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A B S T R A C T

Most of the small asteroids with sizes below a few km are believed to be rubble piles. In order to study the strength of such bodies, we have performed bulk mea-
surements on simulant granular material, varying the grain size and surface properties in ambient conditions. The samples were prepared from a high-fidelity asteroid
soil simulant and subjected to compression and shear stresses. We measured the material angle of repose, Young Modulus, its angle of internal friction, bulk cohesion,
and tensile strength. Grain sizes were varied from 0.1 to 10 mm. Grain surface properties (friction and cohesive forces) were modified by adding a surface frost layer.
We find that, in shear, larger grains increase the strength in confined samples, representative of regolith subsurface layers on asteroids, while they decrease strength in
unconfined samples, representative of surface regolith. In compression, confined samples become weaker with increasing grain size, while unconfined samples are
barely sensitive to it. We also find that increasing surface friction and intergrain cohesion increases the strength in all the samples. We measure bulk cohesion values
between ~400 and 600 Pa, internal friction between 25 and 45�, and tensile strengths between 600 and 900 Pa. The measured angles of repose varied between ~25
and 45� in an opposite trend to the internal friction. We compare these values to spacecraft data and numerical simulations and discuss implications of our findings for
rubble-pile composition and disintegration behavior. We find that grain size sorting with depth, depletion of fines at the surface, or presence of water ice in the core
can provide a mechanism for regular surface shedding event on small asteroids.
1. Introduction

The study of small bodies of the Solar System is key to understanding
the formation and evolution of our planetary system. The smaller, un-
differentiated members of the various small body populations (Near
Earth Objects, Main Belt Asteroids, Jupiter Family Comets, Centaurs,
Kuiper Belt Objects, etc.) retain information on their formation in their
internal structure, surface appearance, and potential disruption behavior.
In particular, the bodies’ strength and morphology can reveal major
population trends, such as spin rates, porosity, size distributions, ambient
dust environment, etc. (e.g. S�anchez and Scheeres, 2014).

Space missions (Fujiwara et al., 2006; Lauretta et al., 2019; Watanabe
et al., 2019) and ground-based observations (e.g. Busch et al., 2011) have
shown that many smaller asteroids are loose collections of rubble,
so-called rubble piles, rather than solid bodies. There is an abundance of
evidence that nearly every object in the size range ~200 m to ~1 km is
bound primarily by self-gravity, with significant void space or bulk
porosity between irregularly shaped constituent particles (Walsh, 2018).
The understanding of this population is derived from wide-ranging
studies of shape and spin, decades of observational studies in
numerous wavelengths (Pravec et al., 2006), and the in situ study of a few
objects via spacecraft flyby or rendezvous (Fujiwara et al., 2006; Lauretta
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et al., 2019; Watanabe et al., 2019).
For this reason, in recent years, a consistent analytical and numerical

effort has been carried out to better understand how large aggregates of
irregular grains behave under stresses induced by compression (e.g.
gravity), tension (e.g. centrifugal forces), and shear (e.g. seismic vibra-
tion). Works by Holsapple (2001, 2004, 2007) and Sharma (2013)
introduce the application of continuum mechanics (angle of internal
friction, bulk cohesion, e.g. Drucker and Prager, 1952) to the study of
rubble pile asteroids. S�anchez and Scheeres (2014) study in more detail
the notion of inter-grain cohesion and its effects on the bulk strength of
these bodies. While these efforts have significantly increased our un-
derstanding of the morphology and behavior of small asteroids by
comparing their results with observational data, they often lack labora-
tory measurements supporting their findings (Scheeres et al., 2010). In
support of understanding how rubble piles behave and evolve, we have
initiated a laboratory measurement campaign aimed at characterizing
the mechanical properties of asteroid regolith.

One of the key parameters to understand rubble pile formation and
evolution is their strength, in particular compressive and tensile
strengths. Until recently, this king of strength information on thematerial
composing primitive asteroids was mostly provided by measurements
performed on meteorite falls, such as Tagish Lake, Orgueil, and Ivuna
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(see Ostrowski and Bryson, 2019, for a review). Compressive strengths of
carbonaceous CI and CM meteorites range from 0.25 to 0.7 MPa for
Tagish Lake (Brown et al., 2002) to 50 MPa for Murchison (Miura et al.,
2008), and 82 MPa for Sutter Mills (Jenniskens et al., 2012). Tensile
strengths are weaker at 0.8 MPa (Tagish Lake, Brown et al., 2002), 0.7
MPa (Ivuna, Tsuchiyama et al., 2008), and 2 MPa (Murchison, Miura
et al., 2008). The recent spacecraft visit to rubble pile asteroids Ryugu
and Bennu has allowed for a more detailed study of their boulders, and
thus a better understanding of surface material in-situ. The analysis of
craters on boulders on Bennu indicate an impact strength in the range
0.44–1.7 MPa (Ballouz et al., 2020). Thermal inertia data allows to
constrain the tensile strength of boulders on Ryugu at 0.20–0.28 MPa
(Grott et al., 2019). Both these numbers are on the very lower end of
strengths measured from meteorites that have reached the surface of the
Earth. This supports the idea of a sample bias towards stronger materials
in the available primitive meteorite collection and the importance of
in-situ measurements and targeted investigations on low-strength simu-
lant materials for a thorough understanding of rubble-pile behavior.

