN3D and RAMMS::DF. Both programs provided 

similar runout extent and volume estimation (44.9 Mm3) compared to 

the actual event (45 Mm3).  
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Table 2.5. Best calibrated values for μ and ξ as obtained from previous studies on debris flows 

(revised from Mikoš and Bezak 2021) 

 

Authors   ( m/s2) 

Cesca and D’Agostino (2008) 0.18–0.45 15–1000 

Hauser (2011) 0.20 10 

Hussin (2011) 0.06 500 

Scheuner et al. (2011) 0.1–0.15 125–200 

Berger et al. (2012) 0.07 400 

Hussin et al. (2012) 0.06 500 

Scheidl et al. (2013) 0.08–0.18 300–350 

Schneider et al. (2014) 0.01–0.16 500 

Frank et al. (2015) 0.05 1200 

Schraml et al. (2015) 0.07–0.23 200–300 

Fischer et al. (2016) 0.09–0.27 150–200 

De Finis et al. (2017a) 0.11–0.12 500–600 

De Finis et al. (2017b) 0.05–0.2 300–650 

Frank et al. (2017) 0.3–0.6 200–400 

Kang et al. (2017) 0.1–0.2 800–950 

RAMMS (2017) 0.05–0.4 1–2000 

Chung et al. (2018) 0.42 2000 

De Finis et al. (2018) 0.05–0.2 200–600 

Frey et al. (2018) 0.04–0.08 500 
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Table 2.5. (Continued) 

 

 

Authors   ( m/s2) 

Anacona et al. (2018)  0.001 500 

Kaltak (2018) 0.075 200 

Krušić  et al. (2018), (2019) 0.05–0.11 500 

Tsao et al. (2018) 0.225 150 

Bezak et al. (2019) 0.1–0.5 100–1500 

Dietrich and Krautblatter (2019) 0.16 200 

dos Santos Corrêa et al. (2019) 0.05 100–200 

Gan and Zhang (2019) 0.07 1500 

Nam et al. (2019) 0.1 950 

Rodríguez-Morata et al. (2019) 0.1–0.2 200–400 

Tsao et al. (2019) 0.24 300 

Abraham et al. (2020) 0.01 100 

Bezak et al. (2020) 0.13–0.2 400–900 

Calista et al. (2020) 0.17 150 

Franco-Ramos et al. (2020) 0.15 400 

Zimmermann et al. (2020) 0.05–0.49 200–1250 
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2.5.3 Flow-R 

Flow-R is a numerical simulation tool based on empirical models for debris flow susceptibility 

assessment. It requires two sets of parameters; the first set of parameters is for identifying the 

source/initiation zone, and the second set is for propagation. 

2.5.3.1 Source Area Identification 

Identifying the initiation zone for runout analysis is an intricate task for debris flow modelling. In 

most of the debris flow simulation programs, users have to define the initiation zones. It is difficult 

to determine the initiation zone without high-resolution satellite images. However, Flow-R has the 

capability of identifying the initiation zones only by applying some conditions to selected 

topographic (e.g., slope gradient, aspect, and curvature) and hydrological (e.g., upslope 

contributing area) factors. These factors could be derived from DEM using GIS software. These 

factors are site-specific—for example, the majority of debris flows in the Swiss Alps originated 

from the terrain with slope gradients greater than 15° (Rickenmann and Zimmermann 1993). 

Upslope contributing area is also a critical factor for considering debris flow initiation. It refers to 

the area of the land that contributes water and sediment to a specific location where debris flow 

might start. Horton et al. (2013) determined 0.01 km2  as the appropriate threshold for the upslope 

contributing area for identifying the debris flow initiation zones in the Central Alps, Switzerland. 

Fischer (2012) found a lower value of upslope contributing area (0.3–1.0 ha) for Norway. 

Curvature is another morphological factor that measures the shape of the terrain surface and can 

be considered for identifying debris flow initiation zones. Debris flows tend to be concentrated in 

slope concavities (i.e., gullies rather than ridges) (Delmonaco et al. 2003; Wieczorek et al. 1997). 

Horton et al. (2013) suggested the plan curvature value of -2/100 m-1
 for a 10-m DEM of the 
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Solalex-Anzeindaz region by analyzing the orthophotographs,. Also, Fischer et al. (2012) found 

the curvature value -1.5/100 m-1
 to -0.5/100 m-1

 for Norway. 

2.5.3.2 Assessment of Propagation 

Propagation of debris flow is controlled by two algorithms: spreading algorithm and runout 

distance algorithm. The spreading algorithms have two sub-algorithms, namely the flow direction 

algorithm and the inertial algorithm (persistence function). Flow-R incorporates several direction 

algorithms that give the user the flexibility to select the most appropriate one for their analysis. 

For inertial algorithms, two options are available, which are weight and direction memory.  

The runout distance algorithm is based on simple frictional laws (Horton 2013, Federico and Cesali 

2015), where the friction loss can be calculated by either Perla et al. (1980) or the Simplified 

Friction Limited Model (SFLM) (Corominas 1996). Additional details of these algorithms can be 

found in (Paudel 2019; Jaboyedoff et al. 2011; Horton 2013). 

Flow-R has been applied for runout assessments of debris flows in different countries, including 

Switzerland (Horton et al. 2008; Horton et al. 2013), France (Kappes et al. 2011), Italy (Blahut et 

al. 2010), Norway (Fischer et al. 2012), and Argentina (Baumann et al. 2011). Table 2.6 shows 

some successful studies that incorporated Flow-R for debris flow susceptibility assessment. 
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Table 2.6. Studies that incorporated Flow-R 

 

 

 

 

Authors Remarks 

Kang et al. (2018) Determined debris flows runout in the central region of South Korea. All 

available algorithms in Flow-R were tested to get the best simulation 

results. Besides, statistical analysis was performed to determine the 

efficiency and sensitivity of each algorithm. 

Do et al. (2020) Assessed the susceptibility of landslides in Ha Giang City, Vietnam, and 

its surrounding regions by combining the outcomes of  Flow-R with three 

separate statistical models for better predictability of landslides. 

Sturzenegger et al. (2021) 

 

Proposed stream segments method by Holm (2016) for delineating debris 

flow and debris flood initiation zones rather than using the source 

identification step in Flow-R. Also, compared the simulation results of 

Flow-R with a numerical model (FLO-2D) and highlighted that Flow-R 

does not provide such parameters which are required for designing 

mitigation structures. Therefore, it is suitable for preliminary hazard 

assessment only. 

Jiang et al. (2021) 

 

Combined the results from the Flow-R model with other spatial 

information to form a debris flow hazard level map of the Karakoram 

highway in China. Their analysis indicated that the highway segment 

spanning 4.33 km falls under a “very high hazard level” category. 
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Table 2.6. (Continued) 

2.6 Summary 

This chapter provides an overview of debris flow modelling approaches for hazard assessment. 

Debris flow modelling can be classified into three broad categories: empirical, physical, and 

dynamic modelling. Empirical modelling relies on simple relationships based on historical data 

and does not account for the rheology or kinematic parameters of the materials. Examples of 

empirical approaches include the angle of reach method, volume change rate method, and channel 

geometry method. Physical modelling involves laboratory tests to study debris flow behaviour. 

The major limitation of physical modelling is its application to real-world problems as it is scaled 

down to accommodate in a laboratory setup, and many field conditions may not be properly 

captured. Dynamic modelling simulates the movement of debris with time, which can be 

subdivided into lumped mass, distinct element, and continuum models. Continuum models provide 

Authors Remarks 

Blais-Stevens and Behnia et 

al. (2016) 

Employed qualitative and quantitative methods to assess debris flow 

susceptibility in the Yukon Alaska highway in Canada. The qualitative 

approach utilized geological data and expert opinion, while the quantitative 

approach used Flow-R model to calculate the source areas and area of 

spreading of documented historical debris flow events. Flow-R model 

results in overgeneralization for a large area of varied topography. 

However, they suggested both methods should only be used for initial 

hazard assessment. 
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detailed information; however, the simulation results are highly affected by the rheological 

parameters used to model the debris.  

Among the available methods, numerical approaches could provide better results. Still, these 

simulation tools are based on some simplified approaches. Therefore, proper calibration of the 

model parameters based on field data is necessary, which is done in the present study. This chapter 

introduces three computer programs, namely DebrisFlow Predictor, RAMMS, and Flow-R, which 

have been used for debris flow runout assessment. DebrisFlow Predictor and Flow-R have been 

developed based on some empirical models, while RAMMS is a 3D continuum numerical model. 

The DebrisFlow Predictor utilizes a cellular automata approach to simulate landslide runout, scour, 

and deposition information along the path. RAMMS uses the Voellmy-Salm fluid continuum 

model and incorporates depth-averaged equations for predicting runout, flow heights, velocities, 

and impact pressure. Finally, Flow-R can identify initiation zones based on topographic and 

hydrological factors and assess the propagation using spreading and runout distance algorithms. 

The present study identifies appropriate values of the parameters for these three computer 

programs by comparing the simulation results with field observations. 
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Chapter 3: A Comparative Study of Three Computer Programs for 

Debris Flow Runout Simulation 

Co-Authorship: This chapter is prepared as a manuscript for publication in a journal as: Arghya, 

A. B., Hawlader, B., Guthrie, R., Knibbs, G., and Wasklewicz, T., “A comparative study of three 

computer programs for debris flow runout simulation.” Most of the research presented in this 

chapter has been conducted by the first author. He also prepared the draft manuscript. The other 

authors mainly supervised the research and reviewed the manuscript. 

3.1 Abstract 

Debris flows represent a large displacement of a wide variety of materials, including soil, mud, 

rock, and water. The extent and impact of debris flow depend on many factors, including the 

material type, topography, flow pattern, and amount of debris. Several computer programs are 

available for debris flow simulations. However, these programs have been developed based on 

some simplified models because capturing the complexities of the mechanisms and modelling such 

a large extent of the problem is challenging. In the present study, three simulation tools— namely 

DebrisFlow Predictor, Flow-R, and RAMMS—are used to simulate debris flow. Simulations are 

performed for three different sites where debris flows occurred. The characteristics of the sites 

differ in several aspects, including relief, geology, and soil type. Consequently, the debris flows 

on these sites exhibit varying characteristics such as runout extent, single/multiple flows, and 

channelized/unchannelized flows. Comparing the simulation results with field observations shows 

that all three numerical programs can simulate the debris flows if the appropriate model parameters 

are selected. Channel bed erosion during downslope displacement of debris can play a major role 
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in runout. RAMMS can simulate the erosion effects if the erosion properties and erosion zone are 

defined properly. DebrisFlow Predictor can be used to identify the zones of erosion and deposition 

based on statistical flow patterns over a given topography. Flow-R provides similar runout extent, 

in terms of susceptibility (0–1), as in DebrisFlow Predictor and RAMMS. 

3.2 Introduction 

Debris flow is a gravity-driven moving mass of soil, mud, rock, and water,  which might travel 

hundreds of meters in some cases (Takahashi 1981; Iverson 1997). Typically, debris travels at high 

velocity, which could exceed 15 m/s ( Highland and Bobrowsky 2013) and create a large impact 

force on the infrastructure (Jakob and Hungr 2005; Naqvi 2020). A debris flow might be initiated 

when the failure of slope occurs at higher elevations due to several causes, including heavy rainfall 

(Anderson and Sitar 1995; Fiorillo and Wilson 2004; Guzzetti 2008), rapid snowmelt (Decaulne 

et al. 2005; Chiarle et al. 2007; Vergara et al. 2020; Hatchett et al. 2023), and wildfire (Nyman et 

al. 2011; Parise and Canon 2012; Rengers et al. 2016; McGuire et al. 2018; Staley et al. 2018). 

Proper modelling of debris flow requires solving the mass and momentum balance equations 

incorporating appropriate constitutive behaviour of debris. However, it is an extremely challenging 

task because the process involves many complex phenomena such as spreading, erosion at the 

base, deposition, avulsions, change in flow path depending upon surface profile, and the effects of 

vegetation. In addition, while constitutive models are available for soil (e.g., sand and clay) for 

geotechnical engineering applications, such models cannot be directly used for debris that 

constitutes a wide range of particles of varying sizes. Therefore, the numerical programs for debris 

flow were developed using simplified approaches (Hungr and McDougall 2009).  
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A detailed discussion on the mechanisms and existing techniques for modelling debris flow is 

available in Hungr et al. (2005). McDougall (2017) classified the available runout analysis 

methods into two broad categories: (i) empirical-statistical methods and (ii) analytical methods 

(including numerical approaches). Based on field observation and characteristics of the landslide, 

several empirical methods were developed for estimating travel distance/runout and velocity of 

debris as a function of slope angle, elevation difference between the initiation and deposition 

points, volume of the material released, degree of confinement of the path (e.g., Ikeya 1981; 

Vandre 1985; Corominas 1996; Iverson 1997; Rickenmann 1999; Bianco and Franzi 2000; Hunter 

and Fell 2003; Guthrie et al. 2010). 

Several computer programs were developed to model debris flow. Horton et al. (2013) presented 

an approach for developing debris flow susceptibility maps at a regional scale using a computer 

program called 'Flow-R.' This program used simplified empirical models for spreading and runout 

algorithms. Flow-R was used in several studies for regional-scale assessment of debris flow at 

different sites—for example, an ~125,000 km2 area in southern British Columbia, Canada 

(Sturzenegger et al. 2021), 36 sites in the central region of Korea (Kang and Lee 2017); Yukon 

Alaska Highway Corridor, Canada (Blais-Stevens and Behnia 2016), Ha Giang city and the 

surrounding areas in Vietnam (Do et al. 2020). Simplicity and less number of input parameters are 

the main advantages of Flow-R; however, this program could be used for preliminary assessment 

(Sturzenegger et al. 2021) but does not provide sufficient information for decision-making and 

requires further assessment. 

