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Abstract A large-scale avalanche of Earth material is

modeled here as a granular flow using a distinct element

numerical model PFC2D. Such failures occur in a variety

of geological settings and are known to occur frequently

over geologic time-scales transporting significant volumes

of material basinward. Despite this, they remain poorly

understood. The model used here begins with a listric

failure, typical of the flank collapse of a volcanic cone, and

describes the movement of an assembly of several thou-

sand particles from failure to deposition. Within the model,

each particle possesses its own material properties and

interacts with its immediate neighbors and/or the basal

boundary during emplacement. The general mechanics of

the particle assembly are observed by monitoring the

stresses, displacements, and velocities of distinct sections

of the avalanche body. We monitor the avalanches’ energy

regime (e.g., gravitational influence, energy dissipation

by friction, kinetic energy evolution, and avalanche

body strain). The addition of colored markers of varying

geometry to the pre-failure avalanche was also used to

make qualitative observations on the internal deformation

that occurs during avalanche emplacement. A general

stretching and thinning of the avalanche is observed.

Monitoring of vertical and horizontal variations in stress,

strain, porosity, and relative particle stability indicate that

the lower more proximal sections of the avalanche are

subject to higher stresses. These stresses are observed to be

most significant during the initial phases of failure but

decline thereafter; a situation likely to be conducive to

block fragmentation and in developing a basal shear layer

in real-world events. The model also shows how an

avalanche which is initially influenced purely by gravity

(potential energy) develops into a fully flowing assemblage

as downslope momentum is gained and kinetic energy

increases. The horizontal transition where the failure

meets the run-out surface is recognized as a key area in

emplacement evolution. The model has particular rele-

vance to volcanic flank collapses and consequently the

implications of the model to these types of failure and the

geological products that result are considered in detail

although the model is relevant to any form of large-scale

rock or debris avalanche.
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1 Introduction

The rapid downslope movement of Earth material in

response to gravity is an important mass movement process

and is commonly believed to behave as a granular flow

[4, 5, 13, 27, 34, 35, 49]. These events range from small-

scale slope failures to much larger rock and debris ava-

lanches, for example, volcanic edifice collapses that may

involve volumes in excess of 106 m3 [24]. Large-scale

failures of this type remain poorly understood due to their

inaccessibility to conventional field survey and therefore

alternative methods such as numerical modeling are com-

monly employed for analysis [5, 6, 42, 49, 50]. Distinct

element modeling (DEM) is one widely adopted approach

to this type of problem which models the motion and

interaction of rigid, typically circular or spherical, particles

within a granular assembly. The advantage of using DEM in
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analyzing avalanche motion in comparison to continuum-

based techniques is that individual particles within an

avalanche can be assigned specific material properties and

the interaction and separation of these particles within the

failure can be monitored. Consequently, emerging spatial

variations in assembly properties can be examined within

the moving avalanche, thereby allowing the controlling

processes to be explored during avalanche emplacement.

Earlier studies [6, 8–10] have established DEM as an

appropriate tool for modeling the flow of granular materials.

The aim of this paper is to use DEM to explore the

emplacement of large granular avalanches associated with

the collapse of volcanic edifices, such as that which

occurred at on the 18 May, 1980 at Mount St. Helens,

USA, in 1980. Such methods have been previously applied

to the stability and failure of volcanic edifices [28–31, 44,

45, 50]. In contrast to these studies, the focus here is on the

processes and deformations that occur through a vertical

slice of the avalanche (2D) after the initiation of failure

initiation as opposed to pre-failure evolution or deposit

distribution.

A commercially available DEM software package,

PFC2D, was chosen for this study and configured to give an

unbonded assembly of granular particles. The code is based

on the work of Cundall [11] and Cundall and Strack [12]

and simulates the dynamic relationship of a group of

moving, rigid particles by calculating the contact forces

and subsequent displacements of each individual particle in

response to its interaction with its neighbors [22]. Calcu-

lations are performed over sufficiently small timesteps such

that disturbances cannot transmit further than the imme-

diate neighbors of a particular particle [22]. Continuous,

explicit solving of the dynamic equations of motion allows

for realistic modeling of flowing particle assemblies [26].

Movements of stressed assemblies continue until forces in

a given simulation are balanced or completely dissipated

by friction and/or one of the available forms of system

damping [22].

Similar approaches have been used previously to inves-

tigate granular avalanche emplacement, both to simulate

laboratory-type experiments [6, 10, 40] and reproduce real-

world avalanches [2, 10, 17, 32, 42]. A wealth of topics

have been investigated in these studies including the spatial

variation in particle velocities with time during emplace-

ment, runout dependence on failure volume, and primary

influences on final deposit geometry. This article builds

upon these investigations, however, using an initial geom-

etry that is designed specifically to replicate a volcanic

edifice flank failure rather than a more generic slope failure.

In addition, a more detailed study of the mechanical pro-

cesses occurring during emplacement and deformation of

the granular avalanche is undertaken using software tools

and analysis methods previously not available or considered

in earlier studies. Specifically, the stress histories, relative

displacement, and velocity of each section of the avalanche

mass are examined throughout emplacement. Vertical and

horizontal variations in assembly properties, such as strain

rate and porosity, are then considered. The chosen software

also allows a range of energy histories to be examined,

enabling the driving and deposition mechanisms of granular

avalanche movement and deformation to be recorded.

