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Abstract The dynamics of grain fragmentation is usually ignored in the study of rapid granular flows. This
is realistic for experiments on small-scale chutes or in many industrial processes where the specific granular
energy is too small for particles to break but is unrealistic for natural rock avalanches, where the extremely
comminuted state is perhaps the most evident aspect of the deposit. Based on observations of natural landslide
deposits, it has been suggested that the stress may increase along a sequence of force chains formed by the gran-
ular material. However, simple calculations show that rock avalanche deposits exhibit a much more advanced
degree of fragmentation than explainable with the static chain model. It is thus deduced that fragmentation
along force chains must be combined with the effect of a bumpy topography. A simple model of a force chain
moving on a rugged incline is then introduced, which exhibits increased fragmentation rate in the presence of
a bumpy topography. It is shown that both the wave number and amplitude of the topographic undulations are
significant in the efficiency of fragmentation.

1 Introduction

Landslides and rock avalanches represent a large natural laboratory for the study of granular flows [1].
Nevertheless, natural rock avalanches feature a series of properties associated to the enormous masses involved
that are not reproducible in laboratory flows. The most apparent deviation is the magnitude of the apparent
friction coefficient associated to the flow. While the friction coefficient measured in laboratory experiments
remains constant as a function of the volume, friction appears to decrease with increasing volume of large
landslides [2,3]. Rock avalanche deposits are also characterized by a dramatic degree of fragmentation [4-10],
(see Fig. 1) that is absent in experimental avalanches, where the energy per unit mass is typically too low for
particles to break.

Grain size distributions in natural rock avalanche deposits show a volume reduction of the grains by some-
thing between 15 and 18 orders of magnitude in volume [4]. The process of fragmentation is controlled by
the dynamics of the avalanche and may in turn affect the flow and velocity of the rocky mass, as well as the
structure of the final deposit. Thus, a quantitative analysis and theoretic explanation of fragment size distri-
bution of a rock avalanche deposit at different positions and depths could provide indications on the impact
energies and state of stress during the granular avalanches and offer a clue for understanding the anomalous
mobility of large rock avalanches [6]. At first, fragmentation appears mostly as the result of energetic and
chaotic impacts of an initially intact mass against the valley flanks, in an almost explosive fashion. However,
the examination of natural deposits shows that in many cases, the order of geological structures (e.g., strata or
magma intrusions) remains unaltered during the flow, signifying that not much internal displacement occurs
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Fig. 1 Fragmented material in the deposits of the Val Pola landslide, northern Italy. Picture field about 1.5 x 2 m

in the body of a rock avalanche. Thus, a great deal of fragmentation probably occurs due to impulsive stresses
acting vertically rather than to impact.

Despite the evident transformation of a breaking rock avalanche, the theoretic investigations of rock ava-
lanche fragmentation have been sparse [6,7]. Measurements of the grain size spectra and their variation with the
rock avalanche deposit are rarely accompanied by theoretic explanations of the observed spectra or numerical
modeling of fragmentation. The present note suggests that one of the principal processes of rock avalanche
fragmentation occurs through force chains in the granular medium coupled with an irregular topography for
the slope path of the avalanche. A more complete model of fragmentation and the calculation of grain size
distribution in a rock avalanche deposit are deferred to a next contribution.

2 Simple estimates
2.1 Energy estimates

As a starting point, we consider the energy necessary to break an intact grain of size D to smaller particles
of average size d. In the comminution industry, this is a classic problem where at least three solutions have
been suggested [11,12]. Widely used is Bond’s relation which states that the energy per unit mass necessary
to disintegrate a mass from a diameter D to a distribution such that 80% of the particles have diameter < dgg

is E = 1072W [1 //dgo — 1 /«/5] where the Bond work index W is a material constant. From Bond’s

equation, it is found that a slab of extremely large size (D — o0) of a strong rock like granite will break
down to particles of 3—4 mm in diameter when falling from 1000 m height, in the assumption that all of the
gravitational energy has gone into the fragmentation channel, whereas for limestone a slightly lower value can
be expected (see Appendix). The particle size predicted by the fragmentation model is compared in Table 1
with data from two landslide deposits observed in central Caucasus (Strom 2004, private communication, and
ref. [13]). The evident discrepancy between observed and predicted final grain size shows, unsurprisingly, that
only a small fraction of the available energy goes into the comminution process and that the fragmentation
in a rock avalanche might be dynamically different from that occurring in a comminution device. Similar
conclusions have been drawn by Crosta et al. [4] for the recent Valpola landslide in northern Italy. In any case,

Table 1 Comparison of prediction based on energy estimates with data (data in the fourth column extracted from observations
kindly provided by Strom).