Another computer program called “DebrisFlow Predictor” was also developed based on an 

empirical-statistical approach (Guthrie et al. 2008; Guthrie and Befus 2021). This program was 

also successfully used to simulate several debris flow events—for example, North Shore Cowichan 



37 

 

Lake, Canada (Guthrie 2021), Black Hollow drainage basin in Colorado, USA (Wasklewicz et al. 

2022), North Ogden, Utah, and Larimer County, Colorado, USA (Grasso et al. 2022). Guthrie and 

Befus (2021) provided some calibrated model parameters for DebrisFlow Predictor by analyzing 

data from several debris flows. The main advantage of this program is that it provides some 

additional information compared to Flow-R, which includes erosion and deposition zones and the 

thickness of debris. However, this program does not provide some key information for hazard 

assessment, such as the velocity of debris. 

Mechanics-based numerical modelling techniques were also developed where simplified 

constitutive behaviour of debris was implemented. When the debris is saturated and flows at high 

velocity, the debris could be viewed as a fluidized material (Hungr and McDougall 2009). For 

numerical modelling purposes, the complex heterogeneous materials are therefore replaced by an 

'equivalent fluid' that provides resistance to downslope movement from two sources: (i) frictional 

resistance at the base and (ii) velocity-dependent viscous resistance. Using the simplified models 

that consider these two resistances, computer programs were developed to simulate time-

dependent debris flow, which include DAN3D (Hungr and McDougall 2009), RAMMS (Christen 

et al. 2010) and FLO-2D (O’Brien et al. 1993). Note that equivalent fluid properties cannot be 

measured in the laboratory but could be back-calculated by simulating field cases, as performed in 

previous studies (Mikoš and Bezak 2021). For example, RAMMS was successfully used to 

simulate a debris flow event in Dolomites in Belluno, Italy (Cesca and D’Agostino 2008), 

Tazhiping landslide in colluvial soil in China (Huang et al. 2017), and the debris flows in the Swiss 

Alps, Switzerland (Frank et al. 2015). Some studies also compared the performance of mechanics-

based models; for example, FLO-2D and RAMMS (Cesca and D’Agostino 2008), DAN3D  and 

RAMMS (Schraml et al. 2015; Gardezi et al. 2021). 
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In recent years, computer programs were developed to simulate the large displacement of failed 

soil mass, which include Smooth Particles Hydrodynamics method (Bui et al. 2011), Eulerian 

based finite element modelling (Dey et al. 2015), and Material Point Method (Soga et al. 2016). 

However, the use of these advanced numerical methods is not suggested at this moment because 

the constitutive behaviour of heterogeneous debris is not known, and three-dimensional simulation 

of debris flow problems will be computationally very expensive. 

In summary, the existing numerical studies primarily simulated a single event or analyzed regional 

scale debris flow using a numerical program or programs of similar type (e.g., two mechanics-

based programs, Gardezi et al. 2021). However, the following key questions still remain 

unanswered: (i) whether the computer programs based on empirical/statistical approaches could 

be used with mechanics-based programs for a better assessment of debris flow, and (ii) if so, how 

the parameterization could be done as these programs require very different sets of input 

parameters. The aim of the present study is to answer these questions from the simulations of 

debris flow at three different sites using three computer programs. 

3.3 Study Areas 

Three debris flow sites are considered in this study. Each site has some unique characteristics. At 

Site 1, a single unchannelized debris flow occurred due to excessive rainfall near the highway. Site 

2 is a watershed area where many debris flows have been observed for decades. Among them, one 

channelized and one unchannelized flow are considered. Site 1 and Site 2 are in British Columbia, 

Canada, where typically muddy or clastic type of debris flow occurs. Finally, Site 3 is selected 

from a large debris flow (granular type) fan in the Swiss Alps region in Switzerland. 



39 

 

All three programs used in the present study require a Digital Elevation Model (DEM) and the 

initiation zones from where the flow initiates. For Sites 1 and 2, 1 m × 1 m DEM was collected 

from LidarBC–open LiDAR data Portal. For Site 3, 0.5 m × 0.5 m DEM was downloaded from 

the Federal Office of Topography database (swissALTI3D). The simulation results might vary 

substantially with DEM resolutions; however, a 10-m pixel resolution was considered to be 

appropriate for regional debris flow susceptible mapping (Horton et al. 2013). In recent years, the 

computational power has increased rapidly; therefore, simulations could be performed even for 

smaller pixels. Guthrie and Befus (2021) suggested that a 5-m DEM strikes a balance of processing 

power and provides reasonable results. Therefore, all the simulations in this study are performed 

using 5 m × 5 m DEM.  

There are several ways to identify the debris flow initiation zones. The most popular methods 

include: i) comparing the elevation changes before and after the event using LiDAR-derived DEM 

and ii) interpreting after-event high-resolution satellite images. In this study, initiation zones are 

determined using the following satellite images. For Sites 1 and 2, Google Earth Pro images were 

available before and after the event. For Site 3, high-resolution satellite images (10 cm × 10 cm) 

are publicly available at the Federal Office of Topography Swisstopo database.  

3.3.1 Site 1: Highway 7, Hope-Agassiz 

In mid-November 2021, a significant amount of rainfall occurred in southern British Columbia 

(BC), Canada. The rainfall was very intense on November 13–15 and was more than 100 mm on 

November 14 (Hansen 2021). The rainfall caused several slope failures in this area, resulting in 

flooding, mudslides, and debris flows. Among them, a debris flow that hit Highway 7 between 

Hope to Agassiz on November 14 was a major one. Several vehicles were swept off the highway 
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where a number of people were trapped, and luckily, no fatalities occurred. The runout length of 

this event was ~1,360 m. A closer examination of Google Earth Pro images for pre- and post-slide 

conditions shows that the failure of ~3,350 m2 area was initiated ~580 m above the level of 

Highway 7. After initiating, the debris diverges into three flow channels and converges into a 

single flow channel near Highway 7 (Fig. 3.1). Large amount of debris accumulates behind the 

highway (Figs. 3.1(b) & 3.1(c)). Some debris flowed over the highway, spreading over a large area 

of thinner layers. In the present study, although the simulations are performed for the whole debris 

flow, more attention is provided to the accumulated debris behind the highway as the dynamics of 

this thick layer was the critical factor that could impact the highway. Figure 3.1(a) shows the 

preliminary interpretation of this catastrophic event based on satellite images. The yellow polygon 

near the toe represents the area where the deposition of the major amount of debris occurred. Some 

deposition also occurred in the upslope areas near the initiation zone, as shown by the yellow 

polygon near the initiation zone. When failure occurred, a majority portion of the failed material 

came down from the two corners of the initiation zone and followed the gullies. The pink polygon 

enclosed by a dashed line shows the entrainment zone, while the black polygon at the top 

represents a complex entrainment area where both deposition and entrainment might have 

occurred. Typically, erosion occurs in the entrainment zone; therefore, identifying the entrainment 

zone is essential for more accurate modelling, as discussed in the later sections.  

3.3.2 Site 2: Klanawa Watershed  

The Klanawa watershed on Vancouver Island, British Columbia, is approximately 240 km2 in size 

and is located on the southwest coast side of the island. The floodplain is made up of glaciofluvial 

and alluvial sediments. Mid and upper slopes consist of glacially over-steepened morainal till or  
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Fig. 3.1. Debris flow at Highway 7 between Hope to Agassiz, BC, Canada (Site 1): (a) entire 

view, (b) view along the highway, (c) view at the toe; Source: Google Earth and BC Ministry of  

Transport & Infrastructure 
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Fig. 3.2. An unchannelized (AA) and a channelized (BB) flow at Site 2 (Inset map, Guthrie et 

al. 2008) 

gravelly colluvium veneers that frequently show signs of instability in the form of open slope and 

channelized debris flows (Morgan 2001). Slopes steeper than 30 and presence of gullied terrain 

have much higher landslide likelihood in this area (Rollerson et al. 2002). The watershed is also 

critical for the aquatic habitats, which are sensitive to peak flow disturbances and are affected by 

erosion and bedload sediment. Guthrie et al. (2008) reported 331 debris flows over 500 m2 in the 

Klanawa watershed from the available 1994–2001 air photograph record (inset of Fig. 3.2). The 
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present study considered one channelized and one unchannelized debris flow from this site, which 

occurred between April 2021 and October 2021 (Fig. 3.2). 

3.3.2 Site 3: Solalex-Anzeindaz 

Solalex is a small village of Canton de Vaud, Switzerland, situated at an altitude of 1,460 m on the 

south side of Diablerets Mountain. It is connected with Anzeindaz village (400 m higher than 

Solalex) by a private road. The present study focused on a debris flow fan located between Solalex 

and Anzeindaz. These fans are very active because the upper part consists of folded limestone with 

marl layers, which creates steep, small, impervious catchments that are highly productive in rock 

fragments (Badoux and Gabus 1990). This study used a subset of this region (~ 4 km2) from where 

10 debris flows are simulated to show the performance of these three programs in regional-scale 

modelling while maintaining clarity in presentation and computational efficiency (Fig. 3.3). The 

red spots in Fig. 3.3 represent the initiation zones, which were identified from the satellite image. 

Additional details of these debris flows are shown in Table 3.1.  

 

 

 

 

 

 

 

Fig. 3.3. Debris flow in Site 3 (Solalex-Anzeindaz region, Switzerland): (a) flow paths; (b) 

accumulation of materials around point P3 in Fig. 3.3(a) 

(b) (a) 

P1 P2 
P3 
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Table 3.1. Key information about the sites considered in this study 

Parameters Site 1 

Highway 7, Hope- Agassiz 

Site 2 

Klanawa Watershed   

Site 3 

Solalex- Anzeindaz 

Runout length ~1,360 m ~285 in open slope &  

 ~870 channelized zone 

~1100–2400 m 

Elevation difference between 

initiation zone to final deposition   

~585 m ~96 m in open slope & 

~248 m in channelized zone 

~640 m 

Entrained Material Mostly finer & less granular; 

trees 

Finer materials; trees Granular & Boulders 

   

Failure Reason Extreme rainfall  Rainfall, logging Permafrost degradation, 

rainfall  

Flow type Open slope Both open slope and channelized Open slope 

Geological Unit  Granodioritic intrusive rocks Glacially over-steepened 

morainal till or gravelly 

colluvium veneers 

Folded limestone with 

marl layers 

Annual Precipitation ~1,755 mm at Agassiz (Thomas 

et al. 2019) 

2,876 mm–3,102 mm at Klanawa 

watershed (Rollerson et al. 2004) 

~2,600 mm–3000 mm at 

Anzeindaz region (Randin 

et al. 2009) 
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3.4 Simulation Tools 

Three debris flow programs named DebrisFlow Predictor (Guthrie and Befus 2021), RAMMS 

(Rapid Mass Movement Simulation) (Christen et al. 2010), and Flow-R (Horton et al. 2013) were 

used in the present study to simulate debris flow at the three different sites. Details of these 

programs are available in previous studies, including those mentioned above. However, a brief 

description is provided below. 

3.4.1 DebrisFlow Predictor 

DebrisFlow Predictor is a computer program for simulating landslide runout developed by Guthrie 

and Befus (2021), which is based on a cellular automata (Wolfram 1884; Von Neumann 1996) 

method. Cellular automata (CA) has been deployed in several studies to model complex natural 

phenomena, including debris flows (Iovine et al. 2003; Guthrie et al. 2008), snow avalanches 

(Barpi et al. 2007), and lava flows (Spataro et al. 2004). Several studies showed successful 

applications of the cellular automata model for debris flow runout simulations (D’Ambrosio et al. 

2003(a); D’Ambrosio et al. 2003(b); Guthrie et al. 2008; Han et al. 2017; Guthrie and Befus 2021). 

Further details on CA and its application in debris flow modelling are available in Han et al. (2017). 

In the DebrisFlow Predictor program, the flowing materials are represented by agents that occupy 

cells on a raster grid at a specific time step on which a set of simple rules for scour, deposition, 

path selection, and spread were applied. These rules were developed empirically based on the 

observations of debris flows in coastal areas of British Columbia and follow the probability 

distributions for 12 slope classes. These probabilities are based on the fieldwork conducted by 

Wise (1997), Guthrie et al.  (2008), and Guthrie and Befus (2021).  
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The program requires the following input parameters. Firstly, it requires the digital elevation model 

(DEM) of the area with a resolution of 5 m × 5 m. Secondly, the user has to identify the initiation 

zones of the debris either by selecting within the program or importing shapefiles. When the DEM 

is imported into the program, each cell in the working grid collects the basic information from the 

DEM, including elevation, position, slope, and aspect. Each activated cell (i.e., the cell selected 

manually or by the computer model to generate an agent) contains an agent—an autonomous 

subroutine that interacts with the surface model and other agents. Scour and deposition are 

calculated for each time step, and the difference between these two gives the net mass. The mass 

is shed to the new cells by spawning additional agents. Each agent continues to move downslope 

until its mass balance is zero. The direction of movement is identified by a Moore Neighbourhood 

algorithm, where the elevations of the surrounding eight cells around the central cell are obtained. 