Finally, using various colored markers, it is possible to

assess qualitatively the deformation of the failure mass over

a range of different material properties and configurations.

2 Model setup

An initial failure model based on a typical volcanic edifice

flank collapse (e.g., [21, 38, 46]) was designed (Fig. 1).

The use of a pre-defined failure surface is favored for

several reasons: (1) the study is concerned only with the

processes that occur after flank failure and failure mecha-

nisms are not considered; (2) little is known about the

location of major discontinuities within volcanic edifices

[33]; and (3) using additional particles to create a complete

cone significantly increases computing time and prohibi-

tively increases run time. The edifice model shown in

Fig. 1 has a maximum height of 1,000 m and a slope angle

of 30�, a flank angle typical of large stratovolcanoes [36].

The failure space is created by defining a surface which

rises at an initial angle of 7� to the horizontal following the

models of Voight and Elsworth [47] and Voight [46]. The

runout surface is horizontal.

Particles, treated as disks of unit thickness, are filled

into the failure space and subjected to gravity until they

reach equilibrium although they remain restrained by the

retaining flank wall as depicted in Fig. 1. Although a

certain degree of stress builds up in the toe of the failure

due to this procedure, it does not significantly affect the

emplacement process as long as the particles remain

unbounded. The final pre-failure model consists of 16,578

Fig. 1 Pre-failure simulation edifice. Letters A–E depict the locations

of particles included in the mechanical analysis as described in Sect. 3
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particles with a uniform size distribution ranging in size

from 3.2 to 5.3 m in diameter (particle size ratio of 1.66).

No specific assumptions are made as to the initial material

properties of the particles in the model, and consequently

assumptions are avoided with respect to the nature of the

rock mass involved. The pre-failure avalanche mass is

simply a particulate assembly at a certain initial geometry

where each particle is in contact with its immediate

neighbors and/or the failure surface. Gravity is the only

force to which the assembly is subject. As a result size-

scaling procedures are not necessary. The size range and

distribution for the particles used in the model represent a

balance between model resolution and practical simula-

tion processing time since it is virtually impossible to

represent accurately the particle number and size distri-

bution likely to be present in a real-world failure. Ava-

lanche behavior at particles size ranges other than that

specified was not investigated. Due to their circular shape

and frictional coupling effects, particles inevitably roll

during emplacement, both in relation to each other and

the runout surface. As a result, a small number of parti-

cles separate from the distal extent of the avalanche mass

after deposition of the main avalanche body, particularly

at higher values of particle and wall friction. These few

particles were not included in any displacement, velocity,

or energy evaluations; runout distances are measured from

the original location of the slope toe to the distal extent of

the main avalanche body. Particle rolling was not

restricted here for two reasons: (1) consistency with pre-

vious studies which have used DEM [5, 10] or laboratory

methods [18] to investigate avalanche emplacement where

particle rotation was not controlled, and; (2) block rolling,

to some degree, occurs in real-world rock and debris

avalanches and it is therefore unsuitable to ignore fully

this motion and consider emplacement exclusively as

block sliding. Several earlier studies have investigated

slope mechanics using restricted particle rotation [28–31,

42]. In most of these studies, however, the static gravi-

tational deformation of large-scale slope flanks was being

examined rather than dynamic downslope avalanche

motion. In the case of Tomassi [42], downslope motion

was considered although only through frictional block

sliding. As it seems inappropriate to completely inhibit

particle rotation, a more realistic model for real-world

avalanche behavior may entail a closer investigation of

the effects of rolling and the dependency of this motion

on material frictional properties. With the above limita-

tions in mind, simulation results presented here should

only be regarded as first-order approximations of real-

world events.

The model properties are presented in Table 1 and were

retained throughout all simulations. Particle normal/shear

stiffness influences the computational timestep used; as this

parameter was seen to have a negligible effect on ava-

lanche behavior in earlier sensitivity analyses, common

values used by Itasca [22] were employed. Wall normal/

shear stiffness values were set equal to particle stiffness

values for model stability. Particle density represents a

common value for competent rock material. A viscous

damping technique was used within PFC2D to ensure that

the model reaches a reasonable equilibrium and is most

appropriate for dynamic conditions in that numerical

energy damping is enforced only at the instant of particle–

particle contact and free-motion is not damped [22]. The

chosen value corresponds to a restitution coefficient

appropriate for that of competent rock material, approxi-

mately 0.7, and was obtained through simulation drop tests

[1, 22]. Local damping, which applies a damping force to

each ball proportional to the unbalanced force of the

assembly, was not employed. Energy is also dissipated

through friction when particles develop long-lasting con-

tacts with each other or the basal runout surface using a

linear contact model [22].

After the pre-failure slope has been sufficiently filled

with particles and cycled to equilibrium under gravity to

ensure a steady-state condition where each particle is in

contact with its neighbors and the assembly would not

settle further, the flank wall is deleted to induce failure.

The avalanche begins to travel as the model is cycled and is

monitored until movement ceases.

