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Catastrophic failure of large land masses, which generate landslides, rockfalls and debris avalanches, can have
hazardous consequences extending far beyond the source. Observations show that themobility of such events
depends strongly on the volume for volumes larger than 106 m3, with many different processes invoked to
explain higher mobilities (hypermobility) for both terrestrial and extraterrestrial events. Although the mobil-
ity of large events has been extensively studied, there is no generally accepted mechanism for predicting
extreme travel distances because the underlying physical processes are poorly understood. Here we show
using physical and rheological arguments that the wide scatter observed for very large mass wasting events
in all environments collapses to a single relationship between event volume or inundation area and mobility.
Hypermobility is defined to be the reciprocal of the effective friction coefficient μe, where the scale-dependent
μe is derived analytically as a function of themechanical, volumetric and topographical parameters of the flow.
The dominant term in the coefficient is the degree of fluidization involved in the flow; our results show that
fluidization is limited in extraterrestrial events, that significant fluidization occurs in non-volcanic and volca-
nic events, and fluidization dominates submarine events. This analysis demonstrates that fluidization is as-
sociated with long run-out distances, and that the degree of fluidization can be predicted by the volume,
and physical and topographic parameters. The methodology is simple, physically-based and validated with
datasets of very large terrestrial and extraterrestrial avalanche events. We demonstrate that the effective
Coulomb friction rheology and the hypermobility function are applicable to avalanche events of any size, pro-
viding an opportunity to simulate past and/or potential huge landslide and debris avalanche events, run-out
distances, destructive impact and assessment of risk. The model can be used to estimate the overrun area
and volume in terms of known mobility data.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Amajor concern inmass flow dynamics is understanding the phys-
ical processes operating during large volume landslides, avalanches,
debris flows and rock falls with exceptionally long run-out distances
(here called hypermobility). The large volume events can generate ex-
tremely mobile gravity-driven debris avalanches capable of traveling
horizontal runout distances (L) as far as 30 times their vertical fall
height (H) at velocities up to 100 ms−1 (Legros, 2002). These events
involve up to 1012 m3 of debris, sometimes traveling hundreds of kilo-
meters over topographic slopes as low as 1° (Shreve, 1966; Howard,
1973; Voight, 1978, 1988; Keefer, 1984; Beget and Kienle, 1992;
Siebert, 1992; Dade and Huppert, 1998; Legros, 2002; Sosio et al.,
2012). The final debris deposit can be tens to hundreds of meters
thick over areas of tens of thousands square kilometers (Howard,
ics and Geophysics, Steinmann
6, D-53115, Bonn, Germany.
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1973; Lucchitta, 1978, 1979; Voight, 1978; Crandell et al., 1984;
Keefer, 1984; Francis et al., 1985; Siebert et al., 1987; McEwen, 1989;
Beget and Kienle, 1992; Siebert, 1992; Stoopes and Sheridan, 1992;
Dade and Huppert, 1998; Legros, 2002; Kelfoun and Druitt, 2005;
Davies et al., 2010; Sosio et al., 2011). An extensive list of trans-
port mechanisms has been proposed to explain reduced friction and
the hypermobility of large avalanches, including fine powders at the
base, interstitial fluids, pore fluid pressure, air pockets, dispersive
grain flow, local steam generation, frictionites, lubrication, fluidiza-
tion, entrainment, oscillation, and dynamic fragmentation (Kent,
1966; Shreve, 1966; Howard, 1973; Hsu, 1975; Lucchitta, 1978,
1979; McSaveney, 1978; Davies, 1982; McEwen, 1989; Iverson,
1997, 2005; Davies and McSaveney, 1999; Legros, 2002; Collins and
Melosh, 2003; Campbell, 2006; Mangeney et al., 2007; Pudasaini and
Hutter, 2007; Deganutti, 2008; Cagnoli and Quareni, 2009;
McSaveney and Davies, 2009; Davies et al., 2010). Although many of
these mechanisms are appropriate to some site-specific landslides
and debris avalanches, no one dominant mechanism stands out as an
explanation for the hypermobility.

Classical mobility approaches (Dade and Huppert, 1998; Calder et
al., 1999; Legros, 2002) do not explain the mass-dependence of the
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Fig. 1. Illustration showing how At≪A, using the Frank slide (1903) as an example,
where the 30 million m3 slide partially buried the town of Frank, Alberta. The descend-
ing mass is in light gray. White area is the passage of the slide. The solid dark line in-
dicates the measured trimline of the inundation area (A) of the flow. The simulation
time was t=0, 20, 40, 60 s, respectively, for panels a, b, c, d (McDougall and Hungr,
2004). Panels a and d show the initial mass and the final deposition. The area beneath
the deposited mass is called Ad. Panels b and c are the transient sliding mass and the
area beneath them is denoted by At.
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hypermobility of large avalanche events. Coulomb friction rheology
is effective in modeling small volumes (see, e.g., Iverson, 1997;
Denlinger and Iverson, 2001; Pitman et al., 2003; Pudasaini and
Hutter, 2003; Pudasaini and Kroener, 2008; Pudasaini et al., 2005,
2008; Pudasaini and Domnik, 2009; McDougall and Hungr, 2004;
Ancey, 2005; Pitman and Le, 2005; Jop et al., 2006; Mangeney et al.,
2007), but modeling large mass flows is inhibited because the appro-
priate values for the effective friction coefficient and effective stress
are unknown and unconstrained (Dade and Huppert, 1998; Legros,
2002; Pudasaini and Hutter, 2007). Furthermore, a realistic rheologi-
cal model should systematically include the physical, volumetric and
topographical effects, and most importantly, determine whether and
how the flow rheology depends on the mass. For a moving mass, H/L
represents the (scale-free) coefficient of Coulomb sliding friction
(Dade and Huppert, 1998; Legros, 2002). The inverse quantity, L/H is
the measure of the mobility of the debris avalanches. This mobility is
the basic parameter for estimating the areas at risk from debris ava-
lanches, however, field data (see, e.g., Dade and Huppert, 1998;
Legros, 2002; Deganutti, 2008; Sosio et al., 2011, 2012) show that sim-
ple Coulomb friction fails to predict the large event mobility because
the volume of large events must be coupled with the topography of
the inundation area and other physical parameters. Since the friction
coefficient is substantially reduced during debris avalanches with ex-
ceptionally long travel distances, it must explicitly include a length
scale, such as volume, inundation area, and topographic constraints.
The friction coefficient must also include the intrinsic (true) frictional
behavior of the material. In a well-known paper, Dade and Huppert
(1998) propose relationships between an assumed uniform triangular
inundation area with a constant shear stress (τ) and the loss of poten-
tial energy. They estimate a single average value of τ over datasets of
all event types through a regression analysis between energy and
area, suggesting a unit value of the geometric parameter λdh=A/L2