The materials flow toward the unoccupied cells at lower elevations. In the case where cells are not 

unoccupied or where three cells have the same elevation, the flow direction is a combination of 

random chance and the preservation of momentum. The redistribution of mass or spreading is 

described by a probability density function defining the standard deviation () as 

𝜎 = (
𝑚𝑚𝑎𝑥 − 𝑚

𝑚𝑚𝑎𝑥
)

𝑛

(𝜎𝐿 − 𝜎𝑠) + 𝜎𝑠 (3.1) 

where 𝑚𝑚𝑎𝑥 is the "fan maximum slope" to limit spreading above the selected slope value, 𝑚 

represents the DEM slope, 𝑛 is a skew coefficient, 𝜎𝐿 is a low slope coefficient, and 𝜎𝑆 is steep 

slope coefficient. 

The parameters used in this study for DebrisFlow Predictor are listed in Table 3.2. These 

parameters can be calibrated iteratively within the model, and the results can be compared to 
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known (observable) events or landforms. All these parameters in Table 3.2 were selected based on 

a critical review of the existing literature where the DebrisFlow Predictor was used to simulate 

field observations (Guthrie and Befus 2021; Guthrie 2021). The type and nature of spreading is 

primarily governed by the first four parameters (mmax, σS, σL, and n) in Table 3.2. The parameter 

mmax limits spreading to slopes flatter than the selected value. Guthrie and Befus (2021) 

recommended using mmax = 27o, where additional information is not available. The parameters n, 

L and S control the amount of spread by the creation of new agents redistributed to surrounding 

cells. With an increase in the value of L and S, spreading increases in the low and steep slope 

areas, respectively. Further details of these parameters can be found in Guthrie and Befus (2021). 

An increase in the number of maximum spawns allowed (Nmax) widens the flow and reduces the 

runout length. The actual number of spawns is less than or equal to Nmax.  Therefore, for the 

channelized flow in Site 2, a smaller value of Nmax (= 4) is used as the flow was through a confined 

path constrained by steep side slopes. Field evidence shows an increase in travel distance with a 

degree of confinement by the side slopes of a gully or small valley (Hunter and Fell 2003). Nmax = 

100 was used for the other simulations as the post-slide observations show the spreading of debris 

over a wider area. Note, however, that the simulation results do not change significantly for Nmax 

> 15 for the cases simulated in this study. 

Agent mass is a critical part of the DebrisFlow Predictor. The agent continues to move downslope 

and terminates when mass is zero, following probabilistic rules for scour and deposition based on 

the underlying slope of the debris. The probability curves were developed from approximately 

1,700 field observations (Wise 1997; Guthrie et al. 2008, 2010). Nonetheless, the variations in 

local geomorphology may necessitate adjustments to scour or deposition depth. These are achieved 

using the deposition and erosion multipliers (Table 3.2) that are independently applied to the agent 
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mass after calculation in each time step. An increase in erosion multiplier increases the amount of 

debris and, thereby, the spreading and runout; however, the deposition multiplier gives opposite 

results.  

The material can move from the central cell to any of the eight surrounding cells in the grid. The 

center of these surrounding cells are at 45 angular distance from the central cell. Therefore, in 

DebrisFlow Predictor, the loss of mass carried by the agents during the flow of the materials to 

these eight cells is defined by loss per 45 turn. As will be shown later, a major amount of debris 

flows through some gullies; therefore, a lower amount of mass loss is expected as the flow path is 

bounded by the slopes of the gullies. In this study, a mass loss of 5% per 45 turn is used, except 

for the unchannelized flow in Site 2, where the debris spread over a wider area.  

Finally, the program requires a minimum scour depth (dm), which can be multiplied by the area of 

the initiation zone to find the release volume (Vrelease). As the slide is very large, dm = 5.0 is used 

for Site 1, which gives Vrelease ~ 20,000 m3. The slides were relatively small for the two cases in 

Site 2; therefore, dm = 2.0 (Vrelease ~ 3,000 m3) and dm = 1.0 m (Vrelease ~ 2,200 m3) are used for 

channelized and unchannelized cases. As the initiation zone of Site 3 contains rock, dm = 1.0 m is 

used, which gives Vrelease = 220 m3–3,300 m3, depending upon the size of the initiation zone of the 

10 cases considered in this study. Similar release volumes are used in the simulations with 

RAMMS. 

Because the results are probabilistic, no two runs are identical; therefore, multiple runs are 

recommended to determine the potential cumulative footprint of a debris flow path and to calculate 

the probability that any location within the cumulative footprint will be occupied by an event. The 

simulation of runout with this program provides landslide pathways and sediment volume (scour 

and deposition) along the flow path. 
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Table 3.2. Parameters used in DebrisFlow Predictor 

Parameters Site 1 Site 2 Site 3 

Fan maximum slope (mmax) 27 34 27 

Steep slope coefficient (σS) 0.35 0.35 0.35 

Low slope coefficient (σL)   1.35 1.35 1.35 

Skew coefficient (n) 1.1 1.1 1.1 

Maximum spawns allowed (Nmax) 100 4(100) 100 

Deposition multiplier (×) 0.4 0.5(1.0) 0.3 

Erosion multiplier (×) 0.8 0.7 0.5 

Mass loss per 45 turn (%) 5 5(20) 5 

Minimum initiation depth, dm (m) 5 2 (1) 1 

Number of model runs 50 50 50 

* For Site 2, the numbers in parenthesis are for unchannelized, and without parenthesis for 

channelized flow  

3.4.2 RAMMS 

RAMMS software package was used by several researchers to simulate debris flow (Cesca and 

D’Agostino 2008; Frank et al. 2015; Frank et al. 2017). While debris involves a wide range of 

materials, the program was developed using depth-average shallow water equations of single-

phase material. The Voellmy-Fluid model was used to model the material beahviour. The 

Voellmy-Fluid model does not consider the shear deformation; therefore, the debris moves at a 

constant velocity (u) over the depth of the debris at a given location and time. That means the 
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deceleration of debris flow occurs only by the basal friction (Sf) between the bottom of the debris 

and the slope, which was calculated as: 

where  is dry Coulomb-type friction coefficient; ρ𝑔ℎcos(φ) is the normal stress on the slope 

caused by the weight of debris;  is the bulk mass density of debris; g is the gravitational 

acceleration; h is the flow height of the debris;  is the channel slope angle;  is the viscous-

turbulent friction coefficient of the flow. 

While the model (Eq. (3.2)) is relatively simple, the estimation of the two model parameters ( 

and ) is challenging. The parameters  and  depend on local debris flow characteristics such as 

topographical properties, rheological behaviour, and hydro-meteorological conditions. Calibrating 

the simulation results with field observations for various debris flows, previous studies reported a 

wide range of variation of these parameters (Cesca and D’Agostino 2008; Hussin 2011; Frank et 

al. 2015; Frey et al. 2016; Schraml et al. 2015; Frank et al. 2017; Franco-Ramos et al. 2020; Zhuang 

et al. 2021). While a wide range of  (= 0.001–0.7) was reported,  of 0.1–0.2 was most commonly 

used (Anacona et al. 2018; Mikoš and Bezak 2021). Typically used ξ lies between 200 m/s2 and 

500 m/s2, although it ranges from 10 m/s2–2,000 m/s2. RAMMS user manual recommends ξ = 100 

m/s2–200 m/s2 for granular flow, and ξ could be more than 1,000 m/s2 if the debris contains more 

fluid. Gan and Zhang (2019) found ξ = 1500 m/s2 simulates better a debris flow in the Luzhuang 

gully. Therefore, site-specific calibration of these model parameters is necessary. In the present 

study,  simulations are performed for different combinations of  (= 0.05–0.3) and ξ = 200 m/s2–

2000 m/s2, and the best-matched simulations of the imagery footprint are found for  and  listed 

in Table 3.3. As the debris was muddy in Site 1 and Site 2, higher ξ and lower  values are required 

𝑆𝑓 = 𝜇(𝜌𝑔ℎcos(φ)) +
𝜌𝑔𝑢2

 
 (3.2) 
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to match the field observation. Relatively rigid and dry masses of broken rocks flow in Site 3, 

which are expected to have higher dry friction and lower viscous resistance. Therefore,  = 0.2 

and ξ = 200 m/s2 are used for this site. 

Table 3.3. Best fit material parameters used in RAMMS 

Parameters Site 1 Site 2 Site 3 

Bulk mass density of debris,  (kg/m3) 2,000 2,000 2,000 

Dry Coulomb-type friction coefficient,  0.1 0.1 0.2 

Viscous-turbulent friction coefficient, ξ (m/s2) 400 500 200 

In addition to the above material model parameters, RAMMS requires a DEM and release 

information to run a simulation. Release information can be given either one/multiple block release 

or input hydrograph option. The block release method is suitable for unchannelized debris flow, 

while the hydrograph option appears to be more suitable for channelized debris flow. In the block 

release option, the program calculates the release volume from the release height and release area. 

The release area can be determined from high-resolution satellite images. However, the problem 

lies in determining the release height. The best option to delineate the release height is comparing 

the elevation change of pre-event and post-event DEM. The initiation conditions, including the 

release volume, are the same as in DebrisFlow Predictor (Section 3.4.1). 

3.4.2.1 Erosion Module (RAMMS) 

RAMMS under-predicts the runout if the simulation is performed only with the release volume at 

the upstream end (Frank et al. 2015). Therefore, the entrainment of sediment into the flow due to 

the erosion of the channel bed was implemented as an “erosion module” in RAMMS (Frank et al. 
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2015). The empirical model for entrainment was developed from field data (Frank et al. 2015; 

Frank et al. 2017). It is assumed that the depth of erosion (z) is a linear function of basal shear 

stress,  (= ghcos) (i.e., the erosion proportionality factor, dz/d, is constant), and the erosion 

occurs only if  is greater than critical shear stress (c). The program also defines a maximum 

potential erosion depth (em). In addition, the program uses an erosion rate (dz/dt, where t is the 

time) to ensure gradual entrainment of eroded materials and to prevent entering all the eroded 

sediment within one-time step. 

In the present study, the simulations with the erosion module are performed only for Site 1. Note, 

however, that RAAMS without erosion was used to simulate all three cases. An erosion rate (dz/dt) 

of  0.05–0.1 m/s was found in flume test results (Reid et al. 2011). However, higher values of the 

maximum erosion rate of 0.14 m/s and 0.25 m/s were found for a natural debris flow in Colorado, 

USA (McCoy et al. 2012) and Illgraben (Frank et al. 2015), respectively. The default dz/dt in the 

program is -0.013 m/s, which is used in this study. The values of the other erosion module 

parameters are shown in Table 3.4. 

Table 3.4. Erosion parameters used in RAMMS for Site 1 

Erosion Parameters Values 

Erosion rate, dz/dt (m/s) -0.013 

Erosion proportionality factor, dz/d (m/kPa) -0.05 

Critical shear stress, c (kPa) 1.50 

Maximum erosion depth, em (m) 0.20 
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3.4.3 Flow-R 

Flow-R is a computer program developed in Matlab by researchers at the University of Lausanne, 

Switzerland, incorporating spatially distributed empirical models. After determining the initiation 

zone, the program calculates the runout/propagation extent over the DEM based on spreading 

algorithms and runout algorithms. The spreading algorithms provide the direction of flow, which 

are defined by two sub-algorithms, namely flow direction algorithm and inertial algorithm (also 

known as persistence function). Several direction algorithms were implemented in Flow-R, and 

the user can choose one of them for an analysis.  

In the present study, modified Holmgren's algorithm was used (Holmgren 1994; Horton et al. 

2013). In the modified Holmgren, the central cell height was increased by a factor dh (= 0.15 m 

for Site 2 and 0.2 m for Sites 1 and 3), which gives better simulation results that are less sensitive 

to DEM resolution (Horton et al. 2013). The Holmgren’s Algorithm can be written as: 

𝑝𝑖
𝑓𝑑

=
(tanβi )

𝑥

∑ (tanβj)
𝑥8

𝑗=1

         ∀ {
tanβ > 0

𝑥  [1; +∞]
 (3.3) 

where 𝑖, 𝑗 are flow directions; 𝑝𝑖
𝑓𝑑

 is the susceptibility proportion in direction 𝑖; βi and βj are the 

slope angles at the central cell in the i, j directions, and x is an exponent of convergence that 

controls the spreading. A higher value of x represents a higher degree of convergence. Claessens 

et al. (2005) recommended x of 4–6 for debris flow. The present study uses x = 3.5 for Site 1 and 

x = 4 for Sites 2 and 3. Two options are available for the inertial algorithm: weight and direction 

memory. In this study, the weight option is selected, which calculates the flow with a change in 

direction relative to the prior direction as 

𝑝𝑖
𝑝

= 𝑤𝛼𝑖
  (3.4) 



 

 

54 

where 𝑝𝑖
𝑝

 is the flow proportion in direction 𝑖, and αi is the angle between the previous direction 

and the direction from the central cell to cell 𝑖. The weight (𝑤𝛼𝑖
) was selected based on the work 

of Gamma (2000). Further details on inertial algorithms are available in Horton et al. (2013).  

Debris flow runout can be determined by combining the flow direction algorithm and the 

persistence function (Eq. 3.5). 

𝑝𝑖 =
𝑝𝑖

𝑓𝑑
𝑝𝑖

𝑝

∑ 𝑝𝑗
𝑓𝑑

𝑝𝑗
𝑝8

𝑗=1

𝑝0 (3.5) 

where 𝑝𝑖   is the susceptibility value in direction 𝑖, 𝑝0 is previously determined flow proportion of 

the central cell.  

