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Abstract An investigation of the behaviour and energy
budget of sturzstroms has been carried out using physical,
analytical and numerical modelling techniques. Sturzstroms
are rock slides of very large volume and extreme run out,
which display intensive fragmentation of blocks of rock due
to inter-particle collisions within a collisional flow. Results
from centrifugal model experiments provide strong argu-
ments to allow the micro-mechanics and energy budget of
sturzstroms to be described quantitatively by a fractal com-
minution model. A numerical experiment using a distinct
element method (DEM) indicates rock mass and boundary
conditions, which allow an alternating fragmenting and dilat-
ing dispersive regime to evolve and to sustain for long enough
to replicate the spreading and run out of sturzstroms without
needing to resort to peculiar mechanism. The fragmenting
spreading model supported here is able to explain the run
out of a fluid-absent granular flow beyond the travel distance
predicted by a Coulomb frictional sliding model. This, and
its strong relation to internal fragmentation, suggests that a
sturzstrom constitutes a landslide category of its own. This
study provides a novel framework for the understanding the
physics of such sturzstroms.
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1 Introduction

The downslope mass movement of dry, loose rock mate-
rial is a common geological process. Such events are often
referred to as dry rock falls, rock slides or rock topple [1].
The mechanics of such phenomena are generally well under-
stood in terms of the competition between gravity, inertia
and inter-granular friction (e.g. [2–5] and others). However,
a rare category of dry rock slides, or in few cases rock falls,
exists in which vast horizontal distances are travelled with
only a comparatively small vertical drop in height. They turn
into sturzstroms (Fig. 1; [6]) during run out and appear to
travel as if the inter-granular coefficient of friction, which
usually controls the downslope motion of dry rock debris,
is temporarily reduced by an order of magnitude or more
([7–9] and others). Confronted with this evidence, the Swiss
geologist Albert Heim asked: “Wie kann dieses Blockwerk
sich auf diesem ebenen Talboden so ausgebreitet haben?
Wasser, Schlamm-Muhrgänge könnten das nicht tun; und das
Blockwerk ist trocken und war trocken!” (“How can a blocky
rock mass spread itself in such a way? Debris flows could
not do it; and the rock mass was dry and is dry!” [10]). In
our opinion, this question still remains largely unresolved
today.

The present study is part of a research effort to investi-
gate sturzstroms numerically by distinct element modelling
[11–14] and physically within the ETH geotechnical drum
centrifuge [15]. Both modelling methods adopt highly spe-
cialized tools, which allow fundamental research to be per-
formed. A more rigorous language is therefore necessary
to describe the epistemological implications (among others
[16–18]), which goes beyond the usual needs and require-
ments of civil engineering [19,20].

In the theory of epistemology, single localizable and dat-
able events are referred to as “tokens”. General and repetitive
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Fig. 1 Contemporary painting of the Goldau sturzstrom of 1806 mod-
ified after W. U. Oppermann (1810), seen from the Mt. Rigi Kulm.
The outline of the deposit is indicated by a dotted line. (S1) denotes
the centre of mass of the source at an altitude of ∼1300 m a.s.l and
(S2) the ∼centre of mass at about 500 m a.s.l. The horizontal distance
between S1 and S2 amounts about to 3500 m [51]. (G) indicates the for-
mer position of Goldau village (∼510 m a.s.l.), which was annihilated

completely by the sturzstrom together with several other hamlets. (LL)
indicates Lake Lauerz (447 m a.s.l). The positive x ′ (t)-axis points in
the direction parallel to the main flow of the sturzstrom, to define the
sign convention. It defines a moving coordinate system whose origin is
depended on time t. In perpendicular directions, the y′(t)-axis defines
the horizontal width of the flow, and the z′(t)-axis its thickness

processes and features, referred to as “types” may be induced
from these tokens (e.g. [16]). Based on literature review and
own observations, three types can be identified which, seem
to be common to all known cases of sturzstroms [21]: (1) Run
out increases significantly with failure volume [7,22–25].
(2) Sturzstrom deposits are intensively fragmented (Figs. 2,
3; among others [10,21,26–37]). (3) The initial stratigraphy
of the source is preserved in the deposits, suggesting little
turbulence within the flow [6,10,38].

Current scientific explanations are imaginative, variable
and fail to account for all of the universal type-features pre-
sented above (for a review on mechanisms proposed, see
among others [24,36,39–43]). It is obvious that a sturzstrom
represents a highly dynamic collisional granular regime
[7,44,45]. Thus particles do not only collide but will even-
tually crush each other. Erismann and Abele [36] describe
this process as dynamic disintegration, where kinetic energy
is the main driver for fragmenting the rock mass. The
comparatively new fragmentation-spreading model identifies
fragmentation as a key parameter for the long run out of sturz-
stroms [23,46–50]. The aim of the present study is to increase
the understanding of the role of rock fragmentation within
such highly mobile rock masses.

2 Physical experiments

2.1 Field evidence

The Goldau sturzstrom that occurred in 1806 (canton
Schwyz/Switzerland; [10,51–56]) is a single sturzstrom
event or, from the epistemological view point, a token
(Fig. 1). It displays all type-features of sturzstroms as men-
tioned above, paired with a very simple geometry, and
an excellent availability of data and first hand eyewitness
accounts. This sturzstrom was therefore selected to serve
as prototype for the present research project (in civil engi-
neering, a “prototype” is an idealized representation of an
object of study and its type-features; e.g. [20]). Data of the
fabric, particle size distributions and particle shapes have
been collected for this study from this site. Further sam-
ples have been collected from the deposits of sturzstroms
in Flims (canton Graubünden/Switzerland; [31,32,54,57–
60]), Grächen (canton Valais/Switzerland; [9,61]) and Köfels
(Tyrol/Austria; [54,62–64]). The deposits sampled from all
these sites are characterized by a fairly uniform matrix sup-
ported fabric. Despite intense fragmentation, large rock boul-
ders can be found at any depth (Fig. 3). All sampled particles,
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Fig. 2 Present day view on the detachment zone of the Goldau sturz-
strom of 1806 at the top of Mt. Rossberg (1558 m a.s.l.). The large
blocks of conglomerate, bounded by widely spaced joints, are clearly
visible (a person serves as scale)

Fig. 3 Present day view on a road-cut through the upper few metres
of the deposit of the Goldau sturzstrom of 1806, close to the zoological
garden in Goldau (514 m a.s.l.). The quasi-matrix supported fabric of
the highly fragmented conglomerate is clearly visible. Note the accu-
mulation of large blocks on top (the 5 m long tube in front serves as
scale)

at any size, display sharp edges with angular shape, while
virtually no signs of abrasion can be found. Instead white,
lunette shaped impact marks appear regularly, which are
most visible on the micritic Malm limestone of the Flims
sturzstrom (Fig. 4). These features are not new. Heim [10]
described them quite accurately already, but the resulting
implications on the thermodynamics of sturzstroms have not
been fully elaborated since then.