(for definition, see Section 2). A drawback in this approach is that es-
timates of the amount of the work done by the debris during its slide
are too high since τ is applied to the whole overrun area (A) and
then multiplied by L. This leads to much higher values of the effective
friction forces than their empirical estimation. Fig. 1 (McDougall and
Hungr, 2004) shows that a physically more reasonable approach is
to apply τ only to the (transient) debris covered area At (because τ is
zero outside of At), and then multiplying by the total horizontal travel
length L. The Dade and Huppert model is restricted to a horizontal tri-
angular (angular) emplacement of the flow as described through the
plan-shape geometric parameter λdh, and contains τ (considered a
constant) as a fitting parameter that does not necessarily contain a
mechanical significance (Dade and Huppert, 1998). Legros (2002) ap-
plied the energy equation to this angular geometry and showed that
the predicted velocities were substantially higher than observed in
real landslides. Additionally, the assumption that τ is independent of
the overburden pressure can be questioned for frictional materials.
Wemention that, Kelfoun and Druitt (2005) reproduced the Socompa
volcanic debris deposit by using a constant basal stress. Recently,
Davies et al. (2010) proposed a model for the basal shear stress in
terms of the normal stress on the top of the fragmenting layer of the
volcanic debris and fragmentation induced dispersive pressure. The
model is applied to explain dynamic fragmentation on Socompa volca-
nic debris avalanche.

In this paper, we construct a model for determining the mean
basal shear stress and a mass- or volume-dependent hypermobility
and compare the model to available datasets.

2. The model

2.1. Basal shear stress

We derive the model equations for the mean basal shear stress, ef-
fective Coulomb friction coefficient and the hypermobility. We begin
with the local dynamical basal shear stress (Iverson, 1997; Iverson
and Denlinger, 2001; Pudasaini et al., 2005)

τl ¼ μc 1−Λð Þ ρg cos ζþ acð Þ h t; x; yð Þ; ð1Þ

where μc is the Coulomb friction coefficient, ρ is the bulk density, g is
gravity acceleration, ζ is the slope angle of the basal surface, ac ac-
counts for topographically induced centrifugal forces, h is the flow
depth in the direction normal to the sliding surface, t is time, and x
and y are the downslope and cross-slope coordinates, respectively. Λ
is associated with the degree of fluidization. That is, Λ is the ratio be-
tween the pore fluid pressure at the bed and the total normal pressure
of the debris mass in the normal direction (Iverson and Denlinger,
2001; Pudasaini et al., 2005). This information can be substantial to
(estimate and) predict the hypermobility of large debris avalanches
(Berti et al., 1999; Major and Iverson, 1999; Iverson and Vallance,
2001; Berti and Simoni, 2005; McArdell et al., 2007). For more discus-
sion on this, see Section 3. However, Λ can be mathematically analo-
gous to the fluid volume fraction (Pudasaini et al., 2005; Pudasaini,
2012), or any other possible mechanism (see, Section 1) that reduces
the basal shear resistance such as dynamic fragmentation (McSaveney
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and Davies, 2009; Davies et al., 2010). For simplicity, we consider only
the basal shear stress and not the complete stress tensor. The total
shear force is determined (estimated) by conserving debris mass
and integrating Eq. (1) over the inundation area A along the slope,

∫AτldA ¼ ∫At
τldAt ≤ μc 1−Λð Þρg cos ζ0 þ ac0

� �
∫At

h t; x; yð ÞdAt

¼ μc 1−Λð ÞρgT V ;

ð2Þ

where At is the debris covered area at time t, dA is an infinitesimal area
in the flow domain A (the entire landslide area), ζ0 is the minimum of
ζ, ac0 is the maximum of ac, T ¼ cos ζ0 þ ac0 is the topographic param-
eter, and V is the debris volume. Since the debris volume is conserved,
∫At

h t; x; yð ÞdAt ¼ V : The fact that the debris flow depth h, and thus the
shear stress τl, is zero outside of At is utilized to derive Eq. (2). The
upper bound of the mean basal shear stress over the typical overrun
area At is