A sensitivity analysis was conducted to observe the

effects of various initial wall (lw) and particle (lp) friction

coefficients on the characteristics of the final avalanche

deposit, namely, runout, displacement of the proximal

section, maximum thickness, and the horizontal location of

the section of maximum thickness. Similar back-analysis

approaches have been used in previous numerical ava-

lanche simulations (e.g., [23]). This analysis showed that

lp had little effect on the final characteristics of the deposit,

while the influence of lw was significant in affecting

avalanche runout, which decreased significantly with

increasing lw. For instance, runout decreased from

approximately 8 km with lw = 0.05 to \1.5 km with

lw = 0.3. Consequently, the results presented in this arti-

cle are based on findings from simulations conducted at a

single combination of lw = 0.1 for / = 5.7� and

Table 1 Particle and wall properties used for avalanche simulations;

these parameters remained constant throughout the analysis

Parameter Value

Particle normal/shear stiffness (N/m) 1E8

Wall normal/shear stiffness (N/m) 1E8

Particle density (kg/m3) 2,000.0

Viscous damping coefficient 1.0
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lp = 0.75 for / = 37�, where / = tan-1l, except where

specified otherwise. These values are chosen as they rep-

resent median values of those tested and produce a deposit

with similar empirical relationships to those observed for

large-scale volcanic debris avalanches (H/L * 0.12 per Ui

[43]). In order to observe the influence of uninhibited

particle rolling, a simulation was conducted at this com-

bination of material friction values where particle rotation

was completely restricted. The resultant particulate deposit

was significantly different to that produced when rolling

was not restricted as runout decreased, resulting in a

thicker, shorter deposit (H/L = 0.19). However, as the

deposit could not settle into a compact arrangement due to

frictional coupling between adjacent particles, an unreal-

istic packing arrangement was observed. It is therefore

confirmed that complete particle rolling restriction may be

inappropriate and an approach whereby rolling is depen-

dent on particle friction or material stiffness may be the

best approach for future studies.

3 Mechanical analysis

In order to observe the geomechanical behavior of the

travelling avalanche, a suite of variables was monitored

throughout emplacement (Table 2). Each of these variables

was monitored for a single particle located at five locations

within the failure mass (A–E in Fig. 1). The particular

locations represent the head, toe, and top, middle, and

bottom of the medial section of the avalanche and were

chosen as their range of responses represents the full range

of avalanche behavior in terms of confinement, overbur-

den, and influence of the ground and free surfaces. Only

one particle from each section was used as a proxy for

the whole section. To support this approach, identical

mechanical variables were measured from several addi-

tional particles in each section. For instance, Fig. 2 shows

the x-velocity and xx-stress component variables previ-

ously described but measured from two other particles in

close proximity to particles A, B, C, D, and E. Plots for the

other variables mentioned in Table 2 show similar results.

Although some variation is observed, results are generally

consistent and therefore it is reasonable to assume that the

effects experienced by one particle in a certain section of

the avalanche can be used as a good approximation for the

general behavior of remainder of that section. The highest

variability is seen in the stresses experienced by each

particle as these values are originally highly erratic. Rela-

tive stress differences are generally preserved, however.

The horizontal displacement of the monitored particles

increases rapidly then slows to a steady rate before

declining rapidly immediately before movement ceases.

The high initial rate of displacement reflects the chaotic

moments just after failure where the avalanche begins to

travel downslope. The unrestrained particle at the toe of the

failure (C) travels the greatest distance, approximately

10 km, the particle at the head of the failure (A) the least

distance, 1 km, and those located in the medial section (B,

D, E) travel comparable distances, approximately 2 km.

Table 2 Variables monitored for mechanical analysis of the travel-

ling avalanche

Variable Description

Stress (xx-component) Time-dependent stress in

the xx-direction (MPa)

Stress (xy-component) Time-dependent stress in the

xy-direction (MPa)

Stress (yy-component) Time-dependent stress in the

yy-direction (MPa)

x-displacement Total horizontal distance traveled

by particle (m)

x-velocity Time-dependent x-velocity

(dimensionless)

y-displacement Total vertical distance traveled by

particle (m)

y-velocity Time-dependent y-velocity

(dimensionless)

Fig. 2 Results of variables measured for particles in close proximity

to five monitored particles. a Maximum x-velocity, b maximum xx-

component of stress
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Associated horizontal particle velocities initially increase

steeply to a maximum then decline at a quickening rate.

This observation reflects the increase in the particle

velocity as it moves downslope before encountering the

horizontal transition whereby it loses much of its kinetic

energy and decreases in velocity until deposition. Similar

behavior is observed by Campbell et al. [6], Crosta et al.

[10] and Staron [40]. Relative maximum horizontal particle

velocities shows a similar relationship to that of horizontal

particle displacement; the toe of the failure travels the

fastest, the head the slowest, and the medial section at a

generally steady rate. This observation represents the

general extension and spreading of the avalanche body.

It is difficult to recognize any clear trends in the plots of

stress versus emplacement time; stresses in each sense (xx,

xy, yy) are highly variable, as observed by Campbell et al.

