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Abstract The effective friction coefficient of rock avalan-
ches diminishes gradually as a function of the avalanche
volume. Large rock avalanches can reach run-out distances as
long as ten times the fall height, despite the fact that the phys-
ics of friction would indicate a run-out only a little greater
than the fall height. Numerous suggestions have been put
forward to explain this remarkable departure from the pre-
dictions of both small-scale experiments and basic theory. It
is shown here that accounting for rock fragmentation within
the avalanche in combination with the presence of water,
leads to results in line with the data.

1 Introduction

Rock avalanches are fast-moving, hazardous granular flows
taking origin from the collapse and disintegration of a thick
rock layer [1]. A known problem emerges comparing the
deposits of rock avalanches with the results of small-scale
experimental granular flows or rigid objects [2]. The theory of
sliding friction predicts that the ratio between the fall height
and the horizontal displacement of a granular avalanche is
independent of its mass. The friction force, which is directed
parallel to the slope and opposite to the velocity, has the
form FF = −g M cos β µ [3] where g, M, β are respectively
the gravity acceleration, the avalanche mass, the local slope
angle, and µ = tan φ is the friction coefficient expressed
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in terms of the internal friction angle φ, an experimental
property that for rocks is of the order ∼ 38◦ − 40◦. The ava-
lanche comes to rest down slope where the gradient is smaller.
Because the kinetic energy is zero in the initial and final
states, the overall change in the potential energy from start
to stop must be equal to the work performed by the friction
force. If dl is an infinitesimal displacement along the path, we
have MgH = − ∫ Final

Initial FF dl where H is the total fall height in
the gravity field. Upon substitution of the expression for FF it
is found that the ratio between the vertical to horizontal dis-
placement of the rocky mass H/R is just equal to the friction
coefficient of the rock involved: H/R = tan φ ≡ µ, which
is a material constant. Thus, the theory predicts that indepen-
dent of the path form and of the mass, the distance reached
by the centre of mass of the avalanche equals the fall height
divided by the friction coefficient, R = H/µ. With typical
values for the friction coefficient, µ ∼ tan(38◦)−tan(40◦) ≈
0.78–0.84 one finds that the runout length should be slightly
greater than the height of fall in the gravity field. Small-scale
experiments with granular flows confirm that the ratio H/R
is indeed constant and independent of the mass [2].

However, a very different trend is obtained when similar
data are gathered for rock avalanches [3,4]. Figure 1 shows
a plot of data from many different events, demonstrating that
the ratio H/R decreases with the volume (it is usual to use
the volume rather than the mass, a reasonable approxima-
tion considering the limited variation of the rock densities).
A similar trend is exhibited by Martian landslides [5,6], a
fact that reveals a generality of the phenomenon. The data
for the Earth can be fitted by a power law [3,4]

H/R ≡ µ′ ≡ tan ϕ′ = aV −γ (1)

where the primed quantities µ′ and φ′ can be called the
effective friction coefficient and the effective friction angle
respectively; the exponent is of the order γ ≈ 0.15.
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180 F. V. De Blasio

Fig. 1 The effective friction coefficient as a function of the volume
for terrestrial and Martian rock avalanches. The effective friction coef-
ficient is obtained dividing the drop height of the displaced mass by the
horizontal distance reached

Consequently, while small rock avalanches typically rest at
the toe of the main gradient sloping at 30–40◦, giant land-
slides (volume > 109m3) are capable of travelling up to ten
times the fall height.

Several hypotheses have been put forward to explain the
enigmatic decrease of frictional resistance for large rock ava-
lanches, also called the volume effect. Suggested mecha-
nisms can be divided into two categories: those based on
the standard physics of granular materials [7–14]; and the
ones invoking more exotic mechanisms such as air lubri-
cation, acoustic fluidization due to high-frequency acous-
tic waves travelling through the granular medium, vaporized
pore water, dispersive forces exerted by powder-sized grains,
the energetic disintegration of the avalanche, the formation
of a molten layer, or the presence of water [15–19].