2.2 Centrifuge modelling of fragmentation

Fundamental research on the failure of rock (among oth-
ers [65–71]) reveals that fragmentation constitutes a path
of energy dissipation. Because sturzstroms are accompanied

Fig. 4 Chunks of massive, micritic Malm limestone sampled from the
sturzstrom of Flims. This sample is representative of the angularity of
particles forming in sturzstroms—independent from their diameter and
geology. The rough fracture surfaces are not pre-existent in the source
rock but are newly formed by fragmentation during the transition of
the sturzstrom. These two chunks fit together like a “jigsaw puzzle”
[114,115]. The white spots are lunette shaped impact marks by other
rocks, but no signs of abrasion are observable (a 27 mm dia. coin serves
as scale)

by intensive particle fragmentation (Sect. 1), it is therefore
necessary to consider it for the understanding of the ther-
modynamics of sturzstroms. Unfortunately, fragmentation
within sturzstroms can not be observed directly in a real event
because of their long “reoccurrence time” and the obvious
difficulties in placing measuring devices within such a rock
flow.

Physical experiments on rock slides have been performed
within the ETH Geotechnical Drum Centrifuge [15] to enable
significantly higher kinetic energies and stresses levels, much
closer to the prototype situation, to be applied to rock
material, in contrast with so-called 1g (gravity) laboratory
experiments. The intention of these experiments is to make
fragmentation within sturzstroms observable and reproduc-
ible. Hence, they have been performed to provide empirical
data on which a hypothesis on the run out of sturzstroms may
be induced. These experiments are not intended to test, or to
deduce predictions on the run out of true sturzstroms; for the
difference between induction and deduction (see e.g. [16]).

The physical model in the geotechnical centrifuge simu-
lates an environment of a virtual unconfined run out in the
direction of the local x ′-axis, plane strain conditions in the
local y′-axis, a free surface in the positive z′-direction and a
smooth, hard sliding surface in the negative z′-axis of the slid-
ing mass (Fig. 5a). This basic set up is inspired by the direc-
tion of the stresses of sturzstroms in nature. The thickness of
a sturzstrom is small compared to its lateral and longitudinal
extensions. The propositions are made that the largest nor-
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Fig. 5 a 3D Drawing of the experimental set-up: (a) hopper storing
rock material pre-flight and releasing it in-flight; (b) acceleration chute;
(c) run out chute segments; (d) compressed air tank for the pneumatic
trap-door release system of the hopper; (e) tool plate; (f) drum; (g)
high speed camera mounted vertically; (h) lighting system; (i) data
acquisition box. The entire system rotates around the vertical y-axis
in clock-wise direction with an angular velocity ω. The displacement
of the experimental rock material is described by a moving coordinate

system with the x ′(t)-axis parallel to the channel base. b View into
the drum centrifuge from top: For balancing and efficiency reasons the
hopper and channel sections (a), (b), and (c) are mirrored. This allows
performing two experiments during each run. The high speed camera
(g) is shown on this image in an alternative, horizontal, mounting. The
outer radius of the drum is 1.1 m; the hopper (a) is 12◦ inclined to radius
of the drum; the acceleration channel (b) displays a radius of 0.325 m;
and the run out channel (c) a radius of 1.06 m

Table 1 Quasi-static
mechanical intact rock
parameters of ETHAR

Property Symbol Unit Value Comment

Uniaxial compressive strength σc, f MPa 3.5(±0.4) [72]

Young’s modulus M GPa 3.9(±0.9) [72]

Coefficient of restitution COR – 0.73(±0.03) [72]

Fracture surface energy G F J/m2 1.28(±0.59) [72]

Initiator size r0 mm 19, 32, 48 [72]

mal stress will act in the flow direction along the x ′-axis. The
intermediate normal stress will act horizontally, perpendicu-
lar to the flow direction along the y′-axis, where plane strain
conditions may be assumed. The minimum normal stress,
mainly due to the limited overburden of the rock mass, will
act in the direction of the z′-axis.

During flow, the model material is loaded externally
through an interplay of radial and tangential acceleration
fields, and surface friction in the plus/minus y′ and minus
z′-directions, only. No other interaction between the model
device and the sliding rock mass occurs, in contrast to
ring shear apparatuses, which are also applied in sturzstrom
research [41], where deformations are imposed on a rock
material by a rigid plate boundary. A maximum velocity of
about 15 m/s can be achieved in the x ′-direction of the centri-
fuge model, allowing fully dynamic experiments to be per-
formed. This maximum velocity is limited by the mechanical
strength of the centrifuge apparatus, which is designed for a

440 times earth’s gravity at a radius of 1.1 m, and is still
about 5 times smaller than the estimated peak velocity of
the Goldau sturzstrom in 1806 [51]. Preliminary centrifuge
experiments revealed that the kinetic energies have been too
low under such conditions to enable fragmentation of natural
rock to occur through inter-particle collisions. A solution to
this problem was to scale the strength of the rock material. For
this reason, the ETH Analogue Material for Rock (ETHAR)
was developed and applied in form of cubes with side lengths
r0 of 19, 32, or 48 mm. Data of ETHAR which are of interest
here are given in Table 1. A detailed description and char-
acterisation of that material, together with an analysis of its
performance within the boundary conditions provided by this
physical model environment, is discussed in [72].

A number of sensors are mounted on the model apparatus
(Fig. 5) in order to monitor the experiment in flight (while
the centrifuge is spinning) and to validate the analytically
derived boundary conditions (Sect. 2.2.1).
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Fractal fragmentation of rocks within sturzstroms 271

2.2.1 The acceleration field

In any epistemologically thorough experiment, mastering the
boundary conditions is crucial. The most important bound-
ary condition of the centrifuge model is the acceleration field
applied to the model material during the experiment. For a
single point of mass, at time t, for a constant angular veloc-
ity ω of the centrifuge, the centrifugal acceleration ar [c f ](t),
causing dislocation of the particle in the radial direction is
defined by:

ar [c f ](t) = v2
t,channel(t − dt)

r(t − dt)

[
m/s2

]
, (1)

where vt,channel(t) is the tangential velocity of the channel at
the radial position r of a particle. The centripetal acceleration
ar [cp](t) at time t that is forcing the mass point in a new radial
trajectory is defined by:

ar [cp](t) = v2
t,channel(t − dt) + v2

t (t − dt)

r(t − dt)
, (2)

where vt (t) is the tangential velocity of a particle within the
experiment. The tangential acceleration at[cp](t) at time t
that is forcing the mass point in a new tangential trajectory
is defined by:

at[cp](t)

= 2 · (vt,channel(t − dt) − vt (t − dt)) · vr (t − dt)

r(t − dt)
, (3)

where vr (t) is the radial velocity of a particle within the
experiment. The tangential velocity vt (t) at time t is defined
by:

vt (t) = vt (t − dt) + at[c f ](t)dt, (4)

and the radial velocity vr (t) at time t by:

vr (t) = vr (t − dt) + ar [c f ](t)dt, (5)

with the radial position r(t) of the particle within the experi-
ment at time t:

r(t) = r(t − dt) + vr (t)dt + ar [c f ](t)
dt2

2
. (6)

The last term in (6) describes the change in r during a time
step dt. This term is omitted in the following solution because
dt will be kept small.