([6]; Fig. 3). Stresses are measured for particles only and

not the surrounding force chains, which carry the majority

of the stresses present. Consequently, the exact value of

stresses is generally unimportant although the relative

values remain significant. Stresses typically reach their

highest absolute values and experience the highest fluctu-

ations in the early stages of avalanche emplacement,

immediately following failure initiation as the avalanche

body changes from its pre-failure, in situ state to a flowing

mass of material. Stress values and fluctuations remain at

high levels as the avalanche approaches the transition to the

horizontal runout surface and decrease as the avalanche

organizes itself into a steady flow across the horizontal

runout surface. This observation is significant as rapidly

varying, high stresses may facilitate rock mass fragmen-

tation and disaggregation in real-world rock and debris

avalanches. Rarefaction processes, where fragmentation

develops from the tensional forces created from the relief

of brief but intense collisions, are likely to occur at this

time [20, 34]. When considering large-scale volcanic

debris avalanches, a number of previous authors have

indeed suggested that these early stages of emplacement

are most efficient in rock mass break-up with relatively

minor fragmentation occurring during transport [3, 34, 41,

43, 49]. Such fragmentation processes may also represent

the evolution from block sliding to more dynamic flow

conditions as suggested by Voight et al. [49]. In fact, these

authors speculate global strength loss of the failed mass is

of the order of 75% during this initial emplacement stage.

The implication of an evolution from early internal chaos

to organized steady flow has also implications as to the

formation of commonly observed deposit features. For

example, block-scale jigsaw fracture patterns may possibly

form during block–block or block–ground impacts and

rarefaction effects at early stages of emplacement and be

preserved during steady, organized transport in the latter

stages.

Particles located in the lower (D) and interior (E) of the

avalanche experience greater stress fluctuations than do

those particles locate on the free surface (A–C, Fig. 4). In

this case, stresses at the bottom and interior of the ava-

lanche are 80–85% and 70–80% higher, respectively, than

those on the free surface. A rock mass subject to such stress

fluctuations will be more readily fractured and therefore

both the early emplacement stages (time-dependent) and

lower sections (location-dependent) of the avalanche rep-

resent situations where fracture and disaggregation are

most likely to occur.

Internal stresses were also evaluated with PFC2D’s

measure tool, which can be used to investigate the change

in a range of variables within user-defined circles over a

given period of time. Five locations were chosen to observe

Fig. 3 Stress (xx-component) with time during emplacement for particles A and D. Stresses for each particle monitored and in each sense (xx, xy,

yy) behave in a similar fashion. Plot generated by PFC2D
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vertical and horizontal property changes within the ava-

lanche (Fig. 5). The positions of each circle remained

constant as the avalanche passes through during failure

simulation. Several variables measured using this

approach, which are presented in Table 3. The results of

this exercise are given in Fig. 6.

Figure 6a and b shows that maximum stresses within the

avalanche decrease with increasing vertical (y) height and

horizontal (x) distance. Unlike the particle stresses dis-

cussed above, the stresses measured using the circle tech-

nique average all stresses within the circle, both particle

and force chain. Therefore, this technique provides a much

better estimate of continuum average stress where the

values are significant. Maximum vertical stresses in this

instance are 36.7% higher in the lower third of the failure

than the upper third, while maximum horizontal stress is

28.3% higher. Vertical stress decreases by 66.8% from the

proximal to distal portion of the avalanche, a function of a

decrease in overburden, while horizontal stress decreases

by 58.4%.

When these results are considered with the stress mea-

surements discussed above, implications for real-world

avalanche behavior can be discussed. In addition to higher

stresses in the lower sections of the avalanche, they are also

seen to be higher in the avalanches’ proximal sections as it

piles up at the horizontal transition, which may lead to

increased crushing and fragmentation of the lower sections

of the avalanche mass in real-world scenarios. Where high

initial and rapidly fluctuating stresses may work to disag-

gregate the avalanche body on the whole, latter develop-

ment of these spatially dependent stresses increases may

promote the development of fragmented or fine-grained

basal shearing layers. A similar crushing mechanism due to

large basal stresses has also been suggested by Strom

(2006), who also suggests that the relative fluidity of this

crushed basal layer may lead to upper surface tension and

the subsequent development of hummock-type structures

common in large-scale rock and debris avalanche deposits.

The deforming basal layer may accommodate much of the

deformation taking place in the avalanche body during

emplacement, allowing the material above to travel rela-

tively undisturbed, and consequently allowing features

such as stratigraphic relationships and jigsaw fractured

blocks to be preserved upon deposition. Additionally, the

basal shearing layer may facilitate increased mobility and

long runout and is consistent with laminar plug flow

hypotheses [3, 14–16, 34, 37].

In this DEM model, however, individual particles are

rigid and cannot fragment. Therefore, a fragmented or fine-

grained basal shearing layer cannot develop. As a result,

the strain produced in this lower region, which one would

expect to be the highest in the avalanche, cannot be

relieved and is therefore transferred upward within the

failure body. This action is shown in Fig. 6c where strain

rate measurements evaluated with the measurement circle

technique indicate higher strain rates within the interior of

the deposit and lower values toward the upper free surface

and the lower ground surface. High strain cannot develop

on the free surface of the avalanche and is therefore con-

fined to the interior of the avalanche. Strain rate results are

a measure of the instantaneous velocity field and therefore

what is measured is the maximum strain rate occurring in

each respective section of the avalanche throughout

emplacement on the horizontal section of the runout

Fig. 4 Relative maximum stresses experienced by particles located

in various parts of the avalanche during emplacement

Fig. 5 Location of measurement circles (35 m in diameter) used to measure the spatial variation of assembly properties
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surface. It is not a cumulative measure of left-over strain.

