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Abstract

Soil-mantled hillslopes owe their smooth, convex shape to creep*?; the slow and persis-
tent, gravity-driven motion of grains on slopes below the angle of repose. Existing models
presume that soil creep occurs via mechanical displacement of grains by (bio)physical dis-
turbances®?, Recent simulations®, however, suggest that soil can creep without these
disturbances, due to internal relaxation dynamics characteristic of disordered and fragile
solids such as glass. Here we report experimental observations of creeping motion in an
undisturbed sandpile, at micron resolution over timescales of 10°—10° s, for a variety of nat-
ural and synthetic granular materials. We observe two behaviors typically associated with
creeping glass: strain occurs as localized and spatially-heterogeneous grain motions® ; and
creep rates decay as a power-law function of time®. Further, creep can be accelerated or
suppressed by thermal cycles and shaking, respectively. Averaged strain profiles decay ex-
ponentially with depth, in agreement with field observations of creeping hillslope soils®Y,
Our findings demonstrate that soil is fragile in terms of sensitivity to disturbances, but
that creep dynamics are robust across grains and glasses. Mapping soil creep to the more
generic glass problem provides a new framework for modeling hillslope sediment transport,
and new insights on the nature of yield and failure.

Keywords— geomorphology, granular physics, glassy dynamics, relaxation and rejuvenation, aging
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Introduction

The shapes of hills encode a signature of tectonics, climate and life, through the influence of these processes on
sediment transportH13 Soil fails by landslides on the steepest slopes, leaving telltale scars on the landscape. Below
the angle of repose, however, soil-mantled hillslopes are characteristically smooth and convex®2. Although this soil
is considered a solid, it appears to flow over geologic time in a process called soil creep™*%. What is the mechanism
for granular motion below the angle of repose? This has been speculated on for over 100 yearsi2. Modern treatments
trace their origin to Culling®, who envisioned that the net effect of environmental disturbances (biological, hydrological
and physical) acting on and within soil was to inject porosity, which facilitates particle motion. He also recognized
that porosity, and the associated particle activity, must diminish with depth. In the continuum limit Culling proposed
a diffusion-like relation between sediment flux and topographic gradient, that has been elaborated on by many authors
and implemented in virtually all landscape evolution models®™#1518 Remarkably, the hypothesized grain motions
in Culling’s model have never been experimentally examined. More broadly, Culling’s mathematical formulation
corresponds to a physical picture of soil as a peculiar kind of “granular gas” (Supplementary Materials Section S1)
that is inconsistent with known granular mechanics. Researchers have begun to recognize the need to understand
grain-scale dynamics, in order to derive physically-informed models of soil mixing and transport on hillslopes:22Y,
While tracers have been used for over 60 years to measure coarse profiles of soil displacement on hillslopes™, the slow
and erratic nature of creep has prevented direct observation of grain motions in the field. The canonical hillslope
laboratory experiment of Roering and colleagues“? showed how acoustic noise can induce grain motion below the
angle of repose; however, our reanalysis indicates that grains were actually fluidized into inertial flows, rather than
sub-critical creep (Fig. S1).

Creep has also been recognized in the context of dense granular flows. These flows have been modeled with a local
“ (1) rheology’ where the effective friction () is a function of a dimensionless shear rate called the inertial number,
I = 'd=/P=, where " is shear rate, d is grain size, P is confining pressure and is density?. Inertial flows transition
at depth to a slow creep regime, characterized by intermittent and apparently random particle motions?*24 and
exponential velocity profiles?2%. Recent experiments and simulations suggest the transition to creep occurs below
I ~ 10 ® (refsP287) The local (I) rheology predicts that grains should be static below yield, and therefore
cannot describe the creep regime??. To account for creep, nonlocal models have been proposed in which fluidized
motions from the inertial regime diffuse downward into the bulk®®. However, recent experiments have revealed creep
in the absence of a flowing layer*2Y  Observations in a progressively tilted sandbox showed that, on approach to
the angle of repose, sporadic and localized grain motions became more frequent and eventually linked up to affect
yield®?. Granular simulations have reproduced these behaviors without any imposed disturbances®. The addition of
low-amplitude (< d), random perturbations accelerated simulated creep rates, but did not qualitatively change the
dynamics®2L: however, the spectrum of disturbances explored in these models is quite limited.