In this work, it is argued that the anomalous mobility of
large rock avalanches could be partly explained invoking the
joint action of two basic processes: (i) the disintegration of the
rocky material, combined with (ii) the presence of water. In
short, the state of high stress at the base of the rock avalanche
causes a strong fragmentation. Because the water table most
usually lies above the detachment level of a landslide, it is rea-
sonable to assume that some water is present above this level
[19]. Thus, the crushing of the granular aggregate occurs in
the presence of water. As fragmentation proceeds, the pore
space decreases because fragmentation, by producing very
fine material, causes an overall compaction. The pore water
pressure increases, contributing to support the weight of the
avalanche and as a consequence the effective friction dimin-
ishes. At this point, the rheology of the fluid-granular mixture
switches from frictional to that of a fluid with non-Newtonian

properties. It it shown here that this transformation causes a
marked dependence of the mobility on the volume of the
failed mass, and hence leads naturally to a volume effect.

Both fragmentation and the effect of water have been sep-
arately invoked to explain the anomalous mobility or rock
avalanches and the volume effect. Davis and McSaveney, for
example [20] propose disintegration as a possible mechanism
for improved run-out. However, their suggested mechanism
can only augment the stretching of the avalanche, whereas
momentum conservation requires the movement of the cen-
tre of mass to remains unaffected. Some researchers and in
particular Legros [21,22] has emphasized the role of water in
enhancing the mobility of giant rock avalanches. Neverthe-
less, the mechanical processes involved in water lubrication
are still obscure.

2 From frictional to fluid-dominated rheological
behaviour of a wet granular medium

Let us consider the model of a granular medium saturated
with water, and subject to intense normal pressure causing
compaction and grain crushing. We seek an expression for
the compaction of the granular aggregate as a function of
the applied normal stress. The question is complex because
the compression depends on the elastic grain deformation,
on grain rearrangement, and on the process of crushing.
Following the semi empirical approach or Ref. [23]
based on comminution theory, it is possible to write the
void fraction φ in the absence of the impregnating water as
φ = φ0 exp {− [P/PC ]n} where PC and n are materials con-
stants, P is the normal stress and φ0 is the void fraction at
zero normal stress. In the presence of pore water at pressure
PW , the equation simply changes to

φ = φ0 exp
{− [(P − PW ) /PC ]n}

. (2)

An independent equation for the pore water pressure as a
function of the void fraction φ is PW = PW 0−β−1

S ln (φ/φ0)

where PW 0, φ0 are the values at some reference point, and
βS = −V −1 (∂V/∂ P) ≈ 5 × 10−10 Pa−1 is water incom-
pressibility. The expression for PW can be used in conjunc-
tion with (1) to determine the pressure acquired by water
when the impregnated granular aggregate is subject to a total
external pressure P, as well as the corresponding void frac-
tion. Table 1 reports a series of values calculated at different
pressures and shows that water pressure remains very close
to the external pressure.

In the presence of water at high pressure, the friction
resistance at the base of the rock avalanche becomes
FF =−g M cos β µ[1−P/PW] sgn(U).The ratio 1−PW /P,

which is also shown in Table 1, indicates that the frictional
resistance can be practically obliterated in the regions that
are saturated prior to the landslip. The total resistance will
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Rheology of a wet, fragmenting granular flow 181

Table 1 Calculated values of the pore water pressure and of friction
reduction with PW 0 = 0

P (MPa) PW (MPa) 1 − PW /P

0.1 0.0992 8 × 10−3

1 0.987 1.29 × 10−2

10 9.80 1.99 × 10−2

100 96.96 3.04 × 10−2

The values of the constants (fitted from Furstenau [23] for the case of
quartz) are PC = 1.11 × 102 MPa; n = 0.841. Expected values for
P beneath large rock avalanches are in the range 3–30 MPa

not necessarily drop, however, because the fines mixed with
water produce a viscous medium. Therefore, it can be con-
jectured that a viscous-like resistance term sets in, which
overtakes the frictional resistance.