These equations are solved iteratively. An example solu-
tion is presented in Fig. 6. This algorithm represents a single
mass point solution which has been validated through single
block centrifuge models [73]. Both the calculated accelera-
tions and velocities can be seen as upper boundary values.
Nevertheless, for the centre of mass of such a rock mass,
this algorithm turned out to be reasonably accurate as long
as the rock mass sliding behaviour can be described by a
block frictional model. Still, this numerical model provides

useful insight into the boundary conditions of a centrifugal
model where mass points accelerate, decelerate and change
their radial and tangential positions during the experiment
rapidly (Fig 6).

2.3 Particle velocity

Videos taken with a high speed camera (Fig. 5a) revealed that
the rock masses are sliding virtually as one block (Fig. 7),
hence the differential velocities between the individual rock
blocks are very small compared to the absolute sliding veloc-
ities of the rock masses tested. However, the rock mass expe-
rienced simple shear deformation in the x ′-direction, which
can be recognized by the distribution of layers of coloured
rock blocks (Fig. 8a, b, c). The rock mass therefore moved,
at least to a small degree, as a flow. This interpretation is dis-
cussed in more detail below. Another important observation
is that, except for the very top layer in the z′-direction, the
rock blocks do experience intensive fragmentation (Fig. 8c).
The acceleration and velocity profiles (Fig. 6) show that the
rock mass experiences strong slope parallel acceleration and
subsequent deceleration in the direction of the x ′-axis dur-
ing the experiment. The acceleration field acts therefore as
a virtual, soft “obstacle” capable of decelerating the rock
mass rapidly. The effects interpreted from the image data
(Figs. 7, 8) are that the rock mass experiences, due to iner-
tial effects, shear displacements not only at the contact with
the basal interface but also internally within the rock mass
itself. Because the bottommost layers of the rock mass expe-
rienced the fastest deceleration, shear and collisional impacts
of these rocks with the overriding hanging wall layers caused
intensive fragmentation within this “process” zone. Further
implications, which can be derived from these observations,
are discussed in more detail below.

It should be noted that stresses generated by the artifi-
cial acceleration field alone turned out not to be sufficient to
exceed the strength of the experimental rock material. This
has been confirmed from a test set up where the extension of
the rock mass was kept short in the x ′-direction but constant
in the z′-direction. Hence, the entire rock mass was sliding as
one block and no fragmentation occurred. Thus, overburden
pressure in the minus z′-direction can be ruled out as a cause
of particle failure.

3 Fractal fragmentation

3.1 Fragmentation

The most striking result of the fracturing of rock particles
within the centrifuge experiments is the fabric of the frag-
mented material achieved. Except for the approx. upper half
of the deposit, which is only slightly fragmented, no parti-
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Fig. 6 Example of a numerical simulation of a centrifugal experiment
at an angular velocity ω of the centrifuge of 30.4 rad/s, for the (a) hopper,
(b) acceleration channel, and (c) run out channel sections. The exper-
iment last for about 0.08 s. in total only. a Development of tangential,
radial, and normal acceleration of the mass point during the experiment.
The normal acceleration in the minus z′(t)-direction is responsible for

the mobilization of frictional shear resistance between the mass point
and the channel base. Note, that at the end of the experiment, when the
mass point stopped, both the tangential and radial accelerations merge to
a static acceleration of 1000 m/s2. b Development of tangential, radial
and channel parallel velocities of the mass point during the experiment
relative to the channel base

cles of the same size were found in contact with each other
(Fig. 8c). This observation is consistent with those made in
nature, providing powerful evidence to validate this centri-
fuge model. The physical reasons for such a fabric are still
under discussion. McDowell and co-authors [74–76] showed
that the particle (tensile) strengths of single particles reduces
as their size increases, whereas the works of [77,78] or [79]
suggest that smaller particles “shield” larger particles and
prevent their failure by distributing the loading over them.
Therefore particles of similar size in contact with each other
are more likely to fail than those of different sizes. In the
present case, where particles are loaded dynamically, an addi-
tional process may be effective in causing fragmentation: that
of momentum transfer. From this point of view, only particles
of a similar size that collide with each other, or small parti-
cles impacting large ones, or being impacted by large ones,
will fragment. This process will also lead to larger particles
floating in a matrix of finer ones.

3.2 Particle size distribution

Comparing the particle size distributions achieved in the cen-
trifugal experiments (Fig. 9a) with the distributions revealed
by sieving samples of deposits of true sturzstroms (Fig. 9b),
provides insight. If the size distribution of the particles of a
rock mass is proportional to a power law relation with the
slope υ, where:

N (r ≥ R) ∝ R−υ, (7)

then a fractal is defined [80–82]. R is a measure of length
(e.g. sieve aperture) in this equation, N (r ≥ R) is the cumu-
lative number of particles with a length r ≥ R. The fractal
dimension D can be calculated from the relationship given
in (7) as:

D = 3 − υ [−−] , (e.g.[81]) . (8)

However, due to practical reasons, it is typical to work with
the percentage of cumulative mass of particles m of size
r “less than” R— m(r < R), because measurements are
obtained directly from sieve analyses. Under the assump-
tion of uniform particle density, Tyler and Wheatcraft [82]
showed that a valid and robust way of obtaining the mass
based fractal dimension D from real sieve data, is to regress
m(r < R) on R expressed in the log/log space according to
the power law relation:

m (r < R) = k Rυ, (9)

where k, is the offset of the regression line.
Turcotte [81] developed the proposition that D is sensitive

to a particular mode of fragmentation. Hence comminution
processes can be interpreted and compared in terms of D.
To perform such a comparison, the deposits of the centrifuge
experiments have been collected and dry sieved carefully by
hand (e.g. [83]) to reveal their cumulative mass–particle size
distribution. The samples from the Flims, Grächen, Goldau
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Fig. 7 View into the “A” channel of the model. Image taken by the
black and white high speed camera during the experiment. The arrow
indicates the flow in the x ′-direction and serves as a scale. Its length
is 32 mm, which equals the initial side length r0 of the intact blocks.
The rock blocks remain in contact during the entire experiment. This
simulation was performed at an angular velocity ω of the centrifuge of
30.4 rad/s

and Köfels sturzstroms (e.g. Sect. 1) have been examined in
the same fashion. These data are plotted in Fig. 9b. Within the
two orders of magnitude of r for these data, D ranges from
2.60 to 2.86. These values of D obtained from the centrifugal
experiments fit well to the fractal dimensions of the Grächen,
Goldau and Köfels sturzstroms, but not to those of Flims.
They are also in the range of values of D for other natural
sturzstroms also, as presented in the data compiled by Crosta
et al. [84] for particles with r up to 1000 mm. Another inter-
esting observation for this centrifuge experiment in particular
is that most of the slopes of the cumulative mass-particle size
distributions tend to decrease (while D increases) for parti-
cles with r < 8 mm, which may be interpreted as a change
in the mode of fragmentation.

