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A main objective in landslide research is to predict how far they will travel. Landslides are complex, and
a complete understanding in principle requires accounting for numerous parameters. Here we engender a
simplification by investigating the maximum landslide runout using granular laboratory experiments and a
scaling analysis. We find that correctly accounting for the fall height and grain size distribution not only
yields an improved correlation of normalized runout, but also quantitatively unites laboratory and field
data. In particular, we find that the mobility of landslides increases with the square root of the fall height
and with the skewness of the grain size distribution.
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The feature of landslides and avalanches of principal
interest to the inhabitants of mountainous regions is how far
they will reach. The cost in life and property in affected
areas is enormous [1,2], with ecological hazards sometimes
remaining decades later [3]. Predicting the runout distance,
and in particular what parameters control it, is thus a major
objective of landslide and avalanche research [4]. The
variety and complexity of these parameters has encouraged
a varied approach to this problem, and landslides and
avalanches with different features are often treated as
distinct. Highlighting the importance of features such as
the slide geometry or soil content, landslides are commonly
subdivided into nearly 30 different categories including
debris flows and rock avalanches [5]. Snow avalanches are
likewise treated as an entirely separate species of large mass
movement [6]. A confounding problem is the difficulty to
isolate and systematically study important parameters in
nature. While laboratory experiments using small grains
can methodically study features such as longitudinal ridges
[7], the role of interstitial fluids [8,9], the overrun of dams
[10], the generation of tsunamis [11], or the onset of
avalanche behavior [12], these small-scale experiments are
often argued to have only limited relevance to large-scale
natural landslides and avalanches because of their vastly
different time and length scales [13–15]. Thus the prevail-
ing consensus, albeit not universal [16], is that while
laboratory granular flows, snow avalanches, debris flows,
and rock avalanches all share common features, their
runout cannot be comprehended using a single approach.
Although an uncomplicated description of landslide

runout appears to be out of the question, simple trends
have been known for decades [4]. A classical result
common among all natural systems is that the runout

distance increases if the landslide is larger or falls from a
greater height [4,15–17], although the exact dependence is
not known. (For the sake of brevity we will hereafter refer
to all natural and laboratory mass movements collectively
as “landslides,” regardless of their specific, intricate
details.) This correlation between runout distance L, fall
heightH, and landslide volume V is typically demonstrated
through plots of H=L versus V, where the nondimensional
ratio μ ¼ H=L is sometimes termed the effective friction or
Heim’s ratio [18]. Although the scatter in these plots can be
substantial [4], it is generally agreed that as V increases,
H=L decreases. Such plots thus demonstrate the possibility
of uncovering a profound simplification in an otherwise
impossibly complicated system, even if this is widely
considered an incomplete description of landslide behavior
[4,14,16,17].
The present work builds on the classical result repre-

sented by traditional plots of H=L versus V, and improves
on it by determining how H is incorporated and by
accounting for the granularity through the size distribution
of the grain diameter D. The extreme scale separation
between the grain size (typically ranging from ∼10−3 m to
∼100 m; see Supplemental Material (SM) [19]) and either
H (∼102 m) or L (∼103 m) suggests it is a negligible
parameter, an implicit assumption in many continuum
approaches. And yet it is an integral parameter in prominent
granular rheologies [43,44], in understanding laboratory
granular experiments [45], and in improving rheological
models to replicate landslides [46]. Grain size has been
used implicitly in rheologies that predict basal (bottom)
friction [47], and explicitly in studies of air drag [48],
but its influence on runout has only rarely been studied
systematically [49], often being ignored altogether [16,17]
or even declared irrelevant [14].
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Here, by explicitly and systematically accounting for D
and H, we not only improve the correlation between L, H,
and landslide size, but also weaken the boundaries between
heretofore distinct flows. The implications of this result are
twofold. First, the underlying physical mechanisms that
control laboratory granular landslides and a number of
natural landslides are apparently the same, potentially
eliminating the need for emergent mechanisms to explain
the runout of some large-scale landslides [14,50]. Second,
laboratory-scale experiments can thus be fruitfully used to
systematically investigate the quantitative behavior of even
large-scale landslides, despite a widespread view to the
contrary [13,15]. Our simple experiments and analysis thus
serve to both unite disparate fields and potentially enlarge
others [51].
We begin with laboratory experiments for which we