Before examining this viscous term, we notice that the
previous calculations assume a completely saturated granu-
lar medium during the disintegration process. However, the
permeability diminishes during fragmentation, and it may
be questioned whether water has enough time to percolate
inside the medium as fragmentation takes place [20]. If water
seeps too slowly, it will form pockets of wet material in the
medium rather than an uniform distribution. Let us consider
the simple model of spherical, monosized grains initially
saturated with water at a certain pressurePw. For simplic-
ity we assume that the material disintegrates during dis-
crete steps n − 1, n, . . .. In correspondence of each step,
particles of diameter Dn−1 decreases in size to a diameter
Dn = Dn−1m−1/3 where m is the number of new particles
produced at each step per original particle. At step n, the
flow velocity of water in the granular medium is about αn ≈
(C D2

n)(Pw/Dn−1)/η where η is the water viscosity. The first
and second parentheses represent the permeability and pres-
sure gradient, respectively. The dimensionless parameter C
is gives as C ≈ ε3/

[
180(1 − ε2)

]
, where the void fraction

ε is regarded as constant in this simple estimate [24].
The time needed for water to percolate in the medium at

step n is then τn ≈ Dn−1/αn = ηm2/3/(C Pw) for each step,
provided that the number of newly produced particles m is
constant during the process. With ε = 0.35, m = 10 and
Pw = 105 Pa (corresponding to only 10 m of water column),
it follows thatτn ≈ 10−4s. Such small values of time, much
shorter than the few minutes necessary for the flowage of
a rock avalanche, indicate that the wetting of the material
occurs fast; therefore, water will be more or less evenly dis-
tributed during the process. The process of homogeneization,
however, will probably become less efficient as the amount
of fines increases the viscosity of the fluid. Rock avalanche
deposits exhibit a wide variety of grain size, spanning from
clay-size materials up to large boulders. It is only recently that
the size spectrum has been measured with accuracy [25–27].
Crosta et al. [25,26] have shown that the landslide deposit

of the 1987 Val Pola landslide contains 20–30% of clay and
fine silt-sized materials at a depth of 50–70 m. Furthermore,
the percentage of fines increases with depth, albeit not dra-
matically.

To summarize, it can be expected that the fines produced
by the rock avalanche disintegration may form an interstitial
fluid when mixed with water [28,29]. In switching between
frictional to viscous–cohesive, the resistive forces change
radically the dynamics of the avalanche. This is because in
contrast to a frictional material, the resistance in a purely
viscous–cohesive material is independent of the load and
depends instead on the velocity.

3 Change in rheological behaviour

The rheology of highly-concentrated solid suspensions is
still not completely understood even in the laboratory condi-
tions. In the absence of particles in the size range of sand, a
water-fines fluid typically exhibits a non-Newtonian behav-
iour, namely: (i) the shear stress must exceed a finite value
(yield stress) in order for the material to shear, and (ii) the
viscosity may depend on the shear rate. If sand or larger
particles are also present, the resulting fluid can be envis-
aged as an ensemble of non-colloidal grains immersed in
the fluid of the water-fines suspension [28]. Recent analysis
(see for example [28]) substantiates the classic equation of
Krieger and Dougherty for the viscosity η of a suspension of
non-colloidal particles with solid fraction 1 − φ

η = η0

[

1 − (1 − φ)

(1 − φlock)

]−2.5(1−φlock)

(3)

where η0 should be interpreted as the viscosity of the muddy
interstitial fluid (fines and water) and φlock is the void frac-
tion in correspondence of sand particles interlocking [30–32].
The viscosity of the fines-water slurry η0 is typically much
greater than that of pure water. Equation (3) then shows that
the viscosity can further increase by several orders of magni-
tude with respect to the muddy matrix whenever φ ≈ φlock.

Measurements have shown that also the yield stress exhibits
a sharp increase as a function of solid concentration [32]. A
fit to a set of experiments has led Mahaut et al. [32] to an
interpolating law of the form

τy = τy0

√

φ

[

1 − (1 − φ)

(1 − φlock)

]−2.5(1−φlock)

(4)

where τy0 is the yield stress of the muddy matrix in the
absence of the large particles. In conclusion, Eqs. (3, 4) pre-
dict a dramatic increase of the viscosity and yield stress with
addition of particles. Unfortunately, the uncertainties in the
state of the material underneath the rock avalanche prevent a
predictive use of the equations (3, 4), which merely indicate
the possible mechanisms of increased stiffness of the mate-
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rial. In addition, the rheology will vary from case to case
according to the initial type of rock, the energy of disintegra-
tion, and the water amount. Thus, in the following we have
to consider the rheological constants as essentially free. A
similar uncertainty also affects most computer simulations
of landslides and debris flows, where the rheological prop-
erties are not identified from first principles, but are usually
back-calculated based on the distance of reach.