Name of rock avalanche =~ Rock and bond index (J/kg)  Height of fall (m)  dgp (observed) (mm)  dgo (predicted) (mm)

Upper Mizur (1) Limestone (50,492) 1,350 13.72 1.45
Upper Mizur (2) Limestone (50,492) 1,350 13.72 1.45
Karivoh Limestone (50,492) 2,500 5.66 0.42
Karivoh (2) Limestone (50,492) 2,500 5.68 0.42

Kokomeren Granite (59,965) 2,500 2.26 0.60
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it is concluded that the energy estimates are not informative on the physics of fragmentation, and one has to
consider the kinetics of the fragmentation process.

2.2 Fragmentation rates due to particle—particle impact at a certain granular temperature

As a first model, we can consider the granular medium inside a rock avalanche as a thermalized ensemble of
grains; inter-granular impacts are then due to thermal-like fluctuations in the particle speeds. A simple estimate
of the fragmentation rate due to particle—particle impact can be introduced considering a system of identical
grains at a certain granular temperature [14]. Without energy input, the granular temperature approximately
decreases in time following Haff’s law as d7'/dt ~ —k (1 - 82) Tv wherev =v/s = «/ﬁ/s is the collision
frequency between neighbor particles, k =~ 1 is a dimensionless constant, s is the average distance between
the surfaces of two neighboring particles. The maximum theoretic energy input per unit time is of the order
~ gU sin  where U is the velocity of translation of the granular flow in the gravity field of intensity g and 8
is the slope angle. In a stationary regime in which the energy input equates energy dissipation, the mean square

velocity cannot be greater than vpax ~ [gU sin Bs/ (l - 52)]1/ 3, which shows the relationship between
maximum velocity and average particle distance s. Numerous field observations show that in many levels of
the deposit of a large rock avalanche, the broken grains tend to remain in relative position during their travel
as pieces of a jigsaw puzzle [15]. This implies that the average distance between grains must be substantially
shorter than the grain size, else grains would diffuse through the interstices. Thus, we must have s << R.
Considering for sake of example particles in the centimeters size range, s & 1 cm and with plausible values
U =30m/s; e =0.5;sin 8 = 0.5, one finds v << vpyax =1-2 m/s.

The specific fracture energy in particle—particle impact ey is defined as the kinetic energy per unit
mass at which the breakage probability is 0.5, [12]. For limestone, ey ~ 114 J/Kg, which corresponds
to a relative impact velocity of 10-11 m/s, significantly greater than the maximum impact velocities esti-
mated earlier. For smaller energies, the breakage probability P(e) is found experimentally as [12] P(e) =
(1/2) {1 +erf [In x]} &~ (1/2) exp(—x)/(x/7) where x = (1/0,) In(e/ey), e is the specific energy (energy
per unit mass), erf (x) is the error function, o, is a material parameter giving the width of the distribution. As
a numerical example, the data show that irrespective of rock type, the breakage probability is reduced to only
0.01 at one third of the specific fracture energy [12]. According to these estimates, the relative velocities inside
a rock avalanche appear too low for particle—particle impact to be an efficient mode of fragmentation, even
though impacts may cause some degree of erosion at the grain surfaces and chipping of small chunks [12].
Particle—particle collision might become more efficient at the beginning of the rock failure, when very high
relative grain speeds may be present [7].

2.3 Role of static force chains in the process of fragmentation

Experiments and numerical modeling show that the stress in a compressed granular medium is arranged in
force chains (see e.g., [16]). A grain in a force chain is subjected to more intense stress than average and is
thus more likely to break. For external pressures exceeding some MPa, the distribution function of the stress
acting on the grains f is compatible with an exponential function P;(f) = (f )y~ 1 exp [—f/ (f)]; however,
the distribution changes toward a Gaussian for higher pressures [17], P>(f) = (f)‘l exp [— (f/{f)— 1)2].