The runout distance algorithms were developed based on energy balance, 

𝐸𝑘
𝑖 = 𝐸𝑘

0 + 𝛥𝐸𝑝
𝑖 − 𝐸𝑓

𝑖  (3.6) 

where 𝐸𝑘
𝑖

 is the kinetic energy of the cell in the  direction 𝑖; 𝐸𝑘
0 is the kinetic energy of the central 

cell; 𝛥𝐸𝑝
𝑖  is the change in potential energy and 𝐸𝑓

𝑖  is the energy loss due to the friction for the flow 

in direction 𝑖. The friction loss can be calculated either by Perla et al. (1980) or the simplified 

friction limited model (Corominas 1996). Perlas’ model utilizes nonlinear friction law using mass-

to-drag ratio and friction coefficient. However, determining these values is challenging due to their 

variability along the path (Park et al. 2016). The friction loss was calculated in this study by using 

a simplified model (Corominas 1996) as: 

𝐸𝑓
𝑖 = 𝑔 𝛥𝑥 tan𝜑 

   

(3.7) 

where x  is the increment displacement in the horizontal plane in direction 𝑖 from the central cell 

to the cell where debris moves;  is the angle that connects the source area to the most distant point 

reached by debris flow (travel angle); 𝑔 is the gravitational acceleration. Previous studies reported 
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 = 7–11 where the lower values are for fine-grained materials (Rickenmann and Zimmermann 

1993; Bathurst et al. 1997; Zimmermann et al. 1997;  Huggel et al. 2002; Horton et al. 2013).  

The simulated runout extent could be misleading if the slope is very steep because of unrealistic 

amounts of energy generation (Jiang et al. 2021). To control that, Flow-R incorporated a limiting 

velocity (vmax), as suggested by Horton et al. (2013). That is, 

𝑣𝑖 = min {√(𝑣0
2 + 2𝑔Δℎ − 2𝑔𝑥Δ𝑥tanφ) , 𝑣max} (3.8) 

where v0 and vi are the velocity at the beginning and end of the segment, respectively, and h is 

the difference between the elevation of the central cell and the cell in the direction i. The maximum 

velocity of debris flows in Switzerland ranges from 13–14 m/s (Rickenmann and Zimmermann 

1993). While the velocity of debris torrents in western Canada is 3–12 m/s (VanDine 1985). In 

this study, vmax = 15–20 m/s was considered (Table 3.5). 

Table 3.5. Algorithms and parameters used in Flow-R 

Parameters Site 1 Site 2 Site 3 

Direction Algorithm 

Modified 

Holmgren 

Modified  

Holmgren  

Modified 

Holmgren 

Inertial Algorithm Gamma Gamma Gamma 

Slope of energy line,  () 7° 
11°  for channelized 

15° for unchannelized 

11° 

Limiting velocity, vmax (m/s) 20 15 15 
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3.5 Results  

As mentioned above, simulations are performed for the three sites using three programs. The 

simulations are performed by changing the values of the model parameters to obtain the best 

possible results compared with field observation. For brevity, the best-fit simulation results are 

discussed in the following sections. Some other simulation results, including the video of time-

dependent displacement of the debris, are provided in Appendix-III and supplemental materials. 

3.5.1 Site 1: Highway 7, Hope-Agassiz 

Both DebrisFlow Predictor and Flow-R were developed from probabilistic models; therefore, these 

programs give the probability of the likelihood of debris flow occurring at any location for the 

given landscape and model scenarios. Figures 3.4(a) and 3.4(b) show the susceptibility maps 

generated by DebrisFlow Predictor and Flow-R, respectively, where the darker colours represent 

the higher susceptibilities. The spreading and runout simulated by DebrisFlow Predictor are similar 

to that observed in the satellite image, as shown by the dashed lines in Fig. 3.4. The probability of 

debris flow inundation is very high (> 80%) in some upslope areas and immediately behind the 

highway. The debris also crossed the highway, although the probability of inundation is relatively 

low (< 20%). Note that, in the field, some amount of debris passed the highway (Fig. 3.1(a)). The 

debris flow susceptibility map obtained from Flow-R also gives similar results (Fig. 3.4(b)) as 

obtained from DebrisFlow Predictor (Fig. 3.4(a)) but with some notable differences. Firstly, after 

the initiation of failure from the apex, the DebrisFlow Predictor simulates a high prevalence of 

flow towards the left gully (point B in Figs. 3.1(a) and 3.4(a)); however, the susceptibility of flow 

in this area is relatively low in Flow-R simulation results. The Flow-R produced mainly three 

channels of almost vertical flow below the crown. Secondly, the debris did not cross the highway 
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in Flow-R. Thirdly, in the downslope area around point D in Fig. 3.4, DebrisFlow Predictor gave 

the probability of flow primarily through two channelized areas and then merged to one 

channelized area around point E. However, spreading was observed in satellite images between 

points D to E, as shown in Fig. 3.1(a). In this respect, more spreading in this area was simulated 

by RAMMS (Fig. 3.4(c)). 

RAMMS is a deterministic approach that can simulate the time-dependent debris flow process. 

The flow height (i.e., the thickness of debris) changes with time as the debris moves. Figure 3.4(c) 

shows the flood height (maximum flow height during the whole period of simulation) over the 

whole area of debris flow. This simulation is performed without considering the erosion module. 

The effects of the erosion module are discussed further in the later sections. The flood height is an 

indicator of flow direction. Figure 3.4(c) shows that, similar to Flow-R (Fig. 4(b)), the main flow 

occurred through three narrow channelized areas. However, some lateral spreading of debris ( 

1.0 m height) occurs in the surrounding zone. Comparing satellite images (Fig. 3.1(a)), it seems 

that RAMMS over-predicts the lateral spreading in the upslope areas. Near the toe, a small amount 

of debris crosses the highway; however, the spreading in this area is less compared to the satellite 

imagery observation (Fig. 3.1(a)) and the simulation using DebrisFlow Predictor (Fig. 3.4(a)). 

Figure 3.4(d) shows the final deposition height of the debris predicted by RAMMS at the end of 

the event (t = 220 s). As this simulation is performed without erosion of the base over which debris 

flow occurred, the debris volume originated only from the initiation zone displaced with time. As 

shown in Fig. 3.4(d), deposition primarily occurred behind the highway, while some amount of 

debris (0–0.5 m) was deposited on the way during downslope movement. 
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3.5.1.1 Effects of erosion 

While the simulation results shown in Figs. 3.4(a) and 4(c) are comparable, the following 

differences need to be highlighted. Debris does not spread much or cross the highway in RAMMS 

simulation, as observed in the field (Fig. 3.1(a)) and DebrisFlow Predictor (Fig. 3.4(a)). One 

potential reason might be the use of higher strength parameters for debris. Therefore, a number of 

simulations are performed with lower values of  (= 0.05 & 0.07) and higher values of ξ (= 1,000 

m/s2–2,000 m/s2), which increases the accumulation of debris near the toe area but still is not 

sufficiently large or crosses the highway. On the other hand, debris spreads over the whole upslope 

area if such low-strength material parameters are used, while in the field, some treed areas were 

observed (e.g., at point C in Fig. 3.1(a)). Moreover, the maximum velocity of the debris was up to 

40 m/s with these weaker model parameters, which is considerably high for western Canada (3–

12 m/s, VanDine 1985) and in extremely rapid class (>5 m/s) as per Hungr et al. 2013. As shown 

in later sections, the deposition volume calculated by RAMMS without erosion is considerably 

lower than that obtained from DebrisFlow Predictor. Therefore, another simulation is performed 

with RAMMS considering the erosion module, as discussed in Section 3.4.2.1. 

In RAMMS, the erosion zone has to be specified by the user, which could be an intricate task. This 

could be obtained if high-resolution DEM is available for pre- and post-event. However, such 

information may not be available in many cases, and the interpretation might be difficult as some 

areas might be covered with vegetation. In the present study, the simulation results obtained from 

DebrisFlow Predictor are used to define the erosion zone. Figure 3.5 shows the scour and 

deposition depths along the runout path obtained from DebrisFlow Predictor. The orange-coloured 

zone (Scour and Transportation) shows the area where scouring occurred during the flow of 

materials. The other coloured zones in Fig. 3.5 show the areas where deposition occurred. 
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In the simulation with the erosion module in RAMMS, a polygon enclosing the pink-coloured zone 

in Fig. 3.1(a) is defined as the erosion zone, and the simulation is performed with the parameters 

listed in Tables 3 and 4. Figures 3.6(a) and 3.6(b) show the flood depth and final deposition depth, 

respectively, obtained from RAMMS simulations considering the erosion module. Comparing 

these figures with Figs. 3.4(c) and 3.4(d) with 3.6(a) and 3.6(b), respectively, it can be shown that 

the flood height and deposition depth near the toe increased when erosion is considered. To clarify 

it further, the flow height at three locations on the flow paths (points P1, P2, and P3 in Fig. 3.6(b)) 

are plotted in Fig. 3.6(c). At points P1 and P2, the flood height (shown by circles) is higher when 

the erosion module is considered; however, the final deposition height (shown by triangles) is 

almost the same for both simulations as the material moved to the toe. The final deposition height 

at point P3 near the toe increased by ~0.8 m when the erosion module was considered. 

Both programs (DebrisFlow Predictor and RAMMS, Figs. 3.5 and 3.6(b)) simulated deposition 

primarily near the toe and behind the highway. Therefore, deposition in this area is examined 

further. For that purpose, an area enclosed by the polygon X shown in Fig. 3.5 is considered. The 

calculated volume of the debris deposited in this zone X is 27,700 m3 and 27,900 m3 using 

DebrisFlow Predictor and RAMMS with erosion module, respectively. Note that the release 

volume is 20,000 m3. The extra amount of debris was added due to the scouring of the base during 

the flow. When the erosion module is not considered in RAMMS (Fig. 3.4(d)), the final deposition 

volume in the same area is 19,000 m3, which is significantly lower than above, although release 

volumes are the same for all these analyses. Therefore, it can be concluded that the DebrisFlow 

Predictor simulated scour and deposition zone could be used in RAMMS as the erosion zone when 

detailed information about the erosion zone is not available.  
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While the volume deposited near the toe is comparable in DebrisFlow Predictor and RAMMS, the 

height of the debris in each cell in the polygon X is also examined. Figure 3.7(a) shows the contour 

within polygon X before the event. The central part of the polygon (around point K in Fig. 3.7(a)) 

is approximately 1 m higher than L or M. Figure 3.7(b) shows the contour of debris thickness 

obtained from DebrisFlow Predictor. If the debris becomes horizontally leveled at the end of the 

event, the contours shown in Figs. 3.7(a) and 3.7(b) are comparable—the higher the ground 

elevation before the event (Fig. 3.7(a)), the smaller the debris thickness. The contour of the final 

deposition depth obtained from RAMMS (Fig. 3.7(c)) is slightly different from that of DebrisFlow 

Predictor (Fig. 3.7(b)). In RAMMS, the highest amount of debris is deposited where the material 

comes from the upper gully. Note that, in RAMMS, the displacement of debris continues until the 

kinetic energy becomes zero. 

To understand the simulation results better, the percentage of the cells within the polygon X 

occupied by the debris of the same height is shown in Fig. 3.8 for both DebrisFlow Predictor and 

RAMMS. Note that the cell size is the same (5 m  5 m) for both simulations. In RAMMS, the 

flood height in some cells within this zone was up to 4.0–4.5 m, while the final height was up to 

2.5–3.0 m. The DebrisFlow Predictor gave the heights up to 4.5–5.0 m. While it is difficult to 

compare results directly for each cell as these simulation tools were developed from different 

approaches (time-dependent deterministic vs. empirical-statistical), overall debris height and 

deposition volume near the toe for these two programs are comparable. 

Figure 3.9(a) shows the maximum velocity of the debris, which is up to 20 m/s, except for an area 

immediately below the initiation zone where it is more than 20 m/s. Note that significantly large 

velocities in some localized areas (e.g., below the crown) were also found in the numerical 

simulations using RAMMS and DAN3D (Gardezi et al. 2020). The maximum pressure is as high 
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as 800 kPa, except for a small zone near the top where the pressure is greater than 800 kPa (Fig. 

3.9(b)). When the debris hits the highway, the maximum velocity (< 5 m/s) and maximum pressure 

(<100 kPa) are relatively low. The velocity and impact pressure are needed for hazard assessment 

of debris flow. 

3.5.2 Site 2: Klanawa Watershed  

Figure 3.10 shows the simulation results of an unchannelized and a channelized debris flow at the 

Klanawa watershed. As shown in Fig. 3.2, the unchannelized debris flow initiated from point A 

and then traveled ~ 285 m horizontal distance up to point A near the road. The average slope along 

this path is 38%, and the maximum slope is 59%. The flow spread ~20 m near the initiation point 

but narrowed down near the end. Note, however, that the exact spreading could not be identified 

from the current satellite image, especially in the treed areas. Figure 3.10(a) shows that the 

DebrisFlow Predictor gives a similar flow path as observed in the field (Fig. 3.2) and spreads over 

a larger area near the toe. Again, such spreading near the toe was not visible in the satellite image 

(Fig. 3.2) because of vegetation cover. 

Figure 10(b) shows the simulation using Flow-R, which is similar to Fig. 3.10(a). However, there 

is susceptibility to spreading over a larger area, especially near the toe. Figure 3.10(c) shows the 

results for RAMMS, which also simulates a similar flow path as observed in the field. Larger 

spreading occurred near the initiation zone, and some amount of debris flowed toward the channel 

at the right. Moreover, a considerable amount of debris (< 0.5 m thick) crossed the road in this 

case.  