Creep in amorphous solids, such as glass, is associated with sub-yield plastic deformation in response to an
applied stress”. A unifying characteristic of amorphous solids is that they are fragile: any particle configuration is
metastable, and very small perturbations can lead to structural rearrangements27=2, These creep motions are manifest
as spatially heterogeneous, mesocopic (length > d) zones of strain®. In glasses, relaxation by plastic rearrangements
leads to aging; rigidity increases with time, leading to a slow down in creep rates. This decline in plasticity can
be reversed by rejuvenation, typically by changing temperature®®. There is emerging evidence that granular creep
shares deep similarities with glasses®2%. and theorists have proposed that mechanical noise in granular systems may
modulate creep in an analogous manner to thermal fluctuations in glasses™%. No experiments, however, have been
conducted to test these ideas. In this study we examine creep dynamics of an undisturbed sub-critical sandpile,
probing grain motions through time using an optical technique that allows us to observe exceedingly slow strain
rates. Creep behavior in the sandpile exhibits all of the hallmarks of relaxation in glassy materials. We also explore
how disturbances can enhance or reverse aging, completing the picture of soil creep as relaxation and rejuvenation of a
fragile solid and illustrating that in the natural environment, hillslopes are made perpetually fragile by environmental
perturbations. Comparisons of experimental creep profiles with data from natural hillslopes indicate that laboratory
observations are generalizable.
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Undisturbed creep results

Our rst objective is to demonstrate the existence of creep in a minimally-disturbed model hillslope. Based on
previous work®2221828 1 we expect creep rates to be exceedingly slow ( 10 ®m=s) which makes typical particle
tracking methods impractical. Instead, we measure grain motions via spatially-resolved Di using Wave Spectroscopy
(DWS)==! which determines strain associated with changes in the granular structure that occur on the order of the
optical wavelength (10 ®m) (see Methods). Our experimental system consists of a granular heap initially prepared
(time t = 0) just below the angle of repose, that is con ned in an acrylic cell (Fig. 1[}5itting on a vibration-isolating
optical table (see Methods, Fig. S2). Most experiments used glass beads with ideal optical properties; however,
natural sand, and a mixture of equal parts sand and kaolinite powder, were also tested (Fig. S3).

The rst important result is that creep occurred for all experiments and granular materials, and it persisted over
all observed timescales (18 10° s M1-4). Initial creep velocities (t = 0) were on the order of nm/s (cm/year)
i.e., comparable to measured rates of hillslope soil creep in the eld (see below) { and we con rmed that inertial
numbers for undisturbed creep were all below yield (I < 10 °) (Figs. S4, S5). All experiments exhibited glass-like
“spatially-heterogeneous dynamics®, manifest as discrete, mesoscopic ( d) zones of strain that occurred throughout
the system (Fig. Qz). At early times, these deformation zones were relatively larger and more concentrated near
the sandpile surface. At later times these zones became smaller and occur less frequently, with lower spatial density.
Cumulative strain  resulting from this deformation diminished with depth beneath the surface because of increasing
con ning pressure, which restricts dilation that is often associated with grain rearrangement 22 (FigEb). We also
observed sensitivity to the preparation protocol, a ubiquitous phenomenon in fragile solids ¢ For example: the region
of intense and persistent deformation seen near the pile apex (Figs. 1; 3 M1) always occurred at the location where
avalanches had formed when the sand was rst poured.

Information on the time-dependent dynamics of creeping motion in the pile is encoded in the correlation function
G of the speckle patterns (see Methods). In the experiments reported here, G decayed monotonically with lag time

; this decay was most rapid at early times t indicating fast grain motions, and slowed through time (Fig. 2).
Normalizing the lag time of each correlation by the e-folding time, we nd that the curves G( = ¢) collapse onto
a single exponential master curve (Fig. 2) consistent with previous observations of granular creep?® and molecular
dynamics simulations of glass’’. The growth of the relaxation timescale . increased as a power-law function of
time (Fig. 2). Such power-law “aging' is a classical behavior of creeping glass and other amorphous solids. Our
interpretation is that the initially loose sandpile has many “soft spots' %2 associated with low packing density and/or
frictional contacts, and that strain relaxes these soft spots, redistributing stress within the system, leading to an
overall slowing down of creep with time 7.

Figure 1: Experimental setup and phenomenology. a) Soil-mantled hillslope in the Te Puka Valley, New
Zealand (PC: Waka Tokahi, NZ Transport Agency). b) Experimental DWS setup. c) Spatially-resolved maps of
creep rates at three times (t = 1;t = 16 and t = 1024 s) since building the pile.