Assuming a monosized population of grains with radius Ry, the maximum stress o'y that a spherical par-
ticle can withstand before breakage is assumed of the form oy = x R” [18], where x and b < 0 are material
constants. Adopting the exponential distribution Py, we can expect that if static force chains are involved in the
fragmentation, then the distribution of forces would be reflected in the grain spectrum. The fraction of grains
that are expected to break when subjected to a given load P is then Fy (R) & exp [— xR/ 2P]. To compare the
predictions of this simple model with data, it is necessary to pass from integral spectra with respect to particle
number Fy (R) (representing the number fraction of grains of radius smaller than R) to integral spectrum with
respect to volume Fy (R), which is the fraction of volume due to grains smaller than R. This is because spectra
are usually measured with sieve analysis, which provides measurement of volumes rather than grain numbers.
Using the above equation, the integral spectrum Fy (R) can be calculated as the ratio
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Table 2 Two different depth ranges for the deposits, corresponding pressure, observed value of Rsg, observed grain radius

Depth (m) Pressure (MPa) Ro(mm) Rs0(0bs) Rso(theory)
10-15 ~0.2 100 0.7-20 82
60-70 ~ 1.2 100 0.3-20 78

The grain radius Rso is the particle radius such that half of the deposit mass is less than that radius. Data are taken from ref. [4]

-1

R Ro
Fv(R) = /Rb+2e—FR”dR /Rb+2e—FR1’dR , (1)
0 0

where I' = x /2P and Ry is the maximum block size. The expression can also be transformed as the ratio of
two incomplete gamma functions.

Table 2 shows the results of the calculation compared to data taken from Crosta et al. [4].

According to the measurements of ref. [4], at a depth of 60—70 m, the median value of diameter distribution
Dsg ranges between 0.6 and 15 mm depending on the position in the rock avalanche deposit. The above coupled
formulas show that at these depths, particles of diameter smaller than 70 mm will not be broken by static force
chains.

Real deposits exhibits much smaller grain sizes than predicted by the static chains model, suggesting that
static chains are insufficient to cause the observed fragmentation. The two possible explanations are that: (i) the
above analysis neglects the possibility of chipping, i.e., superficial erosion of grains during impact rather than
grain breakage as a whole, and (ii) the fact that dynamic processes are more important than the static ones in
the process of breakage along force chains. This second possibility will be explored further.

The fragmentation at slow rate along quasi-static force chains is probably more typical for basal tills,
i.e., deposits underneath a glacier [19]. Such deposits are coarse-grained compared to a rock avalanche deposit.

3 Dynamic fragmentation: force chains on a bumpy topography

Because a rapid granular flow is traveling at high speed, the stress may augment enormously along a force
chain whenever the material slides on a bumpy slope path. In the following, it is assumed that force chains are
not restricted to static granular media but form continuously within a rock avalanche. Based on this premise, a
simple model for the fragmentation along a single force chain is explored. To study dynamically the behavior of
a force chain in a bumpy topography, we consider a simple model of a pile of N spherical particles of radius R
representing a force chain (Fig. 2). The spheres collide along the vertical direction with neighbors and dissipate
energy upon each collision. The equations of motion for each particle along the direction perpendicular to the
terrain are written as

Fig. 2 Model adopted in the paper to study the fragmentation along a force chain in a granular medium
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dv,-
dr

fori = 1...N, where kpooke is the Hooke repulsion between particles, A; j+1 = (yi+1 —yi —2R) ©®
(=Yi+1 + yi + 2R) is the superposition length between two neighboring particles (®(...) is the Heaviside
function), y;, m; are the (vertical) coordinate of the i-th particle counted from the bottom and the mass respec-
tively,and C = —1Ine [kHOOKEm / (n2 + In? s)] is a constant of dissipation related to the coefficient of resti-
tution for the velocity € [20]. The terrain topography is assigned with a parametric equation for the heighty (x)
where x is the horizontal distance. The lowermost grain (with assigned index i = 0) slides on the terrain with
a local acceleration parallel to slope of the form a| = g (sin 8 — u cos B) where f is the slope angle and w is
an internal friction coefficient giving the resistance to sliding along the path. This represents the equation of
motion for frictional materials with constant friction coefficient 1.