τ ¼ 1
At

∫At
τl dAt ≤ μc 1−Λð ÞρgT V

At
≤ μc 1−Λð ÞρgT V

Ad
; ð3Þ

where Ad is the debris coverage area in the deposition (deposition
area). The choice of Ad is due to the fact that it is easier to measure
than At. Also note that because of the accumulation of the sliding
mass in the deposition area, usually Ad≤At. If this (upper bound)
mean shear stress can describe long run-out avalanches reasonably
well, then any other suitable positive value lower than that also qual-
itatively describes such events. Since the upper bound calculated this
way suffices, for simplicity we define (:=) themean basal shear stress
as

τ :¼ μc 1−Λð ÞρgT V
Ad

: ð4Þ

For a mean flow depth H, and assuming a power law proportion-
ality between V and A and a linear relationship between A and Ad, we
can estimate H as (see Appendix A for derivation):

H ¼ γ3A
n−1

; ð5Þ

where n>1 is a real number, γ3=γ1/γ2b1, γ1bγ2b1, and γ1, γ2 are
proportionality constants between V and A, and A and Ad with proper
dimensions. These assumptions are discussed later and their validity
can be evaluated by comparing model predictions with field observa-
tion. Eq. (5) means that H scales with An−1. With Eq. (5) Eq. (4) can
now be written as (see Appendix A):

τ ¼ μc 1−Λð Þ T
γ1

ρgH V
An : ð6Þ

Eq. (6) can be used to obtain the non-dimensional friction number Nf

(see Appendix B):

Nf ¼
1−Λð ÞρgTH

τ
¼ γ1

μc

An

V
: ð7Þ

With the definition of the volume-area slope, S=(Nfμc/γ1)1/n, a func-
tional relationship between the volume and area can be derived (see
Appendix B):

A ¼ SV1=n
: ð8Þ

2.2. Effective Coulomb friction coefficient and hypermobility

Balancing between the work (W=FL) and the total available ener-
gy (gMH), we obtain gMH=FL, where M is the debris mass and F is
the effective friction force (Middleton and Wilcock, 1994; Dade and
Huppert, 1998; Pudasaini and Domnik, 2009). The problem remains
about how to model F. We consider a Coulomb-type friction rheology
and apply the shear stress τ, as derived in Eq. (6), to the typical over-
run area At (or Ad), so F=τAd. This approach is distinctly different from
previous models that argued against Coulomb-type friction (Dade and
Huppert, 1998; Calder et al., 1999; Legros, 2002). In their approach,
F=τA, in which τ is a fit parameter, and A is the projected total inun-
dation area in the horizontal plane, but also restricted to be in the an-
gular sector (see, below). Since gMH=FL=τAdL, from Eq. (6), a
straightforward calculation yields a relationship between the debris
inundation area and the mobility (see Appendix C):

H
L
≡ μc 1−Λð ÞγT H

An−1 ¼: μe: ð9Þ

We know that H/L is the observed quantity (effective or apparent fric-
tion coefficient) that is somehow related to the observed volume (Vo)
(see, Figure 2). Here, ‘o’ stands for observed quantity with discrete dis-
tribution. The equivalent expressions (denoted by ≡) in Eq. (9) can be
separated as (see Appendix C)

μeo
:¼ H

L
; ð10Þ

μe ¼ μc 1−Λð ÞγT H
An−1 ; ð11Þ

where μeo
is the effective friction coefficient as a function of the ob-

served volume (Vo). Combining Eqs. (8) and (9) produces a functional
relationship between the debris volume and the theoretical hyper-
mobility (defined as 1/μe) which can be re-written in terms of V as
(see Appendix C):

H
L
≡ μc 1−Λð ÞγT

Sn−1

H
V1−1

n
¼ μe: ð12Þ

As in Eqs. (10) and (11), equivalent expressions in Eq. (12) can be
separated as (see Appendix C)

μeo
¼ H

L
; ð13Þ

μe ¼
μc 1−Λð ÞγT

Sn−1

H
V1−1

n
: ð14Þ

Eq. (14) (similarly, Eq. (11)) represents an explicit and theoretical–em-
pirical functional relation for μe (theoretical effective or apparent fric-
tion coefficient) in terms of the (continuous) volume (distribution), V.
This analytical–empirical model contains several physical and geomet-
rical parameters including, μc;Λ ;γ; T ;H; S;n. The function μe is termed
as the theoretical effective Coulomb friction coefficient and its recipro-
cal, 1/μe, is called the theoretical hypermobility that describes the long
runout of the huge landslides, rock falls, debris flows and avalanches.
So, with these notations, 1=μeo

is the observed hypermobility, whereas
1/μe is the theoretical–empirical prediction of the hypermobility. Note
that the derived hypermobility expression 1/μe is now separated from
thefield data 1=μeo

¼
� �

L=H. This is advantageous, because the theoret-
ical hypermobility can now be described independently by the analyti-
cal model 1

μe
¼ Sn−1

μc 1−Λð Þγ T
V1−1

n

H as a function of the event volume (V) and
then compared to the field data 1=μeo

¼ L=H
� �

; expressed in terms of
the measured volume Vo; to test the model.