3.3 Comminution model

What insights can be gained from the fractal dimensions
derived, and what are the underlying comminution pro-
cesses? Sammis and co-authors [77,85] presented an idea-
lised, deterministic comminution model (Fig. 11), with a
cumulative mass–particle size distribution yielding a D of
2.58. Fig. 9b shows that this model resembles the cumulative
mass-particle size distributions of the Flims sturzstrom to a
good degree, as well as the “mean” of all other mass-particle
size distributions, for particles with r > 8 mm. Data of the
cumulative mass-particle size distribution for particles with
r > 32 mm have not been collected for this study, but data
from literature indicate a sufficient fit to this comminution
model [84,86].

The “initiator” [80] of the comminution model by [77] is
a cube with an initial side length of r0. The mass conserving
“generator” operation retains at each cycle or scale, diago-
nally opposed blocks, but fragments others. The result is that
no blocks of equal size are in direct contact with each other
(Fig. 10). The net number of blocks Nn that are newly created

Fig. 8 A characteristic example of the internal deformation of the rock
“flow” simulated within the centrifugal experiment. This simulation
was performed at an angular velocity ω of the centrifuge of 30.4 rad/s.
a The hopper section of the experiment (cover lid removed). (a) trap
door and its hinge (b); (c) pneumatic piston to unlock the door in-flight.
The hopper is filled in the positive z′-direction with layers of red, blue,
and green rocks. b View into the acceleration and run out channels of
the model showing a total view of the rock “flow” deposit at the end
of the experiment. As depicted in Fig. 7, the rock blocks remain in
contact during the entire experiment. Beside that, the rock mass expe-
riences internal deformation by simple shear during run out, resulting
in a relative displacement of the layers of coloured rocks. The red, bot-
tommost, foot-wall layer stopped first, forming now the proximal end
of the deposit in the minus x ′-direction. This layer has been partly over-
run by the hanging-wall blue and green layers whereas the uppermost
green layer stopped last, forming now the distal toe of the deposit in the
plus x ′-direction. The distortion of the proximal and distal ends of the
deposit originates from gravity acting in the minus y′-direction which
becomes significant post-flight when the centrifuge has been stopped.
c Magnification of the rock “flow” deposit but with the approx. upper
half, in z′-direction of the rock mass, stripped. Whereas the upper-
most rock blocks remained widely intact, the bottommost layer displays
intensive fragmentation. The dotted lines mark the perimeter of ± intact
blocks still existing in that matrix supported deposit. The arrow indi-
cates the flow in the x ′-direction and serves as a scale with a length
of 32 mm, which equals the original side width r0 of the rock blocks
applied in this experiment
during a cycle n, can be calculated as:

Nn = 8 · 6n−1. (10)

The usefulness of this model is that it allows the quantitative
description and prediction of key parameters necessary for
understanding the energy budget of sturzstroms. In the view
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Fig. 9 a Initial and final cumulative mass particle size distributions
m(r < R) resulting from the centrifuge experiments performed at an
angular velocity ω of 31 radians/s, utilizing blocks of ETHAR with
initial dimensions r0 of 19 mm (small), 32 mm (medium), and 48 mm
(large). The final cumulative mass particle size distributions comprise
fines ≤ 8mm, which can be determined from standard sieve analysis,
only. Larger particles represent either non- or only partially fragmented
blocks. b Cumulative mass particle size distributions, normalized over
a constant offset k at R = 8 mm, for various sturzstroms, compared
with the results from the centrifuge experiments and the synthetic grain
size distribution calculated from the comminution model after [77]. The
change in slope for most particle size distributions below approx. 8 mm
may indicate a change in the comminution mode

of the model, fragmentation changes from a continuous to
a periodic process, hence the fragmentation of the initiator
occurs in cycles. In order to calculate the energy dissipated
by the formation of new fracture surfaces, the net surface area
An , which is newly formed during a cycle n, is calculated as:

An = 3n

2n−1 · r0[m2] (11)

4 Dispersive stress model

The fragmentation–spreading model of sturzstroms after
Davies, McSaveney and co-authors [23,46–50,86,87] is
based on the violent phenomenon of “rock bursts” [88–90].
The micro-mechanics of rock burst is still under debate. But
in a general sense, bursts occur when quasi-brittle rocks are

loaded up to their failure strength. In that case their stored
elastic strain energy is partly recovered as kinetic energy of
the failed particles, which acts predominantly in the direction
of the minimum effective principal stress σ ′

3 (Fig. 11). Thus
a dispersive stress or “granular pressure” [87] σdisp,n may
evolve from such a cloud of failed rock particles, reducing
effective stresses in the minus z-direction and hence frictional
resistance τx mobilised within the sturzstroms:

τx,n = (−σz + σdisp,n
) · μ, (12)

This expression allows the dispersive stress concept to be
combined with the effective stress concept by [91] and the
Coulomb frictional model, where the friction coefficient is
denoted as μ.

The elastic strain energy Eelas, f stored just before failure
may be calculated for a triaxial principal stress state, during
a cycle n, utilizing the comminution model presented here,
as (modified after [92]):

Eelas, f,n = 1

2M
·
(
σ ′2

1, f + σ ′2
2, f + σ ′2

3, f − 2 · υ·
(
σ ′

2, f · σ ′
3, f + σ ′

3, f · σ ′
1, f + σ ′

1, f · σ ′
2, f

) )

·r3
n · Nn, (13)

where M denotes the small strain elastic modulus, σ ′
1,2,3, f

the effective principal stresses at failure and N the number of
particles affected.

The energy dissipated by fragmentation E f rag can be cal-
culated for a cycle n as:

E f rag,n = An · G F , (14)

where G F denotes the fracture surface energy [69,72]. The
dispersive kinetic energy Edisp released at failure may be
calculated for a cycle n as:

Edisp,n = Eelas, f,n · COR − E f rag,n, (15)

where COR denotes an elastic coefficient of restitution of
rock [93].