systematically vary the fall height, the landslide size,
and the grain size. The experimental setup is a simplified
version of a natural landslide consisting of a slope, a flat
section, grains, and a container to house the grains before
releasing them by rapidly raising a sliding metal gate. See
Fig. 1(a) for a schematic of the experimental setup. Natural
landslides vary widely in the details of their initial con-
ditions, and we make no attempt to replicate the specific
features of any particular landslide geometry. While these
details can affect some aspects of landslide dynamics, the
runout distance itself is relatively insensitive [52]. In
contrast to some previous studies [16], we define both H

and L with reference to the front position for both the
beginning and end of the landslide event.
For each experiment we measure the total massM with a

simple scale and gently sprinkle the grains into the
rectangular box so that the surface is level. We then
measure the total volume V of the initial grain pile using
a standard measuring tape, which we also use to measureH
and L. Because individual grains can escape and travel
farther than the bulk, we identify the final front position as
the frontmost position where a layer of grains is still in
contact with the main mass [see Fig. 1(b)]. In addition, we
also monitor the landslide front position and speed U using
an overhead fast camera (Phantom v641) at a frame rate of
100 Hz. To determine U we use a standard image
processing tool (ImageJ) to manually track the front
position of the landslide, which is easily distinguished in
the experiments [see Fig. 1(b) and SM [19] ]. Our grains are
relatively spherical glass beads which have been roughly
presorted by the manufacturer according to diameter D,
ranging from ∼45 μm to ∼1.5 mm, and we characterize the
size and shape distributions of the grains using an imaging
technique [53] (see also SM [19]). Following typical
practice in natural landslide studies, instead of the fre-
quency distribution we use the mass-weighted distribution
pðDÞ, which emphasizes large grains, to determine average
quantities such as hDi and hD3i (see SM [19]). We observe
no substantial influence of electrostatic effects on the
landslide runout distance.
In Fig. 2(a) we show different experimental curves of

Heim’s ratio H=L versus V (we consider even lower V in
the accompanying paper [51]). In our experiments we
systematically vary hDi and H, and perform experiments
for a large range of V. This creates a jumble of data.
Varying H or hDi creates a new curve, but it is similar in
shape, follows the classical trend, and is only shifted
vertically. Such influence is not surprising and has been
previously noted [17,49], but to our knowledge the quan-
titative dependence has never been elucidated. Inspired by
the similarity of the individual curves and a systematic
dependence on H and hDi, we seek a self-similar function
for the dependence of L on V, H, and D.
We find inspiration for this solution from the results of

large-scale experiments of up to 550000 ping-pong balls
released on a ski jump and in the laboratory [54–56]. These
experiments found that the front speed U scales with the
size of the system, represented by the number of ping-pong
balls N, as U ∼ N1=6 ∼ V1=6. Here we extend their analysis
by determining the dependence on D and H. We found
that while our laboratory experiments also roughly yield
U ∼ V1=6 (see SM [19]), for proper comparison we must
nondimensionalize U and V. This requires at least one
length scale l (the velocity can be nondimensionalized withffiffiffiffi
gl

p
, where g is the gravitational acceleration). We deter-

mined that U does not depend on H (see SM [19]), so we
instead turn toD. Because the mobility of granular flow has

FIG. 1. (a) Side-view schematic of the experimental setup with
(b) overhead images at intermediate (II) and final (III) times of
the motion of M ≃ 1300 g of artificially colored red sand
(hDi ≃ 250 μm). The grains are released from a rectangular
box (I) of width 15 cm via a sliding sluice gate at the front
and slide down a flat glass plate (80 cm long and 65 cm wide), in-
clined at an angle θ ≃ 34°, and eventually reach the junction (II)
before coming to rest on a level flat glass plate (125 × 125 cm2).
The grain motion is observed with an overhead fast camera to
determine the front speed U just after the junction. We use the
frontmost position of the main mass to determine the runout L in
our experiments.
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been linked to its particle size distribution [pðDÞ] in
laboratory experiments [57], two-dimensional simulations
[58], and in granular slumping experiments and simulations
[59], we anticipate that U may depend on various moments
of pðDÞ. We choose the first (hDi) and third (hD3i)
moments, the latter of which is related to the asymmetry
of pðDÞ. Although important to better represent pðDÞ,
using two length scales creates an ambiguity for the choice
of normalization, exacerbated by the fact that in most of the
laboratory and ping-pong experiments their ratio is
S≡ hD3i=hDi3 ∼ 1. We thus perform several experiments
with mixed grains to obtain more asymmetric distributions
(S ∼ 4) and find substantially better collapse when we
normalize U using hD3i and V using hDi (see SM [19]).
We thus define a characteristic speed