Since Eqs. (11) and (14) are identical, the flowmobility can be de-
scribed by either Eq. (11) or by (14). Note that the above equations are
valid for any n>1. The choice n=3/2 makes γ dimensionless (also
see, Dade and Huppert, 1998). Such an n value was also observed for
long runout rockfalls and debris avalanches (Hungr, 1990; Vallance
and Scott, 1997; Dade and Huppert, 1998; Calder et al., 1999; Legros,
2002), but in their approach, n=3/2 resulted from the restricted
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form of the overrun area A=λdhL
2. To quote Dade and Huppert

(1998): “2λdh is the angular extent of the assumed uniform sector
through which an avalanche spreads”. We do not assume a form of
A, rather n=3/2 emerges from dimensional analysis. In our approach,
since τ is derived from the physical arguments and is not a fit param-
eter, our results provide an independent theoretical and physical basis
to explain observations.

Eqs. (11) and (14) show that (for n=3/2) the hypermobility (1/μe)
scales with the square-root of the total overrun area or the cube-root
of the debris volume, respectively. For a particular event, H is usually
known or can be estimated from the field observations. However, for a
particular event type (e.g., available dataset of all volcanic events; or
any other event types) H is interpolated between the observed mini-
mum and maximum values of V by using an auxiliary thickness distri-
bution function:

H ¼ Hmin þ Hmax−Hminð Þ V−Vmin

Vmax−Vmin

� �α
; Vmin ≤ V ≤ Vmax; ð15Þ

where α is the shape parameter for the specific event type. Eq. (15)
also holds for the inundation area, A.

The explicit derivation of τ from the physical, topographical and
the volumetric parameters of the flow event differs from previous
models. Previous models do not consider the material friction μc, the
fluidity parameter Λ , the topographic parameter T , and volumetric
parameter γ, while previous yield strength estimates (see, e.g., Dade
and Huppert, 1998) did not consider Coulomb friction, the mean
flow height (Davies et al. (2010) partially include the flow height
and friction), and the slope and curvature-induced centrifugal forces
that influence the runout. These processes, fundamental to landslide
velocity, may be controlled by topographic slope and flow thickness
(Legros, 2002; Pudasaini et al., 2005). Estimating the friction number
involves the flow depth H rather than the vertical height drop of the
avalanche H, and therefore is physically meaningful. That is, for fric-
tional geo-materials the shear stress τ should be related to H rather
than H. Importantly, Eq. (11) or (14) includes the area affected by
the flow or the volume and the topographical constraints to explain
the hypermobility. The presence of T in Eq. (11) or (14) implies a pos-
itive correlation between the slope (curvature) and the effective fric-
tion coefficient as observed in the field and laboratory (Okura et al.,
2003; Strom, 2006; Pudasaini and Hutter, 2007; Fischer et al., 2012;
Sosio et al., 2012). Lucas and Mangeney (2007) proposed a model in
which the intrinsic mobility is defined only in terms of the effective
friction where the mobility is independent of the volume.
3. Mass-dependent hypermobility of large landslides and
debris flows

Observations of large events clearly indicate that when the debris
volume exceeds some threshold volume, somewhere in between
Vo=105m3 to Vo=107m3 (Davies and McSaveney, 1999), the total
run-out distance is volume-dependent (Howard, 1973; Lucchitta,
1978, 1979; Voight, 1978; Crandell et al., 1984; Francis et al., 1985;
Siebert et al., 1987; McEwen, 1989; Stoopes and Sheridan, 1992;
Dade and Huppert, 1998; Collins and Melosh, 2003). Observations
also reveal contrasting mobilities of different types of events, and
even different events of the same type (e.g., volcanic) as indicated by
L/H. Fig. 2 shows large scatter in the data between volume (eight or-
ders of magnitude) and mobility (three orders of magnitude). Al-
though a positive correlation is observed between avalanche volume
(Vo) and the measuredmobility (L/H), it is not clear that event volume
systematically controls flowmobility (also see, Davies andMcSaveney
(1999)). Separating data by event types, Fig. 2 shows that maximum
volumes are largest for extraterrestrial events, followed respectively
by the submarine, volcanic and non-volcanic events. Volumes range
between 10−5 km3 and 105 km3. Since no systematic relationship ex-
ists between the measured Vo and L/H, there can be no representative
mobility value assigned to a given event volume. Therefore, no clear
rule exists for estimating or predictingmobility, requiring quantitative
modeling to make meaningful predictions. Quantitative modeling,
however, requires a rheological model. In our approach, we developed
a rheological model that expresses mobility in terms of the effective
Coulomb friction coefficient, resulting in an explicit square-root de-
pendence of inundation area and a cube root dependence of the total
volume, Eqs. (6)–(14). As A and V increase, so does the mobility.

As with any analytical model, we compare the model (1/μe) given
by Eq. (14) to available data (L/H) given by Eq. (13) with the best fit
values of the parameters. We separate the dataset (see the figure cap-
tion for the data references) in Fig. 2 into four categories; extraterres-
trial, non-volcanic, volcanic and submarine events in Fig. 3. We define
the unified parameter, UP ¼ μc 1−Λð ÞγT =Sn−1. Here, UP is associated
with 1/μe but independent of L/H. As in its numerator Nf also contains
the gravity constant g via τ, which is in the denominator of Nf (see,
Eqs. (6) and (7)). The volume–area slope S in Eq. (8) is thus a non-
dimensional quantity. Therefore, UP can be applied to all event-
types. This parameter includes the measure of fluidization Λ , while
the other parameter α, in Eq. (15), determines the interpolation be-
tween the observed minimum and maximum mean flow depth of
an event-type (Dade and Huppert, 1998); Hmin ¼ 2� 10−3km and
Hmax ¼ 10−2km.