The equation of motion of the other particles follows solving Eq. (2) where the position of the i = 0
particle enters as a time-dependent boundary condition. In the absence of bumps in the topography, the angle
changes with the position in the form of a decreasing exponential (dashed line in Fig. 1). To introduce a
bumpy topography, simple sinusoidal fast-changing perturbations are superimposed to the basic exponential
slope path, so that the complete slope height has the form y(x) = AH exp(—x/d) + A sin(kx) where k gives
the rapidity of change of the bumps height. Formally, k is akin to a wave number in wave phenomena while
A = 2m/k is the wave length. The horizontal motion on the rugged slope path thus determines a vertical
impulse to the chain. Formally, the solution of the equations of motion is similar to that of a static chain on a
vertically vibrated plate [21,22]. Because in order to estimate the fragmentation rate the present work focuses
on the compressive stress between particles, the solution scheme adopted here must be necessarily based on
a soft model rather than on a hard sphere model as in ref. [22]. Models for granular dissipation have been
suggested where the coefficient of restitution ¢ is linked to the properties of the material and thus depends on
the impact energy [14]. The schematic nature of the present model and the fact that the velocity variations are
not dramatic, justify the use of a fixed coefficient of restitution ¢. Only one single pile is considered in the
model, which is equivalent to neglect interactions between different piles.

Figure 3 shows the results of a simulation with 300 identical particles, each of 4 cm in diameter (for better
clarity only the trajectories of the lowermost 100 particles are displayed). Panel A shows the vertical position
of the grains as a function of the horizontal coordinate along the artificial slope, and panel B the separation
between particles (the long-range exponential decrease is eliminated from the figure). At the beginning of the
simulated sliding, the velocity parallel to bed u| (shown in panel C) is relatively low so that particles in the

HOOKE
—

k c . . .
= —gcosp — Ajiv1 + Ajio) — - (2yi = Vi1 — yi—1) (2)

Az s
S .

distance (m)

Fig. 3 Solutions of the model where the force chains is idealized as a pile of N spherical particles. a Position of the lowermost
100 grains with a wave length of the topographic disturbance of 130 m and amplitude 2 m. The topography is shown in red (for
clarity the superimposed exponential decrease in the height is not shown). b Vertical separation s between grains. ¢ Horizontal
velocity of the chain. d Increase of the breakage probability per unit time with respect to the case of static chain. e Position of
the grains with a stronger topographic disturbance (wave length 60 m and amplitude 2 m). f Increase of the breakage probability
with the topography as in e. The numerical values used in the calculation are: © = 0.7, & = 0.5, kHookE = 2 X 107 Nm~!,
I'=56,b=-0343,R=2cm, M =0.1kg
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pile remain close. However, as the pile acquires speed, grains begin to collide more energetically and start to
jump, as noticeable in panels A and B.

To estimate the breakage probability of grains along a gile, first the compressive stress through each grain
is calculated as t; = kHOOKE (|Ai,i+1| + |A,-,,'_1 D /(2R)~ [18]. This quantity is compared to the stress nec-
essary for grain breakage p, which can be usefully parameterized in the form log;q p = I" 4+ (2 4+ b) log;y R
where I' and b are material constants [18]. Panel D shows the ratio f = (f;) = (t;/p), where the brackets
denote an average over all particles. Because much fragmentation is expected to occur when f; > 1, this
ratio can be considered as a proxy for fragmentation rate. It is apparently the turnover of: (1) inactive periods,
(2) long-lasting bursts of high stress, and (3) episodic, very high peaks (reaching up to f = 10). Comparing
panels D and A, one can notice that quiet periods are associated with the motion of the force chain on the
maxima of the topographic profile, whereas long-lasting bursts fall in the minima of the topography where an
acceleration ~ Auﬁk2 sums up to gravity. This latter term is due to the curvature of the bumps and represents
a centrifugal acceleration term. The highest peaks are related to the collisions of the chain with the bottom
following a heap, when the instantaneous compressive stress becomes very large. This calculation shows a
clear correlation between breakage locations and the topographic bumps.