Figures 3.10(a–c) also show the simulations of a channelized flow that originated from point B. 

Flow occurred through a pre-existing gully, and the trace of a long debris flow path along this 
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gully was observed in the Google Earth image in 2021 after the event. The materials flowed more 

than 870 m along the curved path, where the maximum elevation difference was ~248 m. All three 

programs could simulate this debris flow. However, at the toe, the pattern of spreading is different. 

In DebrisFlow Predictor, the flow continued up to point B, and then spreading started to occur 

through different channels. A closer examination of the bare earth image around point B shows 

the existence of some shallow channels through which debris diverted into separate paths in the 

simulation using DebrisFlow Predictor. On the other hand, in Flow-R and RAMMS, some debris 

started to divert as a fan prior to reaching the road (point B). The spreading near the toe is more 

in RAMMS than in Flow-R. While DebrisFlow Predictor could simulate the channelized flow, the 

following points are to be noted in the parameter selection in Table 3.2. In the channelized case, 

the material flows primarily through the channel bounded by side slopes without much spreading 

and associated deposition. Therefore, a lower value of the maximum spawn (Nmax), deposition 

multiplier, and mass loss per 45 turns should be used. Otherwise, a smaller runout distance will 

be obtained. 

3.5.3 Site 3: Solalex-Anzeindaz 

Unlike Sites 1 and 2, where the individual debris flow was the focus (Figs. 3.1 & 3.2), the 

accumulation of debris in Site 3 (Fig. 3.3) resulted from multiple events. In the present study, three 

debris flow paths (along P1, P2, and P3 in Fig. 3.3(a)) are considered. The debris flow along these 

paths hit the upper road and the highway below. Figure 3.3(b) shows a considerable amount of 

debris on the highway, which might have come from the multiple upslope failure. It is very difficult 

to model multiple events of failure because the release volume, initiation locations, and sequence 

of the events are not known. Therefore, the aim of the present study is to predict the flow path and 
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Fig. 3.4. Simulated runout at Site 1: (a) DebrisFlow Predictor; (b) Flow-R; and (c) RAMMS 

flood height without erosion; (d) RAMMS final deposition height without erosion  
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Fig. 3.5. Simulated scour and deposition depths at Site 1 using DebrisFlow Predictor 
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Fig. 3.6. Effects of erosion in RAMMS: (a) flood height; (b) final deposition depth; (c) variation 

of flow height with time at three locations shown in Figs. 3.4(d) and 3.6(b) 
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Fig. 3.7. Ground elevation and deposition height near the toe: (a) ground elevation before the 

event; (b) debris thickness obtained from DebrisFlow Predictor; (c) final deposition height from 

RAMMS with erosion module 
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Fig. 3.8. Thickness of debris in polygon X 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9. Maximum velocity and maximum pressure map at Site 1 generated by RAMMS 
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spreading when several failures occur at the top at the same time. Note that debris originating from 

different locations might interact with each other during downslope movement. 

Defining the initiation zone for multiple events is a challenging task. In Flow-R, there is an option 

for automatic identification of the initiation zone based on several factors (e.g., slope angle, 

curvature, flow accumulation), which gives a general idea of the potential initiation zone. For this 

site, there is no vegetation in the upslope areas from where failure was initiated, and 10-cm high-

resolution maps are available. Interpreting the scars from the map at the top of the flow path and 

examining the results of the automatic identification of the initiation zone from Flow-R, ten 

possible initiation zones are defined (Fig. 3.3(a)). 

Figure 3.11 shows the simulation results of 10 events in Site 3. Again, the simulations are 

performed using DebrisFlow Predictor, Flow-R, and RAMMS (without erosion). Figures 3.11(a–

c) show that all three programs provide almost similar runout extent. Flow paths in the downslope 

areas are very similar to that observed in the field (Fig. 3.3). For example, around point P1, the 

flow diverted into multiple channels, while the flow primarily occurs through one channel around 

point P2 and two channels around point P3, which are very similar to that observed in the field 

(Figs. 3.3(a) & 3.3(b)). In the upslope areas, simulations show flow through some narrow paths 

starting from the initiation zone. However, the trace of widely spread debris flow path is observed 

in the field, which is because of the occurrence of multiple events over the period of time, which 

has not been simulated in this study. In summary, all three programs can simulate the debris flow 

paths for a given origin. Using Flow-R, a regional-scale susceptibility map for debris flow of an 

area could be developed as Horton et al. (2013). Flow-R could also be used for preliminary 

estimation of the initiation zones of a debris flow fan. However, if detailed information is needed 
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Fig. 3.10. Channelized and unchannelized debris flow at Site 2: (a) DebrisFlow Predictor; (b) Flow-R; (c) RAMMS without erosion 
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Fig. 3.11. Simulation results for Site 3: (a) DebrisFlow Predictor; (b) Flow-R; (c) RAMMS 

without erosion 
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(e.g., flow height), DebrisFlow Predictor and RAMMS could be used in conjunction with Flow-

R. 

3.6 Conclusions 

In the present study, three debris flow programs named Flow-R, DebrisFlow Predictor, and 

RAMMS were used to model single and multiple debris flow events at three different sites where 

both channelized and unchannelized type debris flows occurred. The first two programs were 

developed from empirical/probabilistic approaches, while the last one is a mechanics-based 

numerical tool, where a simplified material model was implemented. Numerical analyses show 

that all three programs can simulate the debris flow at these sites, provided appropriate input 

parameters are used. The following conclusions can be drawn from this study. 

i) The back-calculated values that give the best simulation results compared to the field 

observation for the three cases considered in this study are within the ranges recommended 

in previous studies. 

ii) Reducing the number of the maximum spawns allowed in DebrisFlow Predictor, the 

lateral spreading could be reduced in channelized flow to simulate the runout as observed in 

the field. 

iii) Erosion at the base could play a major role, and this process can be modelled using 

RAMMS. When sufficient information is not available from the field, the erosion zone 

identified by DebrisFlow Predictor could be used as an input for RAMMS modelling. 

iv) For a debris flow fan of multiple events, Flow-R could be used for the preliminary 

development of debris flow susceptibility maps, identification of initiation zones, and critical 
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flow paths for hazard assessment. DebrisFlow Predictor and RAMMS can then be used to 

get more information (e.g., the thickness of debris and flow velocity) for decision-making. 

Finally, it should be noted that a direct comparison of the performance of these programs is 

difficult because the modelling approach and the algorithms used are very different. Also, this 

study has some limitations. For Sites 1 and 2, limited field information is available, which includes 

post-event DEM and field measurement of debris thickness. Further studies are required for a 

better calibration of the model parameters when additional field data is available. 
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Chapter 4: Conclusions and Future Recommendations 

4.1 Conclusions 

Debris flow could be one of the most dangerous and unpredictable events that could cause loss of 

lives and damage properties, infrastructure, and the environment. Therefore, accurate prediction 

of the runout extent and hazard intensity parameters, including velocity, volume, depth of debris, 

and impact pressure, are necessary for any development in landslide-prone areas. Various tools 

and techniques have been developed to assess the occurrence of debris flow. For example, high-

resolution Digital Elevation Models (DEM) have been developed using LiDAR data and satellite 

images. The development of such DEM helps to assess pre- and post-slide information on the area 

of landslide and debris flow extent.           

Over the last several decades, a number of numerical modelling techniques have also been 

developed, which can incorporate many complex phenomena, including the proper use of 

advanced DEM and the evaluation of initiation zones. Still, most of the simulations are performed 

with simplified models. For example, the behaviour of the complex mixture of debris is modelled 

using simple models. In many cases, empirical-statistical approaches are used to simulate the flow. 

Therefore, selecting model input parameters for these numerical methods is the biggest challenge 

for practitioners as it might be site-dependent. In other words, model parameters should be 

obtained through calibration of the simulation results with case history data. 

The present study simulates the runout of some reported debris flows from three different 

geological settings using three computer programs named DebrisFlow Predictor, Flow-R, and 

RAMMS. The first two programs are based on the empirical–statistical approach, while the last 

one is based on the numerical approach. All the simulations are performed using 5 m × 5 m DEM 
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and with critically evaluated parameters from field observation. While the specific conclusions are 

presented in Chapter 3, the following are the overall conclusions of this study.  

The back-calculated model parameters that can simulate the observed runout extent fall within the 

ranges recommended in previous studies. In DebrisFlow Predictor, reducing the number of 

maximum spawns allowed, the lateral spreading could be reduced in channelized flow. RAMMS 

can model the erosion process of debris flow at the base while flowing. It is difficult to determine 

the erosion zone when sufficient information is unavailable from the field (i.e., LiDAR-derived 

post-event DEM). To overcome it, the erosion zone identified by DebrisFlow Predictor could be 

used as an input for RAMMS modelling. While dealing with a debris flow fan that experienced 

multiple events, Flow-R could be used for the initial development of debris flow susceptibility 

maps, identification of initiation zones, and critical flow paths for hazard assessment. DebrisFlow 

Predictor and RAMMS can then be used to get more information (e.g., the thickness of debris and 

flow velocity) to support the decision-making process. 

4.2 Future Recommendations 

Although the three computer programs used in this study can simulate the observed debris flows 

at three different sites, this study has some limitations which could be addressed in future studies. 

i) In many cases, limited field information is available, which includes post-event DEM and 

field measurement of debris thickness. Further studies are required for a better calibration 

of the model parameters when these additional field data are available. 

ii) The erosion module of RAMMS is based on observed debris flows in Illgraben valley in 

Switzerland. Applying this module in other geological settings is challenging. Further 

studies are needed to evaluate the suitability of this module in other geological settings.  
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iii) RAMMS and Flow-R were originally designed using data from debris flow events in 

Switzerland, while DebrisFlow Predictor was specifically developed based on debris flow 

information in British Columbia. Therefore, further work with larger datasets is needed to 

get more standardized values of the parameters of these three programs for other regions. 
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ABSTRACT 
Debris flows are a major consideration in land-use planning and assessing the integrity of infrastructure in mountainous 
regions. In the present study, two computer programs, "Flow-R" and "DebrisFlow Predictor," are used to simulate debris 
flows in the Solalex-Anzeindaz region of the Swiss Alps, where many historic debris flow hazards are known. Both tools 
use the same Digital Elevation Model. Flow-R simulates the process based on spreading and runout distance algorithms. 
DebrisFlow Predictor uses a set of probabilistic rules for scour, deposition, path selection, and spreading. In the present 
simulations, both programs give comparable results in terms of spread. However, the additional information on the area, 
volume, and depth of debris along the landslide path provided by the DebrisFlow Predictor might make it a better hazard 
assessment tool. 
 
RÉSUMÉ 
Les coulées de débris sont à prendre en considération dans la planification de l'utilisation des terres et l'évaluation de 
l'intégrité des infrastructures dans les régions montagneuses. Dans la présente étude, deux programmes informatiques, 
« Flow-R » et « DebrisFlow Predictor », sont utilisés pour simuler des coulées de débris dans la région de Solalex-
Anzeindaz dans les Alpes suisses, où de nombreux cas historiques de coulée de débris sont connus. Les deux outils 
utilisent le même modèle numérique d'élévation. Flow-R simule le processus en se basant sur des algorithmes de distance 
d'étalement et d’étalement. DebrisFlow Predictor utilise un ensemble de règles probabilistes pour l’érosion, la déposition, 
la sélection de chemin et le comportement des débris. Sur la base des résultats de simulation, les deux programmes 
donnent des résultats comparables en termes de propagation. Cependant, les informations supplémentaires sur l’aire, le 
volume et la profondeur des débris le long de la trajectoire du glissement de terrain fournies par le DebrisFlow Predictor 
pourraient en faire un meilleur outil d'évaluation des risques. 
 
 
1 INTRODUCTION 

Debris flow is a gravity-driven moving mass of soil, mud, 
rock, and water. It is an extremely rapid flow-type landslide, 
which tends to travel long distances from its source (Hungr 
et al. 2014). Debris flows pose considerable threats to 
communities, infrastructure, people, and resources.  

Debris flow runout analysis can simulate the 
displacement of the failed materials originating from past 
landslides and can also predict the motion of debris in 
future landslides (McDougall 2017). This type of analysis 
should be a key component of hazard and risk assessment 
(Loew et al. 2016). Runout analysis can further help to 
estimate the runup height and impact loads on structures, 
a necessary step when assessing mitigation strategies 
(Kwan 2012). Estimating landslide extents, runout 
distances, and depths of debris is one of the most 
challenging tasks. Complete models of debris flow 
incorporating appropriate constitutive relationships of the 
flowing materials may not be practical because of 
significant uncertainties involved in material behaviour and 
the computational cost of the simulation, especially when it 
occurs over a large area. McDougall (2017) classified the 
available runout analysis methods into two broad 
categories: (i) empirical–statistical methods and (ii) 
analytical methods. Analytical modelling can provide in-
depth information; however, it is highly reliant on correct 

parameterization and may be difficult to implement at the 
regional scale. Iverson (1997) suggested using simplified 
spatially distributed models based on empirical or semi-
empirical approaches for regional-scale modelling. These 
simplified approaches can incorporate the information 
derived from statistical analysis of data. 