We take the best fit values for UP as follows: UP=90 for extrater-
restrial events, UP around 18 for terrestrial non-volcanic and volcanic
events, and UP=9 for submarine events. Comparing the large UP

value for the extraterrestrial events (90), the small value for subaerial
(18) and very small value for submarine (9), suggests a strong dynam-
ical effect of the fluid pressure where Λ values are large. In reality, dif-
ferent events of the same event-type may be associated with different
Λ values. There can be a set of (μc;γ; T ;Λ and S) values for each event
in an event-type. But, the basic and simple analysis presented here
shows that the different sets of ( μc;γ; T ;Λ and S) values for an
event-type should lead to a ‘unique’ UP value. The α values are chosen
as: 1,1.5,1, and 1 for extraterrestrial, terrestrial non-volcanic and vol-
canic, and submarine events, respectively. The model prediction
with these values is shown for each event type in Fig. 3. Interestingly,
since UP is dominated by the degree of fluidization, where high UP

means low fluidization, the decreasing values are consistent with
the degree of fluidization available in each environment. That is, in
extraterrestrial environments, low fluidization and high UP is ex-
pected, where high fluidization in submarine environments leads to
low UP values, as observed in Fig. 3. This analysis shows that Λ plays
a very important role in describing the hypermobility of large volume
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predictions. The new hypermobility function well-explains the measured hyper-
mobility. Data as in Fig. 2.
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landslides. This also shows that, the fluid pressure for the extraterres-
trial flows is about 10% of the normal stress, more than 80% of the nor-
mal stress for the non-volcanic and volcanic environments, and more
than 90% of the normal stress for the submarine landslides. Thismeans
that fluidization is limited in extraterrestrial events, significant fluidi-
zation occurs in non-volcanic and volcanic events, and fluidization
dominates submarine events. That is, the effects of fluid pressure on
landslides mobility are different depending on the environment. This
is a new understanding and an important result in terms of describing
the hypermobilities of large mass flow events. This may also indicate a
very restrictive or even negligible presence and/or effect of water (or
possibly fragmentation pressure (Davies et al., 2010)) in the extrater-
restrial environment. As mentioned before, significant reductions in
the basal shear stress from elevated pore pressures in debris flows is
a known phenomenon (Iverson, 1997, 2005; Berti et al., 1999; Major
and Iverson, 1999; Iverson and Vallance, 2001; Berti and Simoni,
2005; McArdell et al., 2007). Here, we advance this concept by includ-
ing the reduced shear stress due to the (excess) pore fluid pressure
in describing the hypermobility of huge debris avalanche events. The
information of the fluid pressure (through Λ) is used for the first
time to explicitly and analytically explain the unusually long run-out
distances of huge avalanches and landslides, and for the different
event-types.

Note that 1=μeo ¼
� �

L=H is the measured hypermobility (data) in
terms of the observed volume Vo (Figure 2) and 1/μe is the (theoretical–
empirical) model prediction for the hypermobility as a function of V.
As discussed in Section 2, L/H and 1/μe are equivalent but separated
and independent of each other. In Fig. 3, both themeasured and predict-
edmobilities are plotted together for a direct comparison.We observe a
very good correspondence between the model prediction of 1/μe and
the data (L/H) for all four types of events. Furthermore, the slopes of
the prediction curves in Fig. 3 are determined by the model Eqs. (14)
and (15).

4. Discussion

Typically, small values of the effective friction coefficient (μe) are as-
sumed in modeling to explain long runout avalanches and landslides
(Legros, 2002). Since our models (6)–(14) depend on mass or volume,
they provide a means to implement reduced effective Coulomb friction
in the dynamic simulation of very largemass flow events. Thesemodels
can be used to simulate general mass flow events, develop hazardmaps
and assess risk, for example, near active volcanoes.

The theoretical–empirical hypermobility function (1/μe) systemat-
ically explains the mobility of both small and large mass flows,
where the volume covers eight orders of magnitude (105 to 1013 m3,
or even smaller) and the mobility covers about four orders of mag-
nitude (10−1 to 103) (Howard, 1973; Lucchitta, 1978, 1979; Voight,
1978; Crandell et al., 1984; Francis et al., 1985; Siebert et al., 1987;
McEwen, 1989; Stoopes and Sheridan, 1992; Dade and Huppert,
1998; Legros, 2002; Pudasaini and Hutter, 2007). While it is well-
documented that in general the Coulomb concept works well in de-
scribing small-sized events in geologic environments and at laboratory
scales (see, e.g., Iverson, 1997; Denlinger and Iverson, 2001; Pitman et
al., 2003; Pudasaini and Hutter, 2003; Pudasaini and Kroener, 2008;
Pudasaini et al., 2005, 2008; Pudasaini and Domnik, 2009; McDougall
and Hungr, 2004; Ancey, 2005; Pitman and Le, 2005; Jop et al., 2006;
Mangeney et al., 2007) our results demonstrate that the Coulomb fric-
tion rheology is also applicable to avalanche events of any size. The
method is new, physically-based and successfully validated with a
large dataset of huge terrestrial and extraterrestrial avalanche events
(Howard, 1973; Lucchitta, 1978, 1979; Voight, 1978; Crandell et al.,
1984; Francis et al., 1985; Siebert et al., 1987; McEwen, 1989; Stoopes
and Sheridan, 1992; Dade and Huppert, 1998; Capra et al., 2002;
Deganutti, 2008).