Strain rate decreases linearly with horizontal distance

(Fig. 6d). These results may suggest that rock block and

stratigraphic deformation is more likely in the interior,

proximal section of the particular avalanche.

While strain rate observations may initially appear to

reveal a limitation in the modeling technique in that a basal

deformation layer cannot develop as it might in natural

scenarios, it also highlights the importance of material

properties on emplacement characteristics. In an avalanche

composed of either weak or widely varying material

properties a basal shearing layer may be more likely to

develop. In an avalanche comprised either more robust and

competent or homogeneous materials such as the rigid

particles modeled in PFC2D, however, basal shearing lay-

ers may be less likely to develop and shear and deformation

may be more evenly distributed throughout the avalanche

body. A similar suggestion has been discussed by Davies

and McSaveney [15] who describe basally weak versus

basally strong failures where a lower shearing layer may be

more or less likely, respectively, to develop during

emplacement. These authors refer to field observations

where rock fragmentation has been observed both

throughout the full depth of the resultant deposit (basally

strong) or confined to basal section (basally weak).

Both porosity (Fig. 6e, f) and coordination number

(Fig. 6g, h) indicate a tighter packing at the lower,

proximal section of the avalanche; a function of the

increased stresses in this area. The mean values of these

properties in the pre-failure slope assembly are 0.17

(range 0.14–0.19) and 3.7, respectively. Sliding fraction

results (Fig. 6i, j) reveal increased instability in lower

proximal section of the avalanche as an increased number

of contacts are slipping in this area, also a function of

increasing stress with depth.

4 Energy analysis

Certain aspects of the avalanches’ energy regime can be

evaluated by PFC2D (Table 4). As opposed to the previous

exercises, simulations were conducted while varying both

wall and particle friction (lw and lp). The following

observations are summarized in Table 5. Gravitational

work done on the assembly increase rapidly as the failure

moves downslope from its in situ position and gradually

decreases as the failure moves onto the horizontal runout

surface. Therefore, gravity decreasingly contributes energy

to the simulation system and momentum has increased; a

transition from potential to kinetic energy. This may be

intuitive, but is significant as it shows that gravity by itself

can contribute all the initial energies needed to develop

high, fluctuating stresses in the first stages of avalanche

development. In volcanic flank failure situations, which

may often complicated by complex tectonic, magmatic

and/or phreatic influences, it is important to show that these

forces are not necessarily needed to develop high ava-

lanche mobility or characteristic deposit features. Decrea-

ses in the influence of gravity observed with increasing lp

and lw suggest that gravity does not complete a full break-

down of the avalanche body as particles are held together

by increased frictional strength. As gravitational work

decreases, kinetic energy increases accordingly to a sharp

maximum, representing the movement of the main mass of

the avalanche body down the failure slope and meeting the

horizontal transition. Kinetic energy decreases gradually

thereafter as the avalanche loses momentum and deposits

in the runout area. This behavior reflects that of horizontal

particle velocity discussed in Sect. 3. The relative propor-

tions of translational and rotational kinetic energy are 72

and 28%, respectively, revealing that particle motion is

mostly translational. The maximum kinetic energy attained

by the system decreases with increasing lp and lw, again

suggesting energy is locked up as potential energy (less

avalanche ‘flow’). This suggestion is substantiated by a

decreasing mean horizontal velocity with increasing lw,

from 60 m/s at lw = 0.05–27 m/s at lw = 0.3. Similar

kinetic energy relationships are shown by Crosta et al. [10].

Energy dissipated by friction rises steeply to a maxi-

mum and gradually decreases with time, signifying the

amount of energy dissipated decreases as it is continually

being expended. As the initial amount of energy in the

system is always the same, the fact that the amount of

energy dissipated decreases with increasing lp and lw

suggests that there is further energy left in the avalanche

system (as potential energy) that has not been expended

through emplacement. Essentially, particles are locked

together by stronger frictional coupling. Decreased ava-

lanche runout with increasing basal wall friction (lw)

supports this idea (Sect. 2). These observations are

Table 3 Variables considered with PFC measure tool

Variable Description

Maximum stress Maximum stresses averaged over

the measurement circle (MPa)

Maximum strain rate Strain rate tensors determined

through least-squares method

[22]

Porosity Ratio of total void area within

measurement circle to

measurement circle area

Coordination number Mean number of contacts per

particle, averages over the

measurement circle

Sliding fraction Percentage of contacts which are

slipping within the measurement

circle
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noteworthy as they stress the importance of material

properties in determining avalanche emplacement char-

acteristics. For instance, more competent, high friction

materials may tend to be deposited in more proximal

locations where lower friction materials would travel

further, giving the perception of increased mobility. Such

a scenario was modeled by Ward and Day [50] in their

reconstruction of the emplacement of the 1980 Mount St.