Flow-R is a computer program developed in Matlab by 
the researchers at the University of Lausanne, Switzerland, 
incorporating spatially distributed empirical models, which 
can be used to identify the debris flow initiation zones 
based on the combination of user-defined criteria. The 
program can also calculate the extent (inundation) and 
directions (path) of debris flows. This open-source software 
has been used for runout assessments of debris flows in 
different countries, including Switzerland (Horton et al. 
2008; Horton et al. 2013), France (Kappes et al. 2011), Italy 
(Blahut et al. 2010), Norway (Fischer et al. 2012), and 
Argentina (Baumann et al. 2011). 

DebrisFlow Predictor is a separate stand-alone 
computer program that was developed by Stantec (Guthrie 
and Befus 2021) based on the cellular automata methods 
(Wolfram 1984). It follows a set of simple rules for scour, 
deposition, path selection, and spread. The simulation of 
runout with this program provides, in addition to inundation 
and path selection, the area, volume, and depth of debris 
along the flow path. Guthrie and Befus (2021) used this 
program to estimate sediment input to a stream network in 
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a mountainous area in Papua province in Indonesia and 
also assessed the risk of debris flow in a community in 
Vancouver, Canada.  
 
1.1 Study Area 

The Solalex-Anzeindaz region in the Swiss Alps is 
considered herein to test the performance of both 
above-mentioned programs. Debris flows are very frequent 
on the south side of the Diablerets Range and regularly 
block the road that traverses the Solalex-Anzeindaz region 
(Horton et al. 2013). The accumulations of sediment on 
fans in the area of interest are ongoing and constructed of 
sediment from folded limestone and marl layers from the 
upslope Diablerets nappes (Badoux and Gabus 1990). We 
selected a subset of the region (~4 km2) for computational 
efficiency. 

The objective of the study was to compare the 
simulation results of debris flow runout in the 
Solalex-Anzeindaz region using Flow-R and DebrisFlow 
Predictor. 
 
 
2 MODEL CONCEPTS  

2.1 Flow-R 

In Flow-R, the users primarily define two sets of 
parameters/criteria. First, in source areas, the debris flow 
initiation zones are identified. There are several options 
available within the program. For example, the initiation 
zone could be identified based on the combination of 
user-defined criteria for geological, morphological and 
hydrological conditions. The users can also select 
predefined sources (e.g., if the landslide initiation zones 
are known). Second, for propagation, debris flow criteria 
are defined. 
 
2.1.1    Source Area Identification 

Debris flow source areas can be identified by applying 
conditions to selected parameters, including slope 
gradient, aspect, curvature, flow accumulation, geology, 
land-use and lithology. According to Rickenmann and 
Zimmermann (1993), the combination of three criteria, 
namely sediment availability, water input, and slope 
gradient, primarily controls the initiation zone for the Swiss 
Alps. Sediment availability basically refers to the 
lithological unit. The majority of debris flows in the Swiss 
Alps originate from the terrain with slope gradients greater 
than 15° (Rickenmann and Zimmermann 1993). Water 
inputs can be represented by flow accumulations. Horton 
et al. (2013) determined that 0.01 km2 was an appropriate 
threshold for the upslope contributing area for identifying 
the debris flow initiation zones in the Central Alps; 
however, these values can fluctuate depending upon the 
location. Analyzing the past events in Switzerland, a limit 
relationship was developed between slope gradient and 
upslope contributing area for the Central Alps. Every point 
above that limit should be considered critical (Rickenmann 
and Zimmermann 1993; Horton et al. 2013). 

Curvature is another morphological characteristic 
considered for identifying debris flow initiation zones. It is 
the second derivative of the slope, and debris flows tend to 
be concentrated in slope concavities (i.e., gullies rather 
than ridges) (Delmonaco et al. 2003; Wieczorek et al. 
1997). Plan curvature, which is perpendicular to the 
direction of the steepest slope, was considered to identify 
the gullies. By analyzing the orthophotographs, Horton et 
al. (2013) suggested the plan curvature value of 2/100 m-1

 

for a 10-m DEM of the Solalex-Anzeindaz region.  
Fischer et al. (2012) applied Flow-R to develop a 

national debris flow susceptibility map for Norway. They 
chose five different sites (Troms county, Balsfjord, 
Junkerdal, Nesna, and alpine fjord landscape) of varying 
topography and geomorphology to test and calibrate the 
model. They determined different threshold values of the 
criteria for identifying the initiation zones, including plan 
curvature of -1.5/100 m-1 to -0.5/100 m-1, upslope 
contributing area of 0.3–1.0 ha, and slope thresholds 25°–
45°. 

Despite the ability to model debris flow sources found 
in Flow-R, susceptibility maps (for source zones) are 
common in literature and practice. This step has been 
excluded from the present study. Instead, the debris flow 
trajectories provided by SilvaProtect-CH were used, where 
the extent of debris flow (bounded by two solid black lines 
in Figure 1) was developed based on historical debris flow 
and simulations. We considered the starting point of the 
individual trajectory as the initiation point (red circles in 
Figure 1).  

A total of 190 initiation points were considered in this 
study. A 0.5 m DEM was downloaded from the Federal 
Office of Topography database (swissALTI3D) and 
resampled into a 5 m DEM for simulation using Flow-R and 
DebrisFlow Predictor. 
 
2.1.2 Assessment of Propagation 

From initiation points, the program calculates the debris 
flow over the DEM according to the following: (i) a 
spreading algorithm and (ii) a runout distance algorithm.  
The spreading algorithms provide the direction of flow, 
which are defined by two sub-algorithms, namely flow 
direction algorithm and inertial algorithm (also known as 
persistence function). Several direction algorithms were 
implemented in Flow-R, and the user can choose one of 
them for an analysis. In the present study, the algorithm 
proposed by Holmgren (1994) was selected (Eq. 1). 
 
 

𝑝𝑖
𝑓𝑑

=
(𝑡𝑎𝑛𝛽𝑖 )

𝑥

∑ (𝑡𝑎𝑛𝛽𝑗)𝑥8
𝑗=1

∀ {
𝑡𝑎𝑛𝛽 > 0
𝑥𝜀[1; +∞]

 [1] 

 
 

where 𝑖, 𝑗 are flow directions; 𝑝𝑖
𝑓𝑑

 is the susceptibility 

proportion in direction 𝑖; tanβi is the slope gradient between 

the central cell and the cell in direction 𝑖, and x is an 
exponent. In this study, x = 4 is considered based on the 
work of Claessens et al. (2005). 
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Figure 1: Debris flow trajectories developed by SilvaProtect-CH for Solalex-Anzeindaz region, Source: SilvaProtect-CH 
© BAFU
 
 

Two options are available for the inertial algorithm 
(weight and direction memory). In this study, the weight 
option is selected, which calculates the flow with a 
change in direction relative to the prior direction as 
 
 

𝑝𝑖
𝑝

= 𝑤𝛼𝑖
  [2] 

 
 

where 𝑝𝑖
𝑝

 is the flow proportion in direction 𝑖, and αi is 

the angle between the previous direction and the 
direction from the central cell to cell 𝑖. The weight (𝑤𝛼𝑖

) 

was selected based on the work of Gamma (2000). 
Further details on inertial algorithms are available in 
Horton et al. (2013).  

Debris flow runout can be determined by combining 
the flow direction algorithm and the persistence 
function (Eq. 3). 
 
 

𝑝𝑖 =
𝑝𝑖

𝑓𝑑
𝑝𝑖

𝑝

∑ 𝑝𝑗
𝑓𝑑

𝑝𝑗
𝑝8

𝑗=1

𝑝0 [3] 

 
 

where 𝑝𝑖  is the susceptibility value in direction 𝑖, 𝑝0 is 
previously determined flow proportion of the central 
cell.  

The runout distance algorithms were developed 
based on energy balance, which can be written as 
 
 

𝐸𝑘
𝑖 = 𝐸𝑘

0 + 𝛥𝐸𝑝
𝑖 − 𝐸𝑓

𝑖 [4] 

 
 

where 𝐸𝑘
𝑖

 is the kinetic energy of the cell in the  direction 

𝑖; 𝐸𝑘
0 is the kinetic energy of the central cell; 𝛥𝐸𝑝

𝑖  is the 

change in potential energy, and 𝐸𝑓
𝑖 is the energy loss 

due to friction for the flow in direction 𝑖. The friction loss 
was calculated in this study by using a 
simplified-friction limited model (Corominas 1996), as 
discussed below. Note, however, that the user can also 
choose the two-parameter friction model proposed by 
Perla et al. (1980).   

Corominas (1996) proposed a simplified approach 
to calculate the energy loss due to friction as:  
 

 

𝐸𝑓
𝑖 = 𝑔 𝛥𝑥 tan𝜑    [5] 

 
 
where 𝛥𝑥 is the increment of horizontal displacement 

in direction 𝑖; tan𝜑 is the gradient of energy line in the 

direction 𝑖;  is the travel angle, and 𝑔 is the 
gravitational acceleration. An average slope angle (that 
connects the starting and ending points of the debris 

flow track) of roughly 11 characterizes the most 
probable maximum runout in the Central Alps 
(Rickenmann and Zimmermann1993; Huggel et al. 

2002; Horton et al. 2013). Therefore,  = 11 is 
considered in this study.  

Finally, simulation results might be misleading if the 
slope is very steep. To control that, Flow-R 
incorporated a limiting velocity (Vmax), as suggested by 
Horton et al. (2013). That is, 
 
 

𝑉𝑖 = min {√(𝑉0
2 + 2𝑔Δℎ − 2𝑔𝑥Δ𝑥tan𝜑) , 𝑉𝑚𝑎𝑥} [6] 

 
 

where 𝛥ℎ is the difference between the elevation of the 
central cell and the cell in the direction i. The maximum 
velocity measured in debris flow incidents in 
Switzerland was 13 to 14 m/s (Rickenmann and 
Zimmermann 1993). Therefore, Vmax = 15 m/s is used 
in the present study. 
 
2.2 DebrisFlow Predictor 

The DebrisFlow Predictor is also a landslide runout 
simulation tool, which is similar to Flow-R, as both are 
empirically based. However, the underlying mechanics 
differ somewhat;  DebrisFlow Predictor is an 
agent-based program where the landslide is 
represented by agents that occupy cells on a raster grid 
at a specific time step on which a set of rules could be 
applied. Also, the identification of source areas and 
debris flow propagation criteria are different from those 
used in Flow-R (Sections 2.1.1 & 2.1.2). 

For source areas, using the tools in the program 
itself, users of DebrisFlow Predictor can manually 
select a single cell (5 m x 5 m), a small group of a 15 
m × 15 m slide initiation zone, or multiple cells (a larger 
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source zone) simply by painting over a larger area. 
Manual selection is done directly on the DEM in the 
program itself. Landslide initiation areas can also be 
imported from a point shapefile (.shp) and 
automatically populated with 15 m x 15 m landslide 
initiation zones.  

In the simulations using DebrisFlow Predictor, the 
same initiation points used in the Flow-R simulation 
were used. 

In DebrisFlow Predictor, the direction of movement 
is identified by a Moore Neighbourhood algorithm, 
where the elevations of the surrounding eight cells 
around the central cell are obtained. In each time step, 
the agent faces and will flow toward the lowest 
unoccupied cells. In the case where cells are not 
unoccupied or where three cells have the same 
elevation, the direction is a combination of random 
chance and the preservation of momentum. A detailed 
description of this approach is available in Guthrie et 
al. (2008) 

Also different in DebrisFlow Predictor is that agents 
scour and deposit in each timestep and account for 
their mass. Occasionally mass is shed to new cells on 
the matrix (DEM), spawning additional agents. The 
redistribution of mass is described by a probability 

density function defining the standard deviation () as 
 
 

𝜎 = (
𝑚𝑚𝑎𝑥 − 𝑚

𝑚𝑚𝑎𝑥
)

𝑛

(𝜎𝐿 − 𝜎𝑠) + 𝜎𝑠 [7] 

 
 
where 𝑚𝑚𝑎𝑥 is the fan maximum slope to limit 

spreading above the selected slope value, 𝑚 

represents DEM slope, 𝑛 is a skew coefficient, 𝜎𝐿 is low 

slope coefficient and 𝜎𝑆 is steep slope coefficient. 
Further details of these parameters could be found in 
Guthrie and Befus (2021). 

The parameters used in this application of 
DebrisFlow Predictor are listed in Table 1. Parameters 
can be calibrated in an iterative fashion within the 
model by adjusting the sliders and comparing results to 
known events or landforms. The parameter mmax limits 
spreading to slopes flatter than 27o, as recommended 
by Guthrie and Befus (2021), where additional 
information is not available. The parameters 𝑛, 𝜎𝐿, and 

𝜎𝑆 control the amount of mass (and therefore the 
creation of new agents) redistributed to surrounding 
cells. With an increase in the value of 𝜎𝐿 and 𝜎𝑆 the 
spreading increases in the low and steep slope areas, 
respectively. 

In DebrisFlow Predictor, the spread is controlled by 
the redistribution of mass (Eq. 7), spawning new 
agents, which, themselves, are subject to the same 
rules as existing agents. These parameters are 
adjusted efficiently by moving sliders within the 
program. The reader can compare this to the spreading 
algorithm in Flow-R (Eqs. 1–3). 