We further explore the influence of the physical, topographical and
volumetric parameters on the mean basal shear stress. In Eq. (6), the
shear stress is directly proportional to, and explicitly includes, the
Coulomb friction parameter to control the flow dynamics. The mean
flow depth, the volume, and the debris overrun area are included to
estimate the mean basal shear stress. The shear stress is directly and
linearly proportional to the mean flow depth and the flow volume
and inversely proportional to the overrun area with power n>1. V
(or A) is the main flow characteristic that largely dominates the flow
dynamics. As the data indicate, A increases faster than V. V/Anb1 and
decreases faster as V increases. This reduces the basal shear stress
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and thus enhances the flow mobility. So, as the basal shear stress (τ)
controls the flow, V/An plays a dominant role for flow mobility. This
is in line with the Coulomb friction rheology because the overburden
pressure is related to the volume per unit basal area (i.e., depth),
which in turn increases the basal shear stress. On the other hand,
high flow mobility is associated with increased overrun area. The
model (6) can be applied to any shape of the overrun area, and
that the estimation of τ is performed for curved topography in which
T is related to the slope and its curvature. Therefore, no restriction
is imposed on the avalanche spreading, which was previously not
the case (Dade and Huppert, 1998). Previous models (Dade and
Huppert, 1998; Calder et al., 1999; Legros, 2002) were unable to ana-
lytically predict the runout extent or distance of the event. Our results
quantitatively model and predict the long runout of large debris ava-
lanche events. The explicit form of the mean shear stress model (6)
or equivalently the hypermobility function (11) or (14) are important
because they can be used to close the Coulomb-type frictional stresses
in a continuumdescription of the entire flow event; from the initiation
to the final deposition (Denlinger and Iverson, 2001; Pitman et al.,
2003; Pudasaini and Hutter, 2003; Pudasaini and Kroener, 2008;
Pudasaini et al., 2005, 2008; Pudasaini and Domnik, 2009; Ancey,
2005; Pitman and Le, 2005; Jop et al., 2006; Mangeney et al., 2007;
Pudasaini and Hutter, 2007; Sosio et al., 2011, 2012; Domnik and
Pudasaini, 2012). Some models (Dade and Huppert, 1998; Calder et
al., 1999; Legros, 2002) argue against the applicability of the Coulomb
friction. However, Fig. 3 clearly demonstrates that Coulomb-type fric-
tion, often used in the mass flow modeling and simulation for small
volumes, is also applicable to large events. For modeling and simula-
tion, the new shear stress model is meaningful because it contains
the appropriate physical, topographical and volumetric parameters.
We use the real inundation area A or the flow volume V in the deriva-
tion of the basal shear stress, the effectivemobility function, and other
related slopes when compared to the horizontally projected assumed
uniform angular area in other models.

The mean shear stress and the effective hypermobility (1/μe) are
mass-dependent in three different ways; (a) on themean flow height;
(b) the total flow volume, and (c) the total inundation area of the flow.
This leads to a strong decrease in the mean shear stress when com-
pared to its local dynamic shear stress, which enhances the flow
after the inception and rapidly attains very high momentum. The
basal shear stress is so low at the far downstream position that it can-
not substantially resist the flow, resulting in the exceptionally long
run-out distance. Another possible scenario of the mean basal shear
stress is that the entire body may be resisted uniformly over the area
in contact with the basal surface, irrespective of the topographic posi-
tion (Kelfoun and Druitt, 2005; Sosio et al., 2011). Thus, the motion
could mainly be sliding or translational as observed in many geologi-
cal flows of large events (Heim, 1932; Shreve, 1966; Hsu, 1975;
Dade and Huppert, 1998; Deganutti, 2008). On the contrary, assuming
the gradient of the free surface of the flow, using the local dynamical
basal shear stress introduces higher shear resistance below the maxi-
mum debris depth. The shear stress would continuously decrease to-
wards the flow margins and to the thinner parts of the moving mass,
forcing the center of mass to move relatively slowly (Pudasaini and
Hutter, 2007). This induces large shear strains and internal velocity
gradients, with the resulting deformation consuming large amounts
of energy. This is precisely the point of how the mean frictional
shear stress rheology economizes the flow in comparison to the local
dynamical basal shear resistance. The essential point is that the theo-
retical hypermobility function 1/μe captures the behavior all event
types possess because it empirically includes the volumetric, geomet-
rical and physical parameters that control the event.

Figs. 2 and 3 show that significantly higher mobility values are ob-
served in submarine landslide events, as high as 500, and that the mo-
bility of the extraterrestrial events is relatively low in comparison to
the mobility of terrestrial events for the same volume. This indicates
that hypermobility is dominated by the degree of fluidization; an in-
tuitive result that is now quantified in our model. Our model quanti-
tatively explains mobility tendencies for each event type. This is
important for the prediction of the hypermobility as a function of
the volume (or the inundation area) if the release volume can be esti-
mated in advance (see later). Note that area is estimated fairly accu-
rately even for submarine and extraterrestrial events. However, the
volumes estimated from the distal thickness are likely to be under-
estimated. Nevertheless, as the values of the long runout debris ava-
lanches ranges from 105 to 1013 m3, the uncertainty below order
one is generally acceptable for the purpose of analyzing the effect of
volume on mobility (Legros, 2002).