Helens debris avalanche. Energy is dissipated at a faster

rate as lw is increased; at lw = 0.1 the mean energy

dissipated is higher than that at lw = 0.05. However, at

lw = 0.2–0.3 the amount of energy dissipated through

friction decreases, most likely signifying the onset of

particle rolling as a significant process.

The variation in total strain energy stored at all con-

tacts in the assembly during emplacement was also

monitored. Strain starts at a maximum and decreases

regularly in a sinusoidal manner which decreases in

intensity with time. Although it is not particularly clear

what mechanisms the sinusoidal behavior may relate to in

a real-world rock or debris avalanche, a ‘stick-slip’ type

of movement is envisioned. Strain is highest as the ava-

lanche descends from its in situ position to be temporarily

relieved when frictional bonds along the basal failure

surface are continually overcome. This behavior continues

as frictional coupling between the basal surface and the

particles it is in contact with increases after a finite

increment of avalanche motion. The mechanism is thus

very similar to fault zone stick-slip dynamics. This form

of motion in large-scale debris avalanches in difficult to

comprehend as they are typically regarded to travel at

high velocities (upward of 70–100 m/s) with a certain

degree of fluid mobility. Nonetheless, a ‘pulsing’ or

‘caterpillar’ motion of this type has been suggested by

previous authors [10, 25, 35, 39, 48, 49] although it is

unclear how relatable the observation made here may be.

Additionally, overcoming high friction in this manner

may be the source of friction-generated pseudotachylytes

such as those observed by Legros et al. [25] at Peru’s

Arequipa volcanic debris avalanche deposit. The depen-

dency of the sinusoidal behavior on particle stiffness

variation, of which strain energy is a function of, was not

explored in detail in this study although it provides an

interesting topic for future research [22].

Total assembly strain decreases with increasing lp,

perhaps, again indicating increased particle rolling in the

system. Maximum strain increases with increasing lw,

however, as strain is built up to higher levels within the

avalanche body as the particles in contact with ground

surface are bound by stronger contacts. This observation

again suggests that at higher values of material and

boundary friction, initial potential energy does not have the

opportunity to develop fully into kinetic energy.

5 Deformation analysis

Further analysis of avalanche emplacement was performed

by introducing colored markers into each of the simulations

detailed above. Both vertical stripes and a configuration

generally representative of stratigraphic layers were used to

obtain a qualitative understanding of the deformation dur-

ing emplacement (Fig. 7). Simulations were run in which

each vertical stripe or stratigraphic layer possessed the

same material properties as its neighbors and in which the

properties varied between layers. As performed for the

energy analysis, changes in deformation were observed for

various values of lp and lw. Ranges of lw values from 0.05

to 0.3 and lp values of 0.25–3.0 were considered. The

general deposit shape in all case was similar to that pro-

duced by Crosta et al. [10] and Campbell et al. [6] for their

large volume failures where the center of mass of the

deposit is located more proximally than distally.

5.1 Uniform material properties

Deformation of the avalanche body during emplacement

was first analyzed by using vertical stripes. At lw = 0.05

(low wall friction), the lower region of proximal section of

the avalanche moves more rapidly than the upper section

down the failure slope (Fig. 8). At a point in the medial

section of the failure, the upper and lower sections travel

together at the same rate. In the distal sections, the upper

region of the failure near the free surface overtakes the

lower region. This collective motion works to stretch and

thin the failure and represents a changing vertical velocity

gradient from proximal to distal sections of the avalanche.

Increases in lp show the same general characteristics

though deformation of the individual stripes appears to

increase through compression of the medial section of the

avalanche body as the failure slows upon reaching the

horizontal transition. An up-welling of the medial particles

is subsequently observed and retained after moment ces-

sation (Fig. 9a). Deformation of the interior of the ava-

lanche body in this manner, rather than basal layer

deformation as might occur in a real-world scenario, is

consistent with increased interior strain rate results dis-

cussed in Sect. 3. Similar observations are made when lw

is increased to 0.1, although to a lesser degree as the

avalanche is not stretched as thinly. At higher levels of lp,

the compression and up-welling of the medial avalanche

section is again observed just distally from the thickest

segment of the deposit (Fig. 9b). Deformation in the

proximal section of the slide is reduced at lw = 0.2 as

stretching of the avalanche body is less pronounced;

deformation in the distal section increases, observed as

particles in the upper regions cascading off the granular

pile. The level at which particles cascade down the free
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Fig. 6 Graphical results of the measurement circle spatial property

analysis. a Maximum stress versus vertical position, b maximum stress

versus horizontal position, c maximum strain rate versus vertical

position, d maximum strain rate versus horizontal position, e porosity

versus vertical position, f porosity versus horizontal position, g
coordination number versus vertical position, h coordination number

versus horizontal position, i maximum sliding fraction versus vertical

position, j maximum sliding fraction versus horizontal position
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surface rises vertically within the avalanche as lp increa-

ses. Similar behavior is observed as lw is increased to 0.3

although mean particle displacement and failure deforma-

tion are further reduced as the failure mass is increasingly

bound to the failure surface through greater frictional

coupling (Fig. 10). In summary, increases in lw decrease

the mean horizontal displacement of the failure mass while

increases in lp decrease the depth at which particles cas-

cade off the upper surface of the pile.