4.1 Mechanical rock properties

At this point, it is necessary to consider the fracture surface
energy G F going into (14), and the compressive strength
of rock, which will affect the principal yield stresses σ ′

1,2,3, f
(13), in more detail. Although the mobilized strength (among
others [94–96]) and the elastic properties of rock may vary
with strain rate it was deliberately decided not to endeavour
to consider any dynamic properties at the present stage of the
work. The first reason is that estimating strain rates generated
between colliding rock particles in a true sturzstrom with any
accuracy would be extremely difficult in practice, because a
very wide range of particle sizes occur in sturzstroms, which
are interacting with each other on very irregular interfaces.
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Fig. 10 An idealized, deterministic model for fractal fragmentation
after [77]. A zero order cubic cell with the dimension r0 is divided into
eight cubic elements with dimensions of rn = rn−1/2. This process is
repeated to higher orders whereas two diagonally opposite cubes are

retained at each scale. The basic structure is fractal yielding a D of
2.58. σ ′

1, f symbolise the maximum effective principal stress at failure.
σ ′

disp,n symbolise the dispersive stresses at failure in the direction of
the minimum effective principal stress σ ′

3, f

Fig. 11 Hitting a rock block with a hammer: conversion of kinetic
energy into elastic strain energy and reconversion of the elastic strain
energy into kinetic energy after failure of the rock. An interesting effect
of fragmentation is that the maximum effective principal stress σ ′

1 is
deflected quasi-perpendicular, in direction of the minimum effective
principal stress σ ′

3. The resulting cloud of particle fragments may then
induce a load on surrounding particles, which will cause a dispersive
stress σdisp . The behaviour of quasi-brittle rocks [72] within this very
simple experiment can be confirmed, by any standard laboratory com-
pressive strength test

Estimates of dynamic rock properties may therefore rather
contribute to indeterminacy than to solving problems. The
second reason is that the tremendous geometric irregular-
ity of rock particles forming sturzstroms may have a higher
influence on their mechanical behaviour than strain rates do
(among others [75,92]), but this dependency can be incorpo-
rated in an analysis more simply.

Taking quasi-static mechanical rock properties of the
“Bunte Rigi-Nagelfluh” conglomerate, the predominant rock
constituting the Goldau sturzstrom of 1806 as an exam-
ple (Table 2, [72]), and assuming in the first instance that
the mechanical properties are independent of particle size

(Fig. 12a), the balance between E f rag,n and Edisp,n avail-
able is depicted in Fig. 12b. In this case, the development of
E f rag,n would serve as a stopping criterion for the mechan-
ical fluidization of a sturzstrom because all elastic strain
energy Eelas, f available would be dissipated in fragmenta-
tion energy. Taking 3.5 · 107m3 as the volume of the Goldau
1806 sturzstrom [51], and assuming an initial rock block side
length r0 of 1 m, it can be estimated for constant mechanical
rock properties, that approx. 2 · 108 MNm of E f rag may be
consumed to comminute that rock mass down to a particle
size of 1·10−5 m. This amounts to approx. 1/3 of the potential
energy available within that event, based on the fall height of
its centre of mass of about 700 m [51]. This value lies close
to the estimations reported in [97]. In this case, fracturing
would constitute, beside friction, a significant energy sink
within the energy budget of sturzstroms.

Assuming a dependence of G F and σc, f from the particle
size rn , a different picture evolves. G F,n may vary, based on
the input parameter shown in Table 3, according to:

G F,n = kG F · rαG F
n ⇒ kG F ·

( r0

2n

)αG F
, (16)

based on a power law regression of data presented in [98]
with αG F ∼ 0.4 as its slope (Fig. 12c). The offset kG F is
calculated in the present case for a characteristic specimen
dimension r of 1 m (e.g. [98]) as:

kG F = r−αG F · G F ⇒ 1−0.4 · 400 = 400
[
J/m2

]
. (17)

The particle size dependence of σc, f,n may be described as
(Fig. 12c):

σc, f,n = kσc, f · r
−ασ,c, f
n ⇒ kσc, f ·

( r0

2n

)−ασ,c, f
, (18)

based on data from the literature for uniaxial compression
[92] and also for tensile particle splitting [75]. According to
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Table 2 Quasi-static
mechanical intact rock
parameters of the “Bunte
Rigi-Nagelfluh” conglomerate

Property Symbol Unit Value Comment

Uniaxial compressive strength σc, f MPa 84(±19) [51,72]; specimen diameter 0.05 m

Young’s modulus M GPa 18(±4) [72]; specimen diameter 0.05 m

Coefficient of restitution COR – 0.89(±0.01) [72,93]

Fracture surface energy G F J/m2 400 estimation after [98]
for characteristic
specimen size of
1 m

Initiator size r0 m 1.0

Fig. 12 a Assumption of a particle size independence of the frac-
ture surface energy G F and uniaxial compressive strength σc, f . b The
increase of newly created fracture surfaces (11) causes that after a few
cycles n, the energy necessary to create new fracture surfaces E f rag,n
(14), exceeds the elastic strain energy Eelas, f,n (13), which sharply
reduces the dispersive strain energy Edisp,n (15) available. In this case,
the development of E f rag,n would serve as a stopping criterion for
the mechanical fluidization of a sturzstrom because all elastic strain
energy Eelas, f available would be dissipated in fragmentation energy.
The energies in this example are calculated for a volume of 1 m3 of

rock with an initial side length r0 of 1m. c Assumption of a particle size
dependence of G F (16) and σc, f (18). The development of σc, f would
serve as stopping criterion for the mechanical fluidization of a sturz-
strom because the particles will reduce in size and therefore become
too strong to experience further fragmentation within the collisional
environment of a sturzstrom. d The particle size dependent decrease
of G F causes only a gentle increase in energy necessary to create new
fracture surfaces E f rag,n (14). The energies in this example are calcu-
lated for a volume of 1 m3 of rock with an initial side length r0 of 1 m

these data, the slope ασ,c, f of the power law regression can
also be set to 0.4. This is not surprising because both the uni-
axial compression and, as the name already says, the tensile
splitting test, cause the formation of mode I tensile cracks
within the material tested. The offset kσ,c, f is calculated in
the present case for a specimen diameter r of 0.05 m as:

kσc, f = r0.4 · σc, f ⇒ 0.050.4 · 84 = 25.3 [MPa] . (19)

The resulting balance between E f rag and Edisp is depicted
in Fig. 12d. The development of σc, f would serve as stopping
criterion for the mechanical fluidization of a sturzstrom
because the eventually small particles would become too
strong to experience further fragmentation within the colli-
sional environment of a sturzstrom (Fig. 12c). Again, tak-
ing 3.5 · 107m3 as the volume of the Goldau sturzstrom
[51] and assuming an initial rock block size r0 of 1 m, it

123



Fractal fragmentation of rocks within sturzstroms 277

can be estimated for this case, that approx. 2 · 106 MNm
of E f rag may be consumed to comminute that rock mass
down to a particle size of 1 · 10−5 m. This would not
even be 1% of the potential energy available. In this case,
fracturing would constitute an almost negligible energy
sink within the energy budget of sturzstroms. Estimations
yielding such a low value have also been reported by
[50].