4 Simulating the volume effect

The suggestion to model a rock avalanche as a
non-Newtonian fluid is not new (see, e.g. [33]). A partial
justification is that the transition between the compacted
(“solid state”) to the flowing state (“liquid state”) in a rapid
granular flow mimics the effect of a yield stress [34].

The underlying principle for the use of a non-Newtonian
fluid model is different in the present work, and stems from
the assumption examined earlier that the disintegrated mate-
rial in mixture with water will produce a mud of
non-Newtonian properties. For simplicity, calculations are
performed using the simplest model for a non-Newtonian
fluid, the Bingham model. Similar to a Newonian fluid, a
Bingham fluid is characterized by a linear relationship
between shear stress τ and shear rate γ̇ in the form
τ = τy + ηBγ̇ where the proportionality constant ηB is the
Bingham viscosity and τy is the yield stress, which is the
minimum value of the shear stress necessary for the flow to
take place.

Figure 2 shows an example of time evolution of a simu-
lated two-dimensional rock avalanche moving down a slope.
The avalanche collapses at a steep angle and then comes to
rest at a gentler slope. The effective friction coefficient is
obtained dividing the fall height by the run-out distance for
the various simulated volumes. The different points in Fig. 3
are calculated varying the initial thickness, and hence the
volume, of the avalanche. Because the simulation is
two-dimensional, the volume per unit width is used as a proxy
for the avalanche volume. The left panel shows the results
with low viscosity of 100 Pa s and yield stress of 100 kPa
and 2 MPa, a situation corresponding to high Bingham num-
bers (the Bingham number is the ratio between the yield
stress and the viscous stress). The three sets of data (crosses,
squares, and circles) represent the runout ratio of the simu-
lated avalanche obtained from the displacements of the front
(crosses) and of the centre of mass (squares). Circles show
the Fahrböschung [4], a measure for mobility frequently uti-
lized by field geologists (see Fig. 2). As a general trend, it
is found that the effective friction coefficient decreases as a
function of the volume per unit width, which is in line with
the empirical equation (1) and the tendency exhibited by data
in Fig. 1. The volume effect is very modest for the highest

Fig. 2 Simulation of a rock avalanche with the Bingham fluid model.
The 2D profiles are shown for the initial profile, and after 50 and 110 s
when the simulated velocity becomes very small. The yield stress and
viscosity are, respectively τy = 2 MPa; ηB = 100 Pa s. The computer
program used in these calculations is described in Ref. [37]. The slope
profile is artificial but realistic for a rock avalanche scar. The measures
of the effective friction coefficient are: (1) relative to the centre of mass,
HC M/RC M ; (2) relative to the front point, H/R; (3) the Fahrböschung
used by field geologists is defined as HF/RF

values of the yield stress and small volumes, because in this
case the slides stop early where the inclination angle changes
little with distance. The volume effect depends very much on
the values of µ ηB and τy chosen in the simulations. To ver-
ify the robustness of the conclusions, different values for the
rheological parameters can be utilized. It is found that even
though the exact value of the slope and intercept depend
on the rheological parameters, the trend in a decrease of the
effective friction coefficient is common to all simulations. As
an example, Fig. 3b reports simulations with low Bingham
numbers, showing a similar decrease of the effective friction
coefficient as a function of the volume per unit width.

It should also be noticed that the values of the effective
friction coefficient relative to the landslide front, to the cen-
tre of mass and the Fahrböschung are not dramatically dif-
ferent. This indicates that an analysis of the Fahrböschung ,
for which data are more easily gained, is valuable. This con-
clusion should not discourage field geologists from carrying
out a complete analysis of the centre of mass displacement,
which is the one bearing physical relevance.