When the stratigraphic layer geometry is considered,

little deformation of the individual layers was observed at

lower values of lw. Each layer is stretched thinly in the

medial section of the deposit and thickens toward the

proximal and distal edges. Little change in layer defor-

mation is observed with increasing lp. Similar deformation

observations are made as lw is increased to 0.1 although

layer deformation generally increases. Stratigraphic layers

undulate to a higher degree and the medial compressional

up-welling feature is at its largest. Again, as lw is increased

to 0.2, little change in deformation is observed. At the

highest value of lw (0.3), the stratigraphic layers begin to

fold over themselves as the lowest distal particles are

bound to the failure surface, a phenomenon that increases

with increasing lp as frictional coupling effects become

stronger. Similar layer deformation was observed by

Campbell et al. [6]. Original stratigraphic relationships

were retained in each case.

5.2 Variable material properties

Here, the material properties of the simulated volcanic

stratigraphic layers were alternated such as would be found

in real-world systems. Variations of lp and particle mass

density were considered individually as was the alteration

of weak (low friction/low density), medium (medium

friction/medium density), and strong (high friction/high

density) layers.

Increases in particle mass density lead to more structure

being created in the internal layers within the deposit

(Fig. 11). This takes the form of a medial compressional

up-welling structure with a series of similar structures of

smaller-scale located distally. Visually, this feature is

remarkably similar to cross-section sketches presented by

Endo et al. [19] in their description of hummock features at

the debris avalanche deposit at Ontake volcano, central

Japan, and along with the internal stratigraphies qualita-

tively appear to deform the avalanche body in a right-lat-

eral sense. Topography is gently undulating, reflecting and

conformable with the layered stratigraphy below.

Fig. 7 Marker patterns used for deformation analysis

Table 4 Assemblage energy variables monitored; energy tracing

begins at the instance of failure and ends at motion cessation

Energy variable Description

Body Total accumulated work done by

all body forces on the assembly.

Gravity is the only body force in

this experiment

Frictional Total energy dissipated by

frictional sliding at all contacts

in the assembly

Kinetic Total kinetic energy of all particles

in the assembly (translational

and rotational motion)

Strain Total strain energy of the entire

assembly stored at all contacts

Table 5 Summary of the energy variable behavior with variation in

lp and lw

Energy

variable

Behavior with

increasing lp

Behavior with

increasing lw

Body Decreases Decreases

Frictional Decreases Decreases

Kinetic Decreases Decreases

Strain Decreases Increases
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Fig. 8 Avalanche deposit at lw = 0.05 and lp = 0.75 showing differing spatial deformation

Fig. 9 a Compressional up-welling internal deformation structure (lw = 0.05, lp = 0.5). b Up-welling of particles in medial section of the

deposit. Note the mode of deformation switching from left- to right-lateral just beyond this structure (lw = 0.1, lp = 1.0). Note separate scales

for a and b

Fig. 10 a Avalanche deformation at lw = 0.2. Dashed lines indicate denote vertical point where particles cascade distally from the granular

pile. b Avalanche deformation at lw = 0.3. Note separate scales for a and b; lp = 0.75 in each case
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Stratigraphy is generally preserved except for in the upper

regions of the distal sections of the failure. Increasing lp

stems further develops the medial up-welling feature and

internal layer deformation, particularly in more distal sec-

tions. The upper stratigraphic layers have been stretched,

so thinly they are completely separated. Topography is

generally subdued and featureless; typically mirroring

stratigraphic undulations below although some layer

deformation is present in the distal sections of the deposit.

When the weak (lp = 0.25, density = 500 kg/m3) versus

medium (lp = 0.75, density = 2,000 kg/m3) layer stratig-

raphies are analyzed, internal stratigraphic deformation is

observed, which is generally reflected in the topography.

This deformation increases as the medium versus strong

(lp = 3.0, density = 3,500 kg/m3) layer configuration is

introduced and takes the form of highly undulating layers

proximally, large medial up-welling structures and increas-

ing distal stratigraphic deformation. Combining the weak

and strongest layers reveals the most significant topographic

undulations and internal deformation structures (Fig. 11).

Alternating the location of the weakest and strongest layers,

where the weakest layer is in full contact with the failure

surface, leads to a qualitative increase in stratigraphic

deformation and associated topographic extremes. However,

common to all simulations is a series of compressional

upwelling structures decreasing in scale distally.

The travel characteristics (runout, deposit length, and

thickness) of the above stratigraphic simulations were also

monitored. No clear trends were recognized when alter-

nating the properties of each layer although runout dis-

tances remained generally consistent. It is observed,

however, that the longest avalanche runouts occur in the

simulations with the largest material property differences

(weak vs. strong system). Runout generally decreases with

increasing lp and particle mass density. Again, original

stratigraphic relationships were generally retained upon

deposition.