Legros (2002) presented systematic data of more than 200 land-
slides, debris avalanches and debris flows including submarine
non-volcanic landslides, submarine volcanic landslides, subaerial vol-
canic landslides, submarine landslides, and Martian landslides. How-
ever, due to the complexity of the events, not all relevant data could
be measured. Our models (11) and (14) can estimate (predict) the
missing overrun area and volume (see, e.g., Legros, 2002) in terms
of the known mobility data (L/H), because μc 1−Λð ÞγT H=Sn−1 is
constrained by the model validation (see, Figure 3). In most of the
cases, mobility is known but volumes and the overrun areas are un-
known as they are much more difficult to measure than L/H. These
models can estimate the missing values, which was not possible
with existing mass flowmodels. Therefore, our model can more accu-
rately predict the event's potential, anticipated hazards, and mapping
and mitigation.

Hazards assessments of areas threatened by or under threat of
large mass flows (e.g., volcanic collapses, Sosio et al., 2011) need to
take into account the extraordinary mobility of the flow. In the
modeling and dynamic simulation of avalanches, by applying the geo-
technical and geophysical methods, we can first estimate the (poten-
tial) avalanche volume (Sosio et al., 2012) or the inundation area and
the topographic and the frictional parameters and then determine the
effective Coulomb friction μe and the associated hypermobility 1/μe.
Finally, μe can be used to determine the local basal shear stress τl,
see Eq. (1). The simulation performed with such τl should adequately
reproduce the exceptionally long run-out distances associated with
very large events.

Comparison of the model against large data sets provides a phys-
ical basis for the prediction of the hypermobility of large mass flow
events. The new rheological model can be used in the dynamical sim-
ulations for the estimation of the flow characteristics and properties,
such as the debris inundation areas, depth profile and associated de-
structive impact forces. The model calibration presented in Section 3
and Fig. 3 shows that the unified parameter UP lies roughly between
10 and 90, so does the relative fluid pressure (90% to 10%) as com-
pared to the total solid normal stress. As UP is constrained, we have
now some estimates of the UP values for different event types. Even
if we do not have the data for mechanical, dynamical and the geomet-
rical parameters, μc;γ; T ;Λ and S, with these UP values, we can now
estimate the effective friction parameter μe in terms of the volume
and the mean flow height. This way, the new model can be used for
the prediction of the dynamics of possible avalanches for which
there are no data.

5. Conclusions

The models presented here for the frictional basal shear stress, ef-
fective Coulomb friction coefficient and a hypermobility function suc-
cessfully describe long runout distances of very large (>106 m3, by
volume) debris avalanche events. These models include the most
dominant parameters affectingmobility; the flow volume, the inunda-
tion area, the fluidization parameter, and the topographic and friction-
al parameters in the description of the long run-out lengths. These
physically based models systematically describe exceptional mobility
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and long run-out distances of huge volume landslides, avalanches, de-
bris flows and rockfalls, and the hypermobility function very well rep-
resents the large data set of terrestrial and extraterrestrial events. This
model can be used to estimate the overrun area and volume in terms
of the known mobility data. We described new independent scaling
arguments between the inundation area and the volume based on
the arbitrary shape of the inundation area and the mean basal shear
stress. Using physical, mathematical, and rheological arguments, this
theoretical-empirical model resolves a long-standing issue of describ-
ing hypermobility of very large and rapid geophysical events in terms
of the volume involved or the inundation area.
Notation
A total overrun area/entire landslide area/inundation area.
Ad debris covered area in deposition.
At debris covered area at time t.
ac topographically induced centrifugal force.
ac0 maximum of ac.
F effective friction force.
fA, fV, f0 functions of area, volume, observed volume.
g gravity acceleration.
H vertical fall height.
H mean flow depth.
Hmax maximum value of H.
Hmin minimum value of H.
h flow depth in the direction normal to sliding surface.
L total horizontal runout distance.
Nf friction number.
n a real number >1.
S volume-area slope.
T ¼ cosζ0 þ ac0 ; topographic parameter.
t time.
UP ¼ μc 1−Λð ÞγT =Sn−1, unified parameter.
V debris volume.
V0 observed/measured debris volume.
Vmin observed minimum value of V.
Vmax observed maximum value of V.
W work.
x, y downslope, cross-slope coordinates.
α a parameter.
γ =γ2/γ1, volumetric parameter.
γ1, γ2 proportionality constants.
Λ ratio between basal pore fluid pressure and total normal

stress.
μc Coulomb friction coefficient.
μe theoretical effective/apparent friction coefficient.
1/μe theoretical hypermobility/hypermobility function.
μeo =H/L, observed effective/apparent friction coefficient.
1=μeo =L/H, observed hypermobility/mobility data.
ρ bulk density.
τ mean basal shear stress.
τl local dynamical basal shear stress.
ζ slope angle of the basal surface.
ζ0 minimum of ζ.
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Appendix A. Mean shear stress

The mean flow depth H can be estimated as:

H≈ V
At

: ð16Þ

Assuming a power law proportionality between V and A, and approx-
imating At by Ad, Eq. (16) can be written as

H≈ V
At

∼An

Ad
: ð17Þ

Again assuming a linear relationship between A and Ad, introduce the
proportionality relationships as V=γ1A

n and Ad=γ2A. Then, by de-
fining γ3=γ1/γ2, and collecting the exponents with base A, Eq. (17)
reduces to

H≈ γ1A
n

γ2A
¼ γ1

γ2
An−1 ¼ γ3A

n−1
; ð18Þ

where n>1 is a real number, γ1bγ2b1 are proportionality constants
with proper dimensions and γ3b1. Therefore, the mean flow depthH
takes the form