In panels E and F, the amplitude and wave number of the topography have been accentuated, which results
in much longer jumps and energetic collisions. As a rule, the more extreme the topographic features, the
larger the stress peaks can potentially become. However, as the comparison between D and F shows, when
the topography changes faster the heaps increase in length making the episodic bursts of fragmentation rarer
(notice that the vertical scale in F is ten times greater than in D). The threshold condition for jumping is
that the dimensionless number F' = Auﬁk2 /g > 1. Thus we can conclude that an intermediate topographic
disturbance produces more continuous fragmentation, whereas a fastly varying topography determines rarer
and restricted locations where the fragmentation rate peaks to extreme values.

To examine more systematically the topographic effect of the fragmentation rate, Fig. 4 shows the calcula-
tions for different values of the wave number k and amplitude A. Panel A shows the average particle separation
between neighbors averaged over the simulation time. Whereas for small amplitudes and wave numbers the
separation is a very small fraction of the particle diameter, when both amplitude and wave number are high
(greater than 2 m and 0.05 m~! respectively) the particles are cast in ballistic flights at high speed so that their
separation distance reaches up to ten times the diameter. Panel B shows the parameter L defined as the value of

Fig. 4 Results with changing values of the topographic disturbance: amplitude A and wave number k, each point reporting the
results of a simulation. Left, the average distance between the surfaces of neighboring particles. Right, the increase in breakage
probability
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f averaged over time. It appears that fragmentation increases with amplitude of the bumps and wave number.
However, the figure also indicates that the fragmentation saturates when amplitude and wave number become
large. This is because even though impacts are more energetic, they also become rarer. This implies that a very
rapidly changing landscape will not necessarily entail higher fragmentation rate.

4 Conclusions

Naturally-forming force chains in a granular medium are capable of focalizing stress concentration and are
more significant than particle—particle impact in bulk fragmentation of a landslide. Particles belonging to force
chains are subject to major fragmentation, but only in conjunction with the sliding on an irregular terrain.
Fragmentation along static chains is found to be insufficient to produce the observed clast distribution in a
rock avalanche. It is then suggested that the effect of the topography is of basic importance for natural frag-
mentation in landslides. Fragmentation efficiency is found to increase with both amplitude and wave number
of the topographic bumps, reaching limit behavior.

To conclude, considering the obvious disintegrated state of landslide bodies, it is surprising that no models
have been developed for landslide fragmentation. In this preliminary paper, no attempt was made to systematize
the effect of fragmentation and calculate the fragment size spectrum. Calculations with a different model of
landslide fragmentation based on the kinetic of the processes and the comparison with observed spectra are
deferred to another paper [23].
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Appendix: comminution energies for rocks

The calculation of the energy d E required for grain size reduction d R of a unit mass of rock has been addressed
many times owing to the importance in the industry of comminution. The most used relationships can be sum-
marized with the equation [11,12] dE/dR = —kR™" where k and n are constants. In the calculations,
n assumes the values n = 1 (Kick law) n = 1.5 (Bond law), or n = 2 (Rittinger law). Physically, Kick’s
law implies that the fragmentation energy depends only on the ratio of the initial to final grain size (i.e., the
energy necessary to reduce blocks of 1 meter to grains of 1 cm is the same as the one needed to fragment from
1 cm to 0.1 mm size), which is not realistic for rocky materials. Rittinger’s law is based on the premise that the
fragmentation energy is proportional to the area created with fragmentation. Bond’s law does not have a direct
interpretation, yetitis probably the most reliable among the simple formulas in estimates of fragmentation rates
for industrial mills and crushers. The solution to the above differential equation is £ = k In (D /d) for Kick’s
law and E = [k/(n — D][1/d""' = 1/D""'] ~ [k/(n — 1)]1/d"~" for Bond and Rittinger laws. Using
Bond’s law, it is found that the predicted size of final particles when the rock falls for a height of H meters in
the gravity field is approximately dgo (cm) ~ 1.04 x 10~* (W/H)>, where W is the Bond work index. For
example, with appropriate value for limestone (W 2 5 x 10* J Kg~!) one finds d (cm) ~ 2.5 x 10°/H?
which for a 1 km fall yields &~ 2.5 mm for the average particle diameter. The fact that the observed values of
dgo are greater shows that of the energy available only a small fraction is used up in the fragmentation of the
rock avalanche.
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