6 Conclusions

The above modeling has provided useful insight con-

cerning the emplacement mechanics of an unbonded

granular system in relation to large-scale rock and debris

avalanches. This scenario is generally representative of

volcanic flank or sector collapses. The effects of frictional

properties on deposit morphology are evident; boundary

friction (lw) affects the system to a larger degree than

does constituent particulate friction (lp). Mechanical

analysis of the avalanche system has shown that the initial

stages of failure are chaotic in terms of stresses and

strains occurring within the failure; a likely period of

increased block fragmentation. Velocity, and therefore

kinetic energy, is highest as the avalanche approaches the

transition to the horizontal runout surface, whereby the

failure settles into a generally steady and organized flow

as velocity steadily decreases until deposition. The tran-

sition to horizontal motion therefore represents a key

moment during emplacement as stress fields must readjust

to accommodate this change, promoting block/rock mass

fragmentation. On the basis of observations made during

field studies of large-scale volcanic debris avalanche

deposits, several authors have also concluded that the

changing stress regime associated with this transition is

influential in promoting block fragmentation [37]. Energy

measurements have verified several intuitive assumptions

and confirmed that avalanche deposition is generated by

its encounter with the horizontal runout surface.

In addition to early stages of increased and rapidly

fluctuating stresses, measurements reveal that stresses are

highest in the lower proximal regions of the failure, a

region where particle and block fragmentation and defor-

mation may likely occur. The stresses and displacements

observed quantify the degree to which the toe and free

surface of the failure are relatively unrestricted as com-

pared to lower and interior sections of the avalanche. This

Fig. 11 Topography and close-ups of simulations with the largest material property differences (weak vs. strong layers). The medial up-welling

structure is visible in the upper close-up (a). Note the separate scale for zoom. Note the addition of an additional stratigraphic layer (dark grey) as

compared to Fig. 7
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is important for two reasons. First, an unhindered toe, or

avalanche front, facilitates stretching and thinning of the

avalanche body, allowing it to attain a higher energy and

promoting long runout. Second, lack of stress at the top of

the failure, or in the latter stages of emplacement in gen-

eral, may help to preserve angular surface or jigsaw frac-

tured blocks often found in large avalanche deposits,

therefore explaining their presence [6].

Experiments have shown that a degree of strain is cre-

ated in interior the avalanche body due to the contradicting

effects of the ground and free surfaces. Accordingly,

increased deformation has been recognized in this interior

region through layer deformation analysis. These obser-

vations may be the result of an inability for the model

particles to fragment under high stresses/strains but may

also highlight the importance of constituent material

properties on avalanche emplacement characteristics. If

model particles were able to replicate weak natural mate-

rials in terms fragmentation, for instance, a basal shearing

layer may develop which would influence both mobility

and deposit features. Also, time-dependent global strain

observations indicate the large-scale granular failure may

perhaps travel in a pulsing motion as friction is locally and

continually overcome.

Original stratigraphic relationships are retained upon

deposition although individual layers have been drastically

thinned and stretched, the top layers more so than those on

the bottom. This phenomenon was also observed in DEM

experiments of Campbell et al. [6] and is significant as the

retention of original stratigraphic relationships is often

observed in the deposits of large-scale rock and debris

avalanches [7, 35, 37, 38]. Thus, the collective motion of

the DEM simulation illustrates how large-scale avalanches

may spread out in an organized fashion from the base of the

failure source, as suggested for real-world events. Macro-

scopic deformation of the avalanche body shifts from left-

to right-lateral at a point in the proximal to medial section

of the failure where the deposit is thickest. Proximally from

this point the granular material appears to ‘fall back’ on

itself while distally the material cascades off the pile,

extending the avalanche in a right-lateral sense. This

change in behavior develops from the avalanches encoun-

ter with the transition to the horizontal runout surface.

Several limitations with this modeling approach deserve

attention. Intuitively, the coarse and two-dimensional nat-

ure of the DEM does not create an ideal debris avalanche

system. For instance, the effects of lateral spreading and

associated margin structures cannot be examined as it

involves the out-of-screen dimension. It is assumed in such

a model, however, that the lack of third dimension move-

ment does not considerably affect the flow dynamics in the

principal flow direction [40]. Also, the influence of fine-

grained or saturated sediments and dynamic flow conditions

often suggested for large-scale avalanche emplacement is

thus far difficult to consider. Furthermore, as these models

have been conducted with completely unbonded granular

material, they are limited in their capacity to develop

characteristic debris avalanche topography such as hum-

mocks, steep margins, etc. The topography created by the

unbonded simulations consists only of broad undulations

at its most extreme. The unbonded simulations lack the

ability to consider realistic situations such as particle and

block fragmentation and effects these processes have on

emplacement and deposit features. These processes are

considered a fundamental aspect of large-scale avalanche

emplacement and the mechanics behind it should be con-

sidered in detail but are beyond the scope of this current

study [43]. Lastly, as the runout area is a simple horizontal

surface, the influence of varying topography has not been

considered. This was done in part for consistency with

previous studies but provides a promising topic for future

study. The observation discussed herein should therefore

be regarded as first-order approximations of real-world

events.

These limitations, however, rather than being detri-

mental to the results, provide a wealth of topics for future

study. For instance, the changes in deposit features

observed when particle bonding is introduced, creating a

more competent initial material, may be dramatic. Such a

technique will be valuable in investigating the influence of

initial material strengths on emplacement mechanics. Fur-

thermore, a bonded particle approach may allow block

sliding effects to be more realistically considered as this

motion is often restricted by particle rolling in the simu-

lations discussed above. The unbonded avalanche simula-

tion results presented here, however, establish a valuable

foundation for studies of this nature.
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