Of these two simple examples, the second, non-linear, par-
ticle size dependent case, is more realistic, because it is closer
to empirical evidence. But it is clear that this assumption still
does not cover all concerns that arise around the complex
field of fracture mechanics. Turcotte [99] concludes: “Frag-
mentation involves the initiation and propagation of fractures
and is a highly non-linear process requiring complex models
even for the simplest configuration.” This must be even truer
for combining fragmentation with sturzstroms. The indeter-
minacy of the given problem calls for a focus on a few, estab-
lished properties. This is thought to be far more useful than
to give undue emphasis to the intricacies of a particular the-
ory or approach (e.g. [100]). Therefore it was decided not
to explore the influence of fracture mechanics any further
within this contribution.

5 Discussion

5.1 Effects of the dispersive energy

A more immediate approach than attempting to calculate a
dispersive stress σdisp is to take the post failure kinetic energy
of the fragmented particles to analyze the influence of frag-
mentation on the emplacement of sturzstroms. This is done
by implementing (11) and (13–19) within a distinct element
model (DEM). This code models the movement and inter-
action of assemblies of rigid spherical particles, which is
performed by an alternating calculation of Newton’s second
law of motion and a force-displacement model at the con-
tacts. A detailed description of this DEM is given by [12,14].
A simple linear contact model, with the possibility for rep-
resenting energy dissipation by elastic hysteretic damping
and frictional slip, has been adopted as force-displacement
constitutive relation for the present research project. Such
a numerical description offers the possibility to describe a
granular medium, like a sturzstrom, via a “granular”, iter-
ative comminution model, within a “granular” DEM. This
DEM may simulate fragmentation of bonded rigid spheres
numerically. These bonds would fail if their strengths would
be exceeded either in the normal or shear directions. Rep-
resenting rock in this way, in order to model shear localiza-
tion, was successfully applied by [101,102], for example. The
drawback of such a formulation is that it would require small
rigid model spheres (in the range of centimetres or smaller) to

simulate the behaviour of real intact rock successfully. This
would limit, with the computational power available today,
the true model volume within a range of much smaller than
one cubic metre.

The elegance of the solution presented here is to apply the
comminution model after [77] within the continuum of a rigid
sphere itself to allow for its “virtual” fragmentation. Such a
formulation enables the usage of larger, unbonded particles
and, eventually, the simulation of sturzstroms at true scale.

The post failure, dispersive kinetic energy is now consid-
ered within the DEM by letting a dispersive velocity vdisp,n

acting on a single rigid particle of mass m particle, in the
direction of σ ′

3 (Fig. 13):

vdisp,n =
√

2 · Edisp,n

m particle
[m/s] , (20)

if the three dimensional deviator stress q ′ [103]:

q ′ = 1√
2

·
[(

σ ′
1, f − σ ′

2, f

)2 +
(
σ ′

2, f − σ ′
3, f

)2

+
(
σ ′

3, f − σ ′
1, f

)2
]1/2

[MPa] , (21)

exceedsσc, f,n (18). The input average normal and shear stress
tensor σi j ;− of a particle (p) is calculated as:

σ̄
(p)
i j = − 1

V (p)
·
∑
Nc

∣∣∣x (c)
i − x (p)

i

∣∣∣ · n(c,p)
i · F (c)

j , (22)

where V is the volume of the particle, Nc the number of par-
ticle/particle or particle/ground contacts acting on (p), xi (p)

and xi (c) are the locations of the particle centroid and its
contacts, ni is the unit normal vector directed from a particle
centroid to its contact location and Fj is the force acting at
a contact (c) [11,12]. The magnitudes and the directions of
the principal stresses σ ′

1, f and σ ′
3, f of particles undergoing

fragmentation are calculated from (22) as the eigenvalues
and eigenvectors of the stress tensor σi j ;− (Figs. 13, 14).

Exploring the full potential of the DEM applied would
exceed by far the purpose of the current study. Therefore,
two simple examples will be shown to highlight the effects
of dynamic fragmentation on fast moving rock masses like
sturzstroms. The simulations shown consist of a rock mass
block with a volume of 1 × 107m3 (Goldau ∼ 3.5 × 107m3)

consisting of ∼10000 unbonded rigid particles. The size ratio
rmax/rmin of the rigid particles numbers 1.86 to prevent a
reorganisation of the particles within a closed-packed lat-
tice, which otherwise would dramatically alter the behaviour
of the particle assembly [102]. The number of “initiators”
Ninitiator of the comminution model by [77], with a side
length r0 and a volume Vinitiator , which lie within a single
rigid particle with a diameter rparticle(rmin ≤ rparticle ≤

123



278 B. Imre et al.

Table 3 Quasi-static, particle
size dependent, mechanical
intact rock parameters

Property Symbol Unit Value Comment

Fracture surface energy G F J/m2 400 Estimation after [98] for characteristic specimen
size of 1 m

Offset G F kG F J/m2 400

Slope G F αG f 0.4 e.g. [98]

Uniaxial compressive strength σc, f MPa 84 [51,72]; for specimen diameter 0.05 m

Offset σc, f kσ,c, f MPa 25.3

Slope σc, f ασ,c, f 0.4 e.g. [75]

Fig. 13 Rigid particle of the DEM with mass mparticle , located within
a cartesian coordinate system with the x-axis parallel to the flow of
the simulated sturzstrom. The particle is loaded by the three prinicipal
stresses σ ′

1 > σ ′
2 > σ ′

3. If the deviatoric stress q ′ (21) exceeds σc, f
(18), a dispersive velocity vdisp (20) is applied in the positive direction
of σ ′

3. The number of “initiators” Ninitiator of side length r0, which fits
into the volume of the rigid particle of radius rparticle is calculated by
(23)

rmax ) and a volume Vparticle (Fig. 13) is calculated as:

Ninitiator = 6

8
· Vparticle

Vinitiator
⇒ 6

8
·
(

4
3 · r3

particle · π
)

r3
0

. (23)

Note that Ninitiator does not need to be an integer number
and that only 6 blocks of an initiator split into 8 blocks (e.g.
(10) for n = 1 and Fig. 10), hence 75% of Vparticle will
experience further fragmentation according to the comminu-
tion model. The comminution model is now applied to every
rigid particle of the DEM by multiplying (14) and (15), and
(13) with Ninitiator .