Agent mass is a critical part of DebrisFlow 
Predictor, and each agent continues to move 
downslope so long as it's mass > 0. Mass follows 
probabilistic rules for scour and deposition based on 
the underlying slope. The probability curves come from 
approximately 1700 field observations (Wise 1997; 
Guthrie et al. 2008, 2010). Nonetheless, variations in 
local geomorphology may necessitate adjustments to 
scour or deposition depth. These are achieved using 
the deposition and erosion multipliers (Table 1) that are 
independently applied to the agent mass after 
calculation in each timestep. DebrisFlow Predictor also 
considers mass loss during the turn. As the 

neighbouring cells are at 45 angle with respect to the 

central cell, the mass loss parameter is defined per 45 
turn. Once again, each of these parameters is 
efficiently adjusted using sliders in the program itself. 
Overall, the role of these parameters could be 
compared to the runout distance algorithms in Flow-R 
(Eqs. 4–6). 

DebrisFlow Predictor has the ability to set a 
minimum scour depth in the initiation zone to account 
for the observed experience of (for example) a half-

meter headscarp. The minimum scour depth is 
subtracted to the calculated depth for that slope.  

Because the results are probabilistic, no two runs 
are identical; therefore, multiple runs are 
recommended to determine the potential cumulative 
footprint of a debris flow path and to calculate the 
probability that any location within the cumulative 
footprint will be occupied by an event. Five hundred 
landslide runs were modeled from each landslide 
initiation zone in this simulation. 
 
 
Table 1. Parameters used DebrisFlow Predictor 
 

Fan maximum slope (mmax) 27 
Low slope coefficient (σL) 0.36 
Steep slope coefficient (σS) 1.36 
Skew coefficient (n) 1.1 
Maximum spawns allowed 100 
Deposition multiplier 0.5x 
Erosion multiplier 1x 

Mass loss per 45 turn 20% 

Minimum initiation depth 0 
Number of model runs 500 

 
 
3 RESULTS 

Figure 2 represents the spreading of debris flow hazard 
potential for the Solalex-Anzeindaz region modeled in 
Flow-R. The darker color shows higher susceptibility, 
while the lighter color represents comparatively lower 
susceptibility. By using Flow-R, the user can determine 
runout distance and generally estimate the probability 
of occupying a place in the landscape. However, at 
least in this simulation, the susceptibility appears to be 
either high (dark lines) or low (lighter background), with 
limited intermediate values between the two. 

DebrisFlow Predictor is functionally limited to a 5 m 
DEM (the same DEM was used in both models) but 
produces considerable additional information at that 
scale. It predicts the area, volume, and depth along the 
landslide path, as well as the probability of inundation 
over multiple runs. Figure 3 (DebrisFlow Predictor) is 
similar to Figure 2 (Flow-R), with a perhaps better 
discretization of intermediate probabilities. The darker 
areas represent higher inundation probabilities, and 
lighter areas represent lower inundation probabilities. If 
the reader considers only the high probability paths 
from both models, DebrisFlow Predictor, as modeled in 
this case, appears to produce more realistic fanning 
and path behaviour. 

In our test, results of the DebrisFlow Predictor 
model runs were improved from those using Flow-R; 
for example, in  Figures 2 and 3. Figure 4(a) shows an 
enlarged view of the landslide footprint where the 
debris comes from the upslope areas along the path 
PQ and then diverges into two flow paths (QRT and 
QST), converging later at point T. The Flow-R 
simulations in Figure 4(b) show only one flow path 
QST. While we acknowledge that this could be a 
parameterization problem, we note that the simulations 
conducted for SilvaProtect-CH found a similar path 
(see Figure 1). On the other hand,  DebrisFlow 
Predictor simulates some flow of debris along QRT, as 
shown in Figure 4(c), which is consistent with the 
observed landslide footprint (Figure 4(a)).  

Methods to estimate damage from debris flows 
include analytical (Corominas et al. 2014), empirical 
(Jakob et al. 2012), and engineering judgment 
approaches (Winter et al. 2014). Perhaps the simplest 
approach is to consider only landslide depth (Ciurean 
et al. 2017). In this case, the landslide depth is provided 
as an output from DebrisFlow Predictor (Figure 5). 
However, with those depths and assumptions about 
the velocity (estimated at 15 m/s over this site), detailed 
calculations could be performed, such as design 
parameters for mitigation structures. Similarly, with 
respect to mitigation, individual scenario runs from 
DebrisFlow Predictor will produce volumes. In other 
words, the operator can get a range of expected 
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volumes as well as the expected depths. 
Representativeness of volumes will depend on input 
parameters and the calibration stage, however, the 
calibration is efficient for a user with experience in 
debris flows, and was shown to match real world 
examples in several cases (Wasklewicz et al. 2022; 
Guthrie et al. 2022).  

Both programs are highly dependent on DEM 
quality and resolution, with DebrisFlow Predictor being 
limited to a 5-m pixel size. Changing the ground 
surface from that surface represented in the DEM 
might result in some errors in the runout model. 

Horton et al. (2013) showed that outcomes could 
vary substantially according to different resolutions of 
DEM. He proposed that a 10 m pixel resolution is 
appropriate for regional debris flow susceptible 
mapping. In recent years, the computational power has 
been increased rapidly; therefore, simulations could be 
performed even for smaller pixels. Guthrie and Befus 
(2021) suggested that a 5 m DEM strikes a balance of 
processing power and provides reasonable results 
 
 
4 CONCLUSIONS 

Flow-R and Debrisflow Predictor were deployed at the 
Solalex-Anzeindaz region to simulate debris flow 
runouts. Both programs were developed based on 
empirical approaches, and neither of the models 
emphasizes local triggering factors or underlying 
conditions to determine the path. They rely instead on 
the overall behaviour of debris flows derived from 

empirical studies. A number of successful case studies 
demonstrated the suitability and applicability of Flow-R 
for debris-flow susceptibility mapping, while 
DebrisFlow Predictor is, in comparison, relatively new.  

For DebrisFlow Predictor, the source area is 
identified manually or computationally outside the 
program and imported. Flow-R, on the other hand, 
comes with a landslide susceptibility module (for 
landslide initiation). While landslide initiation zones are 
readily determined through a variety of methods, if the 
user wishes to automate this process in a single 
program, Flow-R is perhaps a better choice (though 
expert judgement is still required to parameterize the 
program correctly).  

Once source zones are identified, DebrisFlow 
Predictor appears to provide more information and 
better path results (individual runs or high probability 
inundation zones from multiple runs to show 
morphological features that one would expect to see in 
a real debris flow) and additional depth information 
obtained along the runout path. That depth data (scour 
and deposition) can help engineers prepare mitigation 
strategies and design parameters. Calibration occurs 
within the program using a relatively intuitive GUI, and 
the model accounts, therefore, for second-order 
differences in local conditions (e.g. geology, viscosity, 
surficial geology) experimentally.  

DebrisFlow Predictor, at this time of writing, is free 
for non-commercial use, while Flow-R is open-source 
software.  
 

. 
 
 

 
Figure 2: Debris flow runout modeled in Flow-R. The cumulative footprints and probability of occupying a cell are 
provided; however, the probability distribution appears to be bimodal, with only high and low probabilities well 
represented. 
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Figure 3: Debris flow runout from DebrisFlow Predictor. The result shows both the cumulative footprint of multiple runs 
and the likelihood that any location on the map would be occupied in a single run. 

Figure 4: Comparison of  simulation results with landslides footprints for a selected location: (a) landslide footprint; (b) 
Flow-R simulation; (c) DebrisFlow Predictor simulation (Background image source: 
www.swisstopo.admin.ch/en/geodata/images .html) 
 

 
Figure 5: Debris flow runout showing depths (scour from red to yellow, deposition from green to dark green) along the 
path. Volume is retained for each individual landslide in the program and can be exported to Excel spreadsheets for 
scenario analysis. 
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ABSTRACT 
Debris flows are steep mountain hazards that may impact infrastructure, human life and environment considerable distance 
from their source. Runout simulation tools often require site-specific parameters that may be difficult to estimate or 
impractical to deploy at a regional scale. In contrast, models that do work regionally tend to provide limited data to the user. 
In this study, a relatively new agent-based simulation program called DebrisFlow Predictor was used to estimate the scour, 
deposition and volume of debris flows which occurred in a selected area of the Klanawa Watershed in Vancouver Island, 
British Columbia. This program employs a group of autonomous subroutines, or agents, that act on a digital elevation 
model (DEM) using a set of probabilistic rules for scour, deposition, path selection, and spreading behaviour. The 
advantages of this program are that it requires limited input, including DEM and user-defined initiation zones, and only 
modest computational power. 
 
RÉSUMÉ 
Les coulées de débris sont des risques liés aux montagnes escarpées qui peuvent avoir un impact sur les infrastructures, 
la vie humaine et l'environnement à une distance considérable de leur source. Les outils de simulation du ruissellement 
nécessitent souvent des paramètres spécifiques au site qui peuvent être difficiles à estimer ou peu pratiques à déployer à 
l'échelle régionale. En revanche, les modèles qui fonctionnent au niveau régional ont tendance à fournir des données 
limitées à l'utilisateur. Dans cette étude, un programme de simulation basé sur des agents relativement nouveau appelé 
DebrisFlow Predictor a été utilisé pour estimer l'affouillement, le dépôt et le volume des coulées de débris qui se sont 
produits dans une zone sélectionnée du bassin versant de Klanawa sur l'île de Vancouver, en Colombie-Britannique. Ce 
programme emploie un groupe de sous-programmes autonomes, ou agents, qui agissent sur un modèle numérique 
d'élévation (DEM) en utilisant un ensemble de règles probabilistes pour l'affouillement, le dépôt, la sélection de chemin et 
le comportement d'étalement. Les avantages de ce programme sont qu'il ne nécessite qu'un nombre limité d'entrées, y 
compris le MNE et les zones d'initiation définies par l'utilisateur, et une puissance de calcul modeste. 
 
 
 
1 INTRODUCTION 

Debris flow is the term given to a moving mass of loose 
mud, soil, rock and debris that travels extremely rapidly 
(velocities > 3 m/s and typically between 5 and 10 m/s) 
down steep slopes in mountainous regions. Often triggered 
by heavy rainfall, debris flows tend to impact infrastructure, 
communities, lives, and the environment considerable 
distance from the source. Though debris flow mechanics 
are well understood, modelling the complex dynamic 
behaviour is complicated and can depend on several 
interacting static and dynamic parameters. Estimating the 
runout and extent of debris flows is, therefore, a 
challenging  task. 

Despite the challenge, the need to credibly estimate 
runout remains. Empirical, analytical, and numerical 
methods have been developed to assess debris flow 
impacts. By simulating the runout extent, volume, and 
velocity of debris, the impact loads and the effects of runup 
height on the infrastructure can be estimated (Kwan 2012). 
Properly simulated debris flow results could be used to 
identify the hazard and risk zones of a specific area, which 
can help engineers make decisions and develop mitigation 
strategies.  

Landslides runout analysis includes the simulation of 
past landslides and prediction of future potential events. 
Debris flow runout analysis can be performed numerically 
by using three-dimension models such as smoothed 
particle hydrodynamics (SPH) (McDougall and Hungr 
2004) and two-dimension models (i.e., shallow water 
equations) (Hungr et al. 2005). Over the last two decades, 
more than 20 different numerical tools have been 
developed based on the hydrodynamic modelling 
approaches (e.g., DAN3D, Flow-2D, RAMMS). An 
overview of these models can be found in McDougall 
(2017). One of the major challenges of this type of 
modelling technique is the selection of model parameters. 
Han et al. (2017) summarized the challenges in estimating 
model parameters for numerical simulations. For example, 
while SPH is based on advanced theories and can handle 
complex geometries, it requires estimates of yield strength 
and dynamic viscosity, which may themselves be unknown 
or difficult to obtain. In addition, the simulations tend to be 
computationally very expensive, especially for large areas 
and smaller mesh sizes. Therefore, comprehensive 
numerical simulations to identify the effects of key 
parameters are difficult.  

To overcome some of the limitations of existing 
numerical modelling, a different methodology using cellular 
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automata (CA) has been deployed in several studies to 
model complex natural phenomena, including debris flows 
(Iovine 2003; Guthrie et al., 2008), snow avalanches (Barpi 
et al. 2007), and lava flows (Spataro et al. 2004). Cellular 
automata evolves in a  discrete space-time context. It 
involves a collection of cells arranged in a grid shape, 
where the state of each cell depends on a function of time 
according to a defined set of rules driven by the states of 
neighbouring cells. The main advantages of cellular 
automata models are that they require fewer model 
parameters and less computational time than those of 
numerical simulation (e.g. SPH) yet provide satisfactory 
results. Several studies showed successful applications of 
the cellular automata model for debris flow runout 
simulations (Han et al. 2021; Guthrie and Befus 2021; 
Guthrie et al., 2008; D’Ambrosio et al. 2003(a); D’Ambrosio 
et al. 2003(b)). Further details on CA and its application in 
debris flow modelling are available in previous studies (Han 
et al. 2017).  

Between 1880 and 2019, 123 landslides caused 
fatalities in British Columbia (BC), and among all landslides 
from 1950 to 2019 in BC, 53% were debris flows (Strouth 
and McDougall 2021). The frequency of debris flows is 
higher on the windward side of mountains exposed to 
higher rainfall. For example, the west coast of Vancouver 
Island has approximately three times as many debris flows 
as the eastern zone over similar time periods (Guthrie 
2009).  

Forestry, the primary resource-based industry over the 
last century in BC, has directly and indirectly increased the 
rate of landslides. Guthrie and Brown (2008), for example, 
reported that human activities that induced landslides (e.g. 
forest harvesting) had doubled the landscape erosion 
compared to the next highest millennia over the Holocene. 
Consequently, understanding potential debris flow impacts 
also represents an important management objective for the 
forest industry.  