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g�hD3i1=3

p
, where

g� ¼ gð1 − ρair=ρÞðsin θ − μsliding cos θÞ, g is the gravita-
tional acceleration, ρair is the air density, and μsliding is the
sliding friction coefficient from the literature [60,61]. We
plot the result in Fig. 2(b). Not only is the laboratory
collapse improved (a fit to a 1=6 power law changes to
R2 ≃ 0.95 from R2 ≃ 0.85 when the data are not normal-
ized), but the laboratory and ping-pong data are brought
into close correspondence. The best-fit exponent determined
using linear least squares also yields an exponent 0.143�
0.002 similar to the expected 1=6 (≃0.166).
We connect this result for the motion of the landslide

with its runout using a simple argument. We estimate L
using the front speed U so that L ∼UT, where T is a
characteristic time we assume to go as T ∼

ffiffiffiffiffiffiffiffiffiffiffi
H=g�

p
as

observed in granular slumping experiments [45]. We thus
estimate Heim’s ratio as H=L ¼ H=UT, yielding

H
L
∼

H
ffiffiffiffiffiffiffiffiffiffiffiffi
g�hDip

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hg�hD3i1=3V1=3

p ∼
��

V
H3

�
S

�
−1=6

; ð1Þ

where only the final term S ¼ hD3i=hDi3 depends on the
granularity through the asymmetry of pðDÞ. We test this
prediction in Fig. 2(c), in which we observe an appreciable
improvement over the traditional plot in Fig. 2(a), as well as
agreement with the exponent −1=6. Our simple argument
together with Fig. 2 not only demonstrate for the first time
that the quantitative dependence of the runout distance on
H is through the square root (∝

ffiffiffiffi
H

p
) but that the runout

speed and distance also depend on the grain distribution
asymmetry through S. We found that the collapse in
Figs. 2(b) and 2(c) does not hold for small values of V,
with a lower limit that depends on H and D [51].
Now we apply our scaling to naturally occurring land-

slides, the ultimate motivation for our experiments. Unlike
our relatively simple laboratory experiments, natural land-
slides are influenced by a host of additional parameters
[13,62], some of which we cannot account for with a purely
granular flow, so that we might not a priori expect our
simple scaling to be relevant. Indeed, Fig. 3(a), a traditional
plot of μ ¼ H=L versus V, visually demonstrates the
apparent irrelevance of laboratory experiments to natural
landslides. Even focusing on the natural landslides only,
which consist of dry debris flows [4], rock avalanches
[18,63,64], snow avalanches [6], and volcanic landslides
[3], we observe the large scatter which has historically
encouraged separate treatment for each type of mass move-
ment. In order to test our scaling prediction [Eq. (1)], we use
previously measured grain size distributions from literature

FIG. 2. Plots of runout and U from the laboratory experiments with corresponding Spearman correlation coefficients r for all data in
each subplot. (a) A traditional plot of (H=L) versus V for laboratory experiments with different hDi and H (5≲H ≲ 37 cm; data
symbols for larger H are bigger and more transparent). An overall negative trend is in keeping with natural landslides [4], but the data
show scatter and a clear dependence on D and H. Grain sizes in the legend refer to hDi. The two grains marked by asterisks are
bidisperse mixtures with large S ≃ 4. Error bars determined from repeating experiments are smaller than the data symbols except for the
bidisperse grains. (b) A plot of the front speedsU versus V from experiments and ping-pong ball experiments [54–56] normalized using
the grain-size distribution ðhD3i; hDiÞ. All dashed lines are a power-law fit with exponent 1=6. The linear least squares best-fit expo-
nent is 0.143� 0.002. (c) The runout data collapse by taking into account both D and H in the normalization and go as
H=L ∼ ½ðV=H3ÞS�−1=6 (dashed line). The linear least squares best-fit exponent is −0.156� 0.003.
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sources, which are often extremely asymmetric, to determine
S (see SM [19]).
First we consider the possible improvement from cor-