This particle assembly in the examples is defined to
move on a completely flat floor with an initial velocity of
70 m/s (according to maximum velocities proposed for Gol-
dau [51]). Two DEM simulations, case I (Fig. 15) and case
II (Fig. 16), will be compared in their run-out behaviour.
Their primary input parameters are presented in Tables 2,
3, and 4. The only variation between case I and II will be

Fig. 14 Example of sturzstrom simulated within the DEM consisting
of 10000 rigid particles. The orientation of principal stresses σ ′

1, f , σ
′
3, f

and vdisp,n of particles under failure are plotted in an isogonal, stereo-
graphic projection during a period of 4.211−4 s at 0.21 s after simulation
starts. It can be seen that the maximum principal stresses are rarely ori-
ented in the z′-direction. The overburden pressure is therefore smaller
than the normal and shear stresses acting in the sub x ′-direction. One
rigid particle (Fig. 13) is indicated to serve as an example. Its maximum
principal stress σ ′

1, f numbers 38 MPa and displays a trend of 344◦ (in
clockwise direction with the x-axis as zero) and a plunge of 40◦. Its
minimum principal stress σ ′

3, f is oriented perpendicular to σ ′
1, f and

displays a trend of 305◦ and a plunge of 50◦. vdisp,n acts in the same
direction as σ ′

3, f and is 5.9 m/s in this example

the friction coefficient μ mobilized in the interface particle
assembly/ground, which is considerably higher in case II.

The run-out behaviour of case I is depicted in Fig. 15. All
particles move as a flexible sheet due to the relatively low
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Fig. 15 Simulation of a rock mass block with a volume of 1 × 107m3

consisting of ∼10000 rigid particles moving with an initial velocity
of 70 m/s in the x-direction. The initial dimensions are x = 629.46 m,
y = 209.82 m, z = 75.72 m. Only the right half (y/2) from the total
assembly is shown. The colour coding of the particles indicates their

deviator stress q ′ state. The friction coefficient mobilized by the ground
μground,I is set to 0.5 (Table 4). Gravity is acting in the minus z-direc-
tion. a Initial particle assembly. b Particle assembly at the halftime of the
total simulation duration. c Final particle assembly with all velocities
<0.1 m/s

frictional resistance at the base, showing very low relative
displacements between the particles. This results in a low
stress level within the particle assembly, causing very few
particles to reach their yield strength and to fragment. The
lack of dispersive stress within the particle assembly causes
it to move and to stop, as it would be predicted by a simple
frictional block model. Only inertial effects cause the front
of the particle assembly to spread slightly (Fig. 15c).

Figure 16 shows the run-out behaviour of case II, whereby
the high friction mobilized along the ground causes particles
in contact with the floor to decelerate rapidly compared to
the rest of the particle assembly (Fig. 16a). The result is that
the zone of highest shear displacement migrates from the

ground into the particle assembly itself (Fig. 16b, c). In this
shear zone the relative velocities between the particles are so
high that stresses sufficient to yield fragmentation occur. As
soon as this is the case, the dispersive stresses cause a dilation
of the particle assembly with a simultaneous reduction of the
shear resistance that can be mobilized in the shear zone. The
particle assembly above the shear zone may now override
the material below the shear zone (Fig. 16b, c). High dilation
and low shear resistance are at the same time the reason for
fragmentation and the development of dispersive stresses to
cease—which lays the ground for high shear stresses to be
mobilized again—a new cycle of fragmentation. The result-
ing spreading is much more prolonged than in case I.
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Fig. 16 Simulation of a rock mass block with a volume of 1 × 107m3

consisting of ∼10000 rigid particles moving with an initial velocity
of 70 m/s in the x-direction. The initial dimensions are x = 629.46 m,
y = 209.82 m, z = 75.72 m. Only the right half (y/2) from the total
assembly is shown. The colour coding of the particles indicates their
deviator stress q ′ state. The friction coefficient mobilized by the ground
μground,I is set to 9.5 (Table 4) representing “rugged” ground. Gravity
is acting in the minus z-direction. a Particle assembly 0.42 s after simu-
lation starts. The particles coloured in blue indicate a practically stress
free, dispersed zone of the assembly where all particles move at the same
velocity within a granular “cloud”. The reason for this can be found at

the base, where particles in contact with the ground have been decel-
erated dramatically forming a “process zone” displaying high shear
strain, stress and fragmentation (enlarged detail). b Particle assembly
at the halftime of the total simulation duration. The dispersed assem-
bly collapses, forming new “process zones” in which particle fragmen-
tation will cause dilatancy of the assembly again (enlarged detail). c
Final particle assembly with all velocities <0.1 m/s. It can be seen that
the “process zone” migrated from the ground all the way to the very
top “layer” of the particle assembly which, is still, at that time of the
experiment, in a highly dispersed state, indicated by the blue colouring
of the particles

5.2 Inertial entrainment friction

The assumption of a very high friction coefficient at the base,
as in case II, is reasonable, describing an “apparent” fric-
tion postulated as a concept of “inertial entrainment friction”.
This concept is developed based on own observations and
literature that sturzstroms “and their deposits reflect strong
interactions with rugged terrain and deformable, wet sub-
strates” [104]. A terrain may not only be considered as “rug-
ged” due to the presence of obstacles, where a high “appar-
ent” friction seems obvious, it could also apply to completely
flat terrain in soft soil, in which material will be entrained by
ploughing (Fig. 17). In consequence it may be assumed that

every rock block in contact with the basal soil will accelerate
a volume of soil of the same or even higher mass than the
mass of the block itself. The result is that at the base of a
sturzstrom, not only the drained or undrained internal fric-
tional resistance of the soil has to be overcome, but also the
momentum of the rock particle is transferred into the ground.
This causes the basal layers of rocks to be decelerated dramat-
ically compared to the rock mass above. The result is that the
zone of the highest shear displacement will migrate upwards
into the rock mass (Fig. 16), in which the momentum trans-
fer between the rock blocks may cause their fragmentation.
What then follows is depicted in the discussion of the DEM
model (Sect. 5.1).
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Table 4 Further input parameter for DEM

Coefficient of restitution of particle/floor contacts COR f loor – 0.3

Friction coefficient of particle/particle contacts μparticle – 0.5 Together with an experimentally derived dilation angle of
6◦μparticle yields an angle of repose of the total assembly of
33◦ (e.g. [9])