The objective of the present study was to simulate 
debris flows in a selected area of the Klanawa watershed 
on the west coast of Vancouver Island, BC, using the 
computer program DebrisFlow Predictor and then compare 

the results with available historical debris flows. We intend 
to provide a calibrated model that could be used as a 
predictive tool for subsequent hazard assessment in this 
area. 
 
2 STUDY AREA 

The Klanawa watershed on Vancouver Island, British 
Columbia, is approximately 240 km2 in size and located on 
the southwest coast side of the island. The floodplain is 
made up of glaciofluvial and alluvial sediments. Mid and 
upper slopes consist of glacially over-steepened morainal 
till or gravelly colluvium veneers (Morgan 2001) that 
frequently show signs of instability in the form of open slope 
and channelized debris flows. The watershed is also critical 
for the aquatic habitats, which are sensitive to peak flow 
disturbances and are affected by erosion and bedload 
sediment. 

Guthrie et al. (2008) reported 331 debris flows over  500 
m2 in the Klanawa watershed from the available 1994–
2001 air photograph record. Guthrie et al. (2010) examined 
the role of slope angle on erosion, deposition of debris, and 
the effects of topographic settings (i.e., presence of forest 
and roads) on spreading (e.g. width of the flow). 

For the present study, approximately an 8 km2 area was 
selected where debris flow footprint information was 
publicly available (Fig. 1). Ten debris flows within the study 
area were reported by Guthrie et al. (2008) (blue coloured 
landslides in Fig. 1). Of those, seven debris flows are 
simulated in this study and named P1–P7 (Fig. 1). Six more 
recent debris flows were identified using Google Earth Pro 
for the period of 2015–2021 (C1–C6 on Fig. 1). C1 
occurred sometime between July 2019 and April 2021, 
while C2–C6 occurred between April 2021 and October 
2021. We note that debris flow might have occurred during 
other periods (e.g., 2008–2015); however, because of 
vegetation and the unavailability of time series maps in 
Google Earth Pro, those debris flows were not recorded 
here. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Debris flow footprints in the study area. 
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The above-mentioned debris flows (P1–P7 & C1–C6) 
occurred in varying settings (e.g., topography) and the 
spatial extent varied widely between them. The present 
study attempts to simulate these debris flows to show the 
performance of the program and to identify the influence of 
some input parameters which could be site-specific. 
 
 
3 MODELLING CONCEPTS  

DebrisFlow Predictor is a computer program developed by 
Guthrie and Befus (2021) and based on a cellular automata 
model. The simulation of runout with this program provides 
landslide pathways and sediment volume (scour and 
deposition) along the flow path. One of several advantages 
of the program is that these simulation results can be 
imported into any GIS software to compare with the 
mapped (actual) landslides and land use managers with 
subsequent decisions. 

DebrisFlow Predictor follows a set of simple rules for 
scour, deposition, path selection, and spread. These rules 
were developed empirically based on the observations of 
debris flows in coastal areas of BC. These rules follow 
probability distributions for 12 slope classes (See Table.1 
Guthrie and Befus 2021). These probabilities are based on 
the fieldwork conducted by Wise (1997), Guthrie et al.  
(2008) and on work by Guthrie and Befus (2021).  

The program requires limited input parameters for 
runout assessment. Firstly, it requires the digital elevation 
model (DEM) of the area with a resolution of 5 m × 5 m. 
Secondly, the user has to identify the initiation zones of the 
debris, which can be done in multiple ways. Users can 
select a single cell (5 m × 5 m), a small group of cells (15 
m × 15 m), or multiple cells (a larger source zone) simply 
by painting over a larger area. The user could also import 
the initiation zones as a shapefile in the program, which 
can automatically be turned into 15 m × 15 m initiation 
zones. In the present study, debris flow initiation points 
were imported (identified from google earth images) as a 
shapefile within the program.  

When the DEM is imported into the program, each cell 
in the working grid collects the basic information from the 
DEM, including elevation, position, slope, and aspect. Each 
activated cell (i.e. each cell selected manually or by the 
computer model to generate an agent) contains an agent—
an autonomous subroutine that interacts with the surface 
model and other agents. At a given time step, erosion and 
deposition are calculated, and the difference between 
these two gives the net mass. The mass is shed to the new 
cells by spawning additional agents. Each agent continues 
to move downslope until its mass balance is zero.  

The direction of debris flow is determined by a Moore 
Neighbourhood algorithm. The Moore Neighbourhood 
method determines the direction of debris flow by obtaining 
the elevations of the eight cells surrounding the core cell. 
In each time step, the debris from the core cell flows toward 
the surrounding lowest vacant cells. When there are no 
vacant cells, or three cells have the same elevation, the 
flow direction is determined by a combination of random 
chance and momentum preservation. 

 

The redistribution of mass or spreading behaviour is 
described by a probability density function defining the 

standard deviation () as  
 
 

𝜎 = (
𝑚𝑚𝑎𝑥 − 𝑚

𝑚𝑚𝑎𝑥
)

𝑛

(𝜎𝐿 − 𝜎𝑠) + 𝜎𝑠 [1] 

 
 
where 𝑚𝑚𝑎𝑥 is the fan maximum slope to limit spreading 

above the selected slope value, 𝑚 represents DEM slope, 

𝑛 is a skew coefficient, 𝜎𝐿 is low slope coefficient, and 𝜎𝑆 is 
steep slope coefficient.  

These parameters can be calibrated iteratively within 
the model, and the results compared to known 
(observable) events or landforms. The parameter mmax 
limits spreading to slopes flatter than the selected value. 
Guthrie and Befus (2021) recommended using 27o where 
additional information is not available. The parameters 𝑛, 

𝜎𝐿, and 𝜎𝑆 control the amount of spread and, therefore, the 
creation of new agents redistributed to surrounding cells. 

With an increase in the value of 𝜎𝐿 and 𝜎𝑆 the spreading 
increases in the low and steep slope areas, respectively. 
The parameters used in this application of DebrisFlow 
Predictor are listed in Table 1. Further details of these 
parameters could be found in Guthrie and Befus (2021). 

The user can make modifications to account for 
variations in local geomorphology (e.g. surficial material 
depth) by changing the program's deposition and erosion 
multiplier sliders button. The program also considers mass 

loss in turns, if crudely, specified every 45 of departure 
from a straight line. Finally, it has the ability to set a 
minimum scour depth in the initiation zone to account for 
the observed experience. 
 
 
Table 1. Parameters used DebrisFlow Predictor 
 

Fan maximum slope (mmax) 34 
Low slope coefficient (σL) 0.35 
Steep slope coefficient (σS) 1.35 
Skew coefficient (n) 1.1 
Maximum spawns allowed 4 
Deposition multiplier 1x 
Erosion multiplier 0.7x 

Mass loss per 45 turn 20% 

Minimum initiation depth 0 
Number of model runs 50 

 
 
4 RESULTS AND DISCUSSION 

Figures 2(a) and 2(b) show the debris flow over an area of 
a relatively steep slope (C1). The simulated debris flow 
trajectory shown in Fig. 2(b) is very similar to the mapped 
debris flow shown in Fig. 2(a). In the simulation, yellow and 
red colours represent scour, while green and blue 
represent the areas of deposition. Deeper deposition (blue) 
is found near the toe of the debris flow. 

A close examination of the LiDAR slope profile shows 
that the slope angle along the path of this debris flow varies 

primarily between 40 and 50 with some local flatter   
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slopes near the toe and steeper slopes near the initiation 
zone and at the middle of the travel path. In this case, flow 
occurred almost along a line without significant lateral 
spreading or formation of multiple paths or diversion 
because the slope is relatively steep and uniform.  

The debris flow C2 was a channelized debris flow that 
occurred in a pre-existing gully (Fig. 3(a), 2019 map). 
Figure 3(b) shows the trace of a long debris flow(s) along 
this gully which occurred in 2021. Vegetation covered the 
upper part of the gully (above point A in Fig. 1) and the 
location and size of the debris flow initiation zone were 
difficult to find. Several attempts were made to simulate the 
observed debris flow footprint by varying the location 
(points A–C in Fig.1) and the size of the initiation zones. 
The following were the key observations: (a) for a smaller 
initiation zone (15 m x 15 m) at point A, the debris flow 
stopped after travelling a small distance (~ 90 m); (b) when 
the size of the initiation zone was enlarged (e.g., ~ 50 m x 
~ 50 m), the debris travel distance increased but still less 
than the observed extent; (c) when the location of the 
initiation zone was moved to a higher elevation (e.g., B or 
C), travel distance increased, presumably because of 
increased higher kinetic energy that facilitated the flow over 
gentler slopes (even opposite near the road) downstream; 
and (d) an increase in the size of the initiation zone for 
locations B and C increased the extent of debris flow. 
Better simulation results could be obtained by adjusting the 
parameters in Table 1. However, none of the simulations 
of case C2 for the above-mentioned conditions closely 
matched the observed debris flow pattern. Though this may 
be an error of parameterization, it may also represent a 

complication modelling regional debris flows, particularly if 
parameters are different within a single area. Despite the 
ease of the use, the program does seem to require expert 
judgement to calibrate and provide representative 
scenarios. 

Figure 4 highlights another program feature, the ability 
to determine the probability of inundation based on multiple 
runs (assuming calibration has been successful). In this 
case, the darker areas represent higher inundation 
probabilities. As the program results are probabilistic, any 
two runs are not identical, and multiple runs are 
recommended to reach a conclusion on the likely path of 
debris flow. In this study, the simulation was run for 50 
times. 

 
 

 
Figure 3: Satellite image along the flow path of C2:  (a) 
image in 2019; (b) image in 2021. 
 
 

The simulated debris flow paths for most cases are 
similar to the footprint observed in the field (compare Figs. 
1 & 4). However, there are some differences. For example, 
three potential flow paths were identified in the simulation 
of P1, while there was only one path observed by Guthrie 
et al. (2008). This may simply be the stochastic distribution 
of individual runs in a similar landscape, but it could also 
be an effect of the DEM resolution or the actual 2019 
topography that was altered by the earlier (mapped) 
landslide. Again, expert judgement as to the applicability of 
the results is recommended.  

Debris travelled only a limited distance in C2 simulation 
and considerably less than the channelized flow observed 
in the field. Potential reasons for this have been described 
above. The simulated travel distance for case C6 was 
larger than that observed in the field. Again, this may be 
the result of local effects, parameterization, or simply the 
stochastic nature of a single event versus multiple modeled 

Figure 2: Debris flow in a steep area: (a) mapped 
footprint (background image from google earth); (b) 
DebrisFlow Predictor simulation. 
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events. Despite the foregoing, DebrisFlow Predictor gives, 
by and large, comparable flow paths to those observed in 
the field.  

Several studies reported the role of roads and logging 
on the mobility of debris. For example, Guthrie (2009)  

reported that while road building and logging could 
increase the occurrence of landslides, the existence of 
roads could also reduce debris flow volumes by creating a 
topographic resting place for sediment. For several cases 
(e.g., P1, C1 & C3), debris flows were reduced or were 
stopped by the two existing roads in this area. 

 
 

 
Figure 4: Debris flow simulation results. The results show both the cumulative footprint of multiple runs and the likelihood 

that any location on the map would be occupied in a single run. 
 
 

The depth of the debris could be calculated using the 
simulated results. The depth information can be used to 
facilitate vulnerability calculations and ultimately develop 
mitigation strategies for the impact of debris flow. For 
example, Ciurean et al. (2017) used the depth of debris to  

define damage class. As shown in Figure 5, a higher 
accumulation of debris occurred near the toe, and the 
maximum depth is 3.85 meters, which occurred in case C3. 
 
 
 
 

 
Figure 5: Depth of debris obtained from DebrisFlow Predictor. 
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5 CONCLUSIONS 

DebrisFlow Predictor was used to simulate debris flow 
in a selected area of the Klanawa watershed, 
Vancouver Island. Simulations were performed for a 
total of 13 cases using the 2019 DEM. Most of the 
simulations showed debris flow patterns similar to the 
footprints observed in the field. For some, DebrisFlow 
Predictor provided multiple potential flow paths, of 
which the observed landslide used just one. Finally, 
with the parameters selected herein, the model 
underestimated the flow through a pre-existing 
channel.  

Further studies are recommended to model 
channelized debris flows and provide a better 
estimation of model parameters.  
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Appendix Ⅲ 

This appendix shows some additional simulation results of Site 1 by changing only one parameter 

while keeping the remaining parameters the same as the best-case scenarios, as mentioned in 

Chapter 3. These results can help to understand the sensitivity of each parameter. 
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DebrisFlow Predictor Simulations 

Varying Fan Maximum Slope (mmax) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mmax = 29° mmax = 25° 

mmax = 34° mmax = 37° 



 

115 

 

Varying Steep Slope Coefficient (σS) 

 

 

  

 

 

 

 

 

 

Varying Mass loss per 45 Turn (%) 
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Varying Low Slope Coefficient (σL) 

 

 

 

  

 

  

 

 

 

 

Varying Maximum Spawns Allowed (Nmax) 
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Varying Deposition Multiplier 

 

 

 

 

 

 

 

 

 

 

Varying Erosion Multiplier 
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Flow-R Simulations 

Varying Travel Angle () 
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Varying exponent (x) 
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Varying Degree of Convergence (dh) 
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Varying Velocity Threshold (𝑣max) 
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RAMMS Simulations 

Varying viscous-turbulent Friction Coefficient 
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Varying Dry Coulomb-type Friction Coefficient 
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