These results can also be qualitatively appreciated with
simple arguments. The equation of motion of a Bingham
fluid element is approximately [35]

dU

dt
≈ g sin β − τy

ρ D
− ηBU

ρ D2 (5)
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Fig. 3 Simulated effective
friction coefficient. Left
Representative cases for high
Bingham numbers, with
viscosity of 100 Pa s for all the
simulations. Yield stresses are
2 and 0.1 MPa. Right results
with viscosity of 105 Pa s
corresponding to low Bingham
numbers. Values of the yield
stress are 1 kPa and 0.1 MPa.
Data are shown for the centre of
mass of the distribution
(circles), for the front point
(pluses) and for the
Fahrböschung (squares)

where ρ is the density of the material. It is assumed that
the profile of the fluid is sufficiently smooth to neglect the
earth-pressure force arising from variations in the height of
the material [35]. In the regime of high Bingham numbers
[the last term on the right hand side of Eq. (5) is negligible
compared to the second] the Bingham fluid decelerates when
its thickness reduces to a value

D ≈ τy

ρ g sin β
(6)

Depending on the value of the velocity, the material may
continue moving initially for some distance; we neglect this
aspect in the present estimate, which is however accounted
for in the simulations of Fig. 3. Equation (6) is essentially the
criterion of Johnson [36] relating the thickness of a Bigham
fluid deposit to the value of the yield stress. It is shown in
the Appendix that this sole criterion coupled to a realistic
slope path (slope fading to zero at large distances) results in
a volume effect.

5 Conclusions

It has been suggested that the intense stresses on a rock
avalanche produce a large amount of fines embedding coarser
material. Mixed with water, the rheology of the slurry shifts
from a Coulomb-frictional toward non-Newtonian. This tran-
sition results in a load-independent shear resistance and hence
in a volume effect comparable to the one observed in the field.

Due to the uncertainties of the model, the results presented
are not meant to provide a final answer to the long-standing
problem of the anomalous frictional properties of granular

avalanches. First, the processes of comminution underneath
a rock avalanche, that affect very much the conclusions of
this paper, are complex and poorly understood. Second, the
rheology resulting from crushed rock in water is basically
unknown. As a consequence, the parameters adopted for the
Bingham model were arbitrary. The results do not exclude
the possibility of other mechanisms for increased mobility of
a rock avalanche. More complete modelling and quantitative
field observations will be necessary to substantiate or reject
the explanation explored in this work.

Finally, it is interesting to refer again to Fig. 1 where the
decrease in frictional resistance is displayed also for Mars
[5]. If the present explanation is correct, it would validate
the important role played by water on the red planet [21,22].
Water might have resulted from the transformation of bur-
ied ice as a consequence of the intense friction during the
fall and flow of the rock avalanche. Even though the present
arguments become even more speculative when applied to
Mars, they also put the riddle of the anomalous friction of
large rock avalanches in an even more thrilling perspective.

Acknowledgments This is the International Centre for Geohazards
contribution nr. 225.

Appendix: A Bingham fluid model with a realistic slope
path reproduces a volume effect

We consider an element of Bingham fluid moving down slope
from an initial to a final position, like in Fig. 2, and restrict our
considerations to two dimensions. We assume that the fluid
stops when the shear stress at the base equals the yield stress,
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which yields the Johnson’s criterion for the local thickness
of the deposit [36]

D ≈ τy

ρ g sin β

Integrating the thickness along the slope path gives the vol-
ume per unit width

V̄ =
R∫

0

D

cos β
dx = τy

ρg

R∫

0

1

sin β cos β
dx

whereas the height of fall Hof the last point is by definition

H =
R∫

0

tan βdx

Hence, if we calculate

d(H/R)

dV̄
= d(H/R)

d R

d R

dV̄
= ρ g sin β(R) cos β(R)

τy

1

R

[

tan β(R) − H

R

]

it is found that d(H/R)/dV̄ < 0 if H
R > tan β(R), which

is always the case if the slope angle decreases with the dis-
tance, i.e., if the topography is concave upward. The result
d(H/R)/dV̄ < 0 implies that the effective friction coeffi-
cient decreases with the avalanche volume.
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