Friction coefficient of particle/ground contacts case I μground, I – 0.5

Friction coefficient of particle/ground contacts case II μground, I I – 9.5

This would mean that “soft” ground will mobilize a higher
resistance than “hard” rock above a critical relative displace-
ment rate between sturzstrom and ground, due to momentum
transfer. Such behaviour reverses when the sturzstrom even-
tually slows down. Without significant momentum transfer,
undrained ground will mobilize much lower shear strength
than a hard rock surface. The concept of inertial entrainment
friction therefore suggests an explanation for the presence of
fragmentation during run out of a sturzstrom on soft ground
but also of the occurrence of secondary features like, for
example, transversal ridges or toma hills (among others e.g.
[58,105,106]). Such features seem to be related to situations
where sturzstroms have been emplaced on very soft, satu-
rated soils. The sturzstrom may already have come to rest (no
or small displacement relative to the direct ground) whereas
slabs of failed soil, accelerated due to the momentum transfer
described above, may still move, deforming the sturzstrom
deposit above. If the heavily fragmented rock mass of a sturz-
strom reaches an open water surface, a suspension flow may
evolve adding to an even more prolonged total run out. The
late deposition phases of the Almtal sturzstrom in Austria
[107] or again Goldau in 1806, when the rock mass reached
Lake Lauerz [10], may serve as examples. But these suspen-
sion flows can not be considered as sturzstroms anymore in
the strict sense.

The other extreme are rock blocks sliding on “hard” intact
rock. In this case, momentum transfer into the base may be
minor because, even at high velocities, substantial ploughing
may not occur, preventing migration of the shear zone into
the rock mass. This would cause all shearing to take place
within this contact zone creating enormous frictional heat,
occasionally leading to partial melting of the surrounding
rock (e.g. [63]). In any case, the rock mass would move in
this situation as a block or flexible sheet, displaying small
amounts of fragmentation only.

A further inference, which may be drawn from the concept
of inertial entrainment friction, is that, if for any reason, the
shear resistance between the sturzstrom rock mass and the
underground is significantly reduced (for example interstitial
volatiles like air, water, fused rock, etc), the rock mass will
move as a block or flexible sheet with all displacement taking
place in that distinct shear zone. In this case, only minor frag-
mentation will occur because the relative velocities between

Fig. 17 An example of how rugged terrain may be envisioned in the
context with flat, soft ground. The image shows a sturzstrom rock block
which ploughed through fine-grained fluvial and lacustrine sediments
near the distal rim of the Yarrbah Tshoh event, Shigar valley Baltistan
[104]. The sturzstrom moved diagonally from the left to the right. Hewitt
[104] notes the “bow-wave” of crumpled alluvium in front of the largest
boulder. This means that not only the internal frictional resistance of
the alluvium had to be overcome (arrows) but also the momentum of
the boulder with mass m1 had to be transferred into the wedge of soil
with mass m2

the particles within the rock mass are too small to gener-
ate sufficient impact forces. Because intense fragmentation
is characteristic of sturzstroms, any process which may be
proposed as reason for a significant reduction of the basal
shear resistance (below the angle of repose of the sturzstrom
rock mass) may be ruled out from playing a major role in the
displacement of sturzstroms. This inference may also allow
a new view on the extremely large sturzstroms on the sur-
face of the planet Mars. Their formation, and whether these
sturzstroms were emplaced wet or dry, is still in discussion
[108–111]. This question has profound implications regard-
ing the presence, extent and timing of ground ice reservoirs
and liquid water on Mars.

For now, only a high “apparent friction” is introduced into
the DEM to demonstrate the effects of dynamic fragmenta-
tion and the applicability of the comminution model after
[77]. But the concept of inertial entrainment friction will be
explored in more detail in future.

Finally, it is necessary to review the centrifuge experi-
ments again. In Sect. 2.3 it is reported that the rock masses
within that experiment moved as a flexible sheet (Fig. 7)
and displayed a mode of fragmentation, which is compa-
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rable to deposits of natural sturzstroms (Fig. 8). From the
DEM simulation, it is inferred that both at once may not be
possible. At the time, when the centrifuge experiment was
designed, it seemed essential to provide a modelling environ-
ment in which ploughing and therefore momentum transfer
between the rock mass and the side walls of the experimental
chute is prevented. The centrifugal experiment replicates
therefore the “hard” ground case as discussed above. The
observed fragmentation is interpreted to be the result of the
dynamic acceleration field evolving from the boundary con-
ditions as discussed in Sects. 2.2.1 and 2.3, acting as a “soft”
obstacle. Based on the evidence derived from the DEM,
it seems promising to introduce truly “rugged” boundary
conditions in the centrifuge in upcoming studies. This may
allow momentum transfer, fragmentation and migration of
the process zone to be simulated physically at laboratory
scale.

6 Conclusion

The evidence presented in this study suggests that the com-
minution model after [77,85] constitutes a useful tool for
the field of sturzstrom research. It allows field evidence and
results of physical experiments presented within this study
to be linked with numerical modelling, by providing a rea-
sonable mathematical description of fragmentation. At the
same time, this comminution model is simple enough to rep-
resent key features of fragmentation and make progress in
sturzstrom research, while not getting lost in mechanical or
mathematical details.

The conclusion is drawn that sturzstroms represent a type
of landslide whose run out is not only controlled by fric-
tion but significantly by the initial size, intact strength and
intact elastic properties of the rocks involved. This allows
a number of interesting implications to be suggested on
which further research may be based: (1) The empirical
volume dependency of the run out of sturzstroms has one
physical reason in the amount and initial size of intact rock
blocks available for fragmentation and therefore of disper-
sive stress generation. The volume of intact rock particles
involved in such a flow can be envisioned as a “fuel” source
consumed by fragmentation. (2) Sturzstroms will develop
in situations where the majority of the host rock is con-
stituted of hard, widely jointed blocks (e.g. [112]). Oth-
erwise the development of slow, deep seated gravitational
slides, is more likely [113]. The investigation of the struc-
tural inventory of the detachment zone of a sturzstrom there-
fore gains significance (for a study covering this topic e.g.
[97]). (3) The sturzstrom model discussed here depends on
the presence of “rugged” ground to allow for fragmenta-
tion of the rock mass and a migration of the shear zone
into the sturzstrom. (4) The mathematical descriptions of

comminution, and the resulting development of dispersive
stresses presented here are suitable to be implemented as
constitutive models within distinct element codes. A calcu-
lation-efficient numerical simulation of the effects of frag-
mentation within a particulate flow, under consideration of all
effects of three-dimensional momentum transfer, may now
possible.

The centrifuge experiments allow these mathematical
algorithms implemented within the distinct element model
to simulate the effects of dynamic fragmentation, to be
causatively tracked all the way through their analytical
description, to the empirical evidence gained from the obser-
vation of true sturzstroms.

Finally the implications presented in the discussion may
suggest that a sturzstrom, because of its strong relation to
internal fragmentation, constitutes a landslide category of its
own. This proposition does not exclude the possible appear-
ance of frictionites, toma hills or suspension flows etc., but
it considers them as secondary features.
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