rectly accounting for H, temporarily ignoring the granu-
larity. As Fig. 3(b) shows, when the mess of apparently
distinct data [Fig. 3(a)] are plotted versus V=H3, we
observe a striking improvement in the collapse of the data,
including the apparent affinity between small-scale labo-
ratory experiments and field data which is hidden by the
traditional plot [Fig. 3(a)]. Likewise, the data broadly
conform to a power law with exponent −1=6 as predicted
by our simple argument [Eq. (1)]. We thus confirm that the
dependence on H through its square root is a ubiquitous
feature common to landslides over a large range of drop
heights, 100 ≲H ≲ 105 cm.
Next we turn to the landslide granularity. In Fig. 3(b) we

have plotted the data with a color corresponding to its value
of the S. While for most of the laboratory data S ∼ 1, for the
field data it can reach values of S ∼ 27. Moreover, the data
with large values of this ratio tend to fall below while those
with smaller values are above. The skewness of the grain size
distribution apparently increases landslide mobility, a result
anticipated by two-dimensional simulations [58] and labo-
ratory experiments [57] with grain distributions having a
large bidispersity. When we include this ratio in the nor-
malization of the system size as in Fig. 2(c) and according to
Eq. (1), we find a significant improvement to the collapse of
all the data, which is noticeably better than representations
that exclude D (see SM [19]). In particular, including the
granularity (skewness) brings the field data into even closer
correspondence with the laboratory experiments.
The success of Fig. 3(c) does not signify that other

factors, such as moisture [9] or topography [62], do not

influence landslides. Indeed, the scatter of the data may in
fact be manifestations of these other parameters. However,
Fig. 3(c) suggests that it is V, H, and D which primarily
determine the behavior of L. Previous work has often tried
to detect the influence of other parameters using the
traditional plot of H=L versus V [4,17,50], but our
improved scaling now provides a framework within which
to determine the role of other parameters systematically
using laboratory experiments. On a practical level, the
scaling result in Fig. 3(c) also provides an improved
method for estimating landslide runout hazard [1].
Building on traditional methods which use historical data
to predict V andH [65], with additional information about a
region’s associated grain size distribution, an estimate can
be made of S to predict L.
In summary, we have performed an extensive experimen-

tal study of laboratory landslide runout combined with a
scaling prediction that has led to a quantitative understanding
of the dominant parameters that control even natural land-
slides.We found that the system sizeV, the fall heightH, and
the granularityD, while certainly not the only parameters, are
among the most important parameters that determine the
behavior of granular laboratory experiments, rock ava-
lanches, snow avalanches, landslides, and dry debris flows.
In demonstrating this we have found an impressive link
between seemingly disparate systems: their granular nature.
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FIG. 3. Plots of runout from the laboratory, dry debris flows and landslides [4], rock avalanches [18], snow avalanches [6], volcanic
landslides [3] with corresponding Spearman correlation coefficients r for all data in each subplot. We sampled laboratory data points
evenly (logarithmically) spaced and with a number equal to the field data for the correlation and goodness of fit (R2). (a) A traditional
plot of H=L versus V shows large scatter and separates the field and laboratory data. (b) Replotting H=L versus V=H3 yields a
substantial improvement and reveals the dependence on ∝ H1=2. The dashed line is the predicted −1=6 power law. The linear least
squares best-fit exponent is −0.164� 0.012. The values of S are indicated by the marker color with larger values tending to be below.
(c) Replotting with the new scaling which includes the granularity yields excellent accord with a single, nearly universal curve
∼½ðV=H3ÞS�−1=6 (dashed line). The linear least squares best-fit exponent is −0.158� 0.008. Error bars are determined from the spread of
values for V, H, L, and D (see SM [19]).
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