H :¼ γ3A
n−1

: ð19Þ

Eq. (19) means that H scales with An−1.
With Eqs. (19) and (4) the mean shear stress τ is obtained in

terms of H;V and A as follows. This is derived in three steps by suc-
cessive substitutions and simplifications of expressions on the right
hand side of Eq. (4). From Eq. (4), we have

τ ¼ μc 1−Λð ÞρgT V
Ad

: ð20Þ

Multiplying the numerator and denominator by H, we obtain

τ ¼ μc 1−Λð ÞρgT H V
Ad

1
H : ð21Þ

From Eqs. (18) and (19) substitute Ad=γ2A andH ¼ γ3A
n−1

; respec-
tively, in the denominator to get

τ ¼ μc 1−Λð ÞρgT H V
γ2A

1
γ3A

n−1 : ð22Þ

Since γ2γ3=γ1, collecting the exponents with base A, we obtain the
mean shear stress in terms of H;V and A

τ ¼ μc 1−Λð Þ T
γ1

ρgH V
An : ð23Þ

Appendix B. Friction number and volume area relationship

Next, we obtain the non-dimensional friction number Nf which
is defined as the ratio between the effective normal stress and the
shear stress:

Nf ¼
1−Λð ÞρgT H

τ
: ð24Þ

Rearranging the terms representing the effective normal stress and
the shear stress, and the terms associated with the area and the
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volume, making use of Eq. (23), Eq. (24) can be written as

Nf ¼
γ1

μc

An

V
: ð25Þ

With the definition of the volume–area slope S=(Nfμc/γ1)1/n, Eq. (25)
leads to a functional relationship between the volume (V) and the
area (A)

A ¼ SV1=n
: ð26Þ

Appendix C. Effective Coulomb friction coefficient
and hypermobility

In the following, we derive effective Coulomb friction coefficient
and hypermobility functions. With simple calculations, this will be
achieved at several steps.

Balancing between thework (W=FL) and the total available energy
(gMH), and considering a Coulomb-type friction rheology and applying
the shear stress τ to the debris covered area At (equivalently, Ad) to ob-
tain the friction force, F=τAd, we have

gMH ¼ FL ¼ τAdL: ð27Þ

Substituting for τ from Eq. (23), we obtain

gMH ¼ μc 1−Λð Þ T
γ1

ρgH V
An AdL: ð28Þ

In the following, to obtain the effective Coulomb friction coefficient, we
mainly substitute, rearrange relevant terms and simplify some expres-
sions on the right hand sides at several steps. Since Ad=γ2A, it follows

gMH ¼ μc 1−Λð Þ T
γ1

ρgH V
An γ2AL: ð29Þ

Collecting the volumetric expression (gρVL), and the parametersγ1 and
γ2, and collecting the exponents in A, leads to

gMH ¼ gρV Lð Þμc 1−Λð Þγ2

γ1
T H
An−1 : ð30Þ

Defining γ=γ2/γ1=1/γ3, and since M=ρV, where M is the debris
mass, ρ is the bulk density, and V is the debris volume, we have

gMH ¼ gMLð Þμc 1−Λð ÞγT H
An−1 : ð31Þ

Now, dividing both sides by gML, we obtain an equivalent relationship
between H

L and μc 1−Λð ÞγT H
An−1. By denoting μc 1−Λð ÞγT H

An−1 by μe,
Eq. (31) leads to (≡ stands for equivalent)

H
L
≡ μc 1−Λð ÞγT H

An−1 ¼: μe: ð32Þ

We know that H/L is the observed quantity (effective or apparent
friction coefficient) that is somehow related to the observed volume
(Vo) (see Figure 2). Here, ‘o’ stands for observed quantity with
discrete distribution. So, there should exist a (unknown) functional
relation (fo) between Vo and H/L, i.e., H/L= fo(Vo). With this, Eq. (32)
can be written as

f o Voð Þ ¼ H
L
≡ μc 1−Λð ÞγT H

An−1 ¼ μe: ð33Þ
Letμeo
be the effective friction coefficient as a function of the observed

volume (Vo). Since μc 1−Λð ÞγT H
An−1 is an expression in A, a functional

relation fA can formally be assigned to this expression. With these no-
tations, the equivalent expressions in Eq. (33) can be separated as

μeo
:¼ f o Voð Þ ¼ H

L
; ð34Þ

μe ¼ μc 1−Λð Þγ T H
An−1 ¼: f A Að Þ: ð35Þ

Note that in the above expressions, μeo
and fA are introduced only for

notational convenience.
Next important step is to obtain a relationship similar to Eq. (35)

in terms of the debris volume, V. Combining Eqs. (26) and (32) pro-
duces a functional relationship between the debris volume and the
theoretical hypermobility (defined as 1/μe) which can be re-written
in terms of V as:

H
L
≡ μc 1−Λð Þγ T

Sn−1

H
V1−1

n
:¼ μe: ð36Þ

Since μc 1−Λð Þγ T
Sn−1

H
V1−1

n
is an expression in V, as discussed above, a func-

tional relation fV can formally be assigned to this expression. As in
Eqs. (34) and (35), equivalent expressions in Eq. (36) can be separat-
ed as

μeo
¼ f o Voð Þ ¼ H

L
; ð37Þ

μe ¼
μc 1−Λð ÞγT

Sn−1

H
V1−1

n
:¼ f V Vð Þ: ð38Þ

Eq. (38) (similarly, Eq. (35)) represents an explicit and theoretical–
empirical functional relation for μe (theoretical effective or apparent
friction coefficient) in terms of the (continuous) volume (distribu-
tion), V.
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