In the present paper, we report of mechanical property measurements
performed on granular samples with various grain sizes and with or
without water ice frost surface coating. The samples used for measure-
ments are composed of a high-fidelity asteroid regolith simulant (UCF/
DSI–CI–2, Metzger et al., 2019), which has been shown to mimic the
mechanical properties of CI Orgueil meteorite material, a carbonaceous
chondrite, and is therefore representative of regolith found in primitive
asteroids. Samples were prepared and measured at room-temperature
and under cryogenic conditions (cooled to < 150 K using liquid nitro-
gen). The measurements performed include the strength of individual
grains as well as bulk strengths in compression and shear. Our goal is to
quantify the strength behavior of material composing small rubble-pile
asteroids and here specifically, the role of the size and surface friction
properties of the constituent grains.

In Section 2, we detail our measurement methods and we present
measurement results in Section 3. In Section 4, we discuss our findings in
the context of regolith and rubble pile characterization. Finally, we
summarize our work in Section 5.

2. Measuring regolith strength

In order to characterize the influence of grain size and surface prop-
erties on the mechanical behavior of asteroid regolith, we chose to focus
on three measurements:

● the angle of repose (AOR, Section 2.2.1). The AOR is the steepest
angle of descent relative to the horizontal plane to which a material
can be piled without further avalanching. It is an indicator of material
bfshear strength in an unconfined configuration and can be used to
determine inter-grain cohesion forces.

● the compression strength of the material (Section 2.2.2). By deter-
mining the relationship between stress (force per unit area) and strain
(proportional deformation) in one-dimensional compression, we
measure its YoungModulus (YM, Briaud, 2001). These measurements
are performed in both confined and unconfined configurations.

● the shear strength of the material (Section 2.2.3). Here, the material is
sheared while under normal stress in a confined configuration. The
stress-strain curve reveals the shear yield point. The relationship
between the shear yield stress and the normal stress at which it
occurred allows for the measurement of the angle of internal friction
(AIF), the bulk cohesion, and the tensile strength of the material (e.g.,
Perko et al., 2001). We note here that bulk cohesion is a property of
the granular material and different from inter-grain cohesion forces.

The YM, AIF, and cohesion are material internal properties that fully
characterize the response of a soil to stress. They can not be directly
observed (e.g. from remote-sensing of a planetary surface) and have to be
measured by applying stress to a soil sample or area. The AOR on the
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other hand can be measured by simple observations and is the only
material property that can easily be detected at the surface of planetary
bodies.

2.1. Regolith simulant samples

2.1.1. Preparation of granular samples
In order to prepare our regolith simulant samples, we aimed at

reproducing the mechanical properties of actual asteroid regolith as
closely as possible. To this purpose, we used the asteroid simulant from
the Exolith Lab mimicking the CI Orgueil meteoritic composition (UCF/
DSI–CI–2, Metzger et al., 2019), with a mineralogy based on the analysis
by Bland et al. (2004). Metzger et al. (2019) performed a thorough
analysis of this simulant using well-defined figures of merit comparing it
to CI Orgueil (carbonaceous chondrite meteorite) material. Figures of
merit included mineralogical composition, bulk density, and cobble
mechanical strength. Their findings show that the UCF/DSI–CI–2 simu-
lant is well-suited for reproducing bulk mechanical properties of granular
samples of carbonaceous chondrite, and therefore, primitive asteroid
material.

From experiments on simulated asteroid regolith (Brisset et al., 2018,
2020), we know that an important parameter in the behavior of granular
material is the grain size distribution. The regolith grain size on asteroids
and small bodies of the Solar System has been inferred both from thermal
inertia measurements (Gundlach and Blum, 2013) and images returned
from space missions (e.g. Hayabusa at Itokawa, Fujiwara et al. (2006),
Hayabusa2 at Ryugu, Watanabe et al. (2019), OSIRIS-REx at Bennu,
Lauretta et al. (2019)). Gundlach and Blum (2013) estimate grain sizes at
the surface of about 20 asteroids (<100 km) and find they range from 0.1
to 10 mm. Spacecraft data also indicate grain sizes in this range, with the
surfaces of Ryugu and Bennu being apparently depleted in fine (< 1 mm)
grains (Sugita et al., 2019; Lauretta et al., 2019). We therefore chose to
focus our study on grains in the size range 0.1–10 mm.

To this purpose, we prepared grains in three size distributions: fine
grains, sieved to sizes< 600 μm; mm-sized, sieved to sizes between 1 and
6 mm; and cm-sized, sieved to sizes between 6 and 20 mm. The UCF/
DSI–CI–2 simulant comes as a powder with an undefined particle size
range < 1 mm. For fines, we simply sieved this powder to the target size
distribution. In order to produce larger grains, this powder was mixed
with water and prepared into cobbles of 10–20 cm in diameter. After
drying for over 72h in a dehydrator, these cobbles were smashed into
smaller grains, which were then sieved into mm- and cm-sized
distributions.

2.1.2. Measurement conditions
In order to study the influence of grain surface properties on the

behavior of the granular samples, we produced frosted grains in addition
to our room-temperature (dry) samples. To this purpose, we prepared the
samples in ambient air at cryogenic temperatures (< 150 K). These
temperatures were achieved using liquid nitrogen baths, with which the
sample materials never had direct contact.

The humidity in ambient air led to a layer of water frost at the surface
of the grains. In order to determine the amount of frost/water ice present
in the sample when prepared in this manner, we performed careful
comparison of sample density with room-temperature samples. We
measured an overall volumetric percentage of water ice of 5% within the
air-prepared cryogenic samples. Cryogenic samples were cooled during
the entire time of measurement, so that their surface properties remained
the same during compression and shearing. This was performed by
running an LN2 line into the vacuum chamber and around a copper block
in which the sample cup was fitted.

2.1.3. Sample characterization
Grain size distribution By analyzing images of grain populations, we

have measured the size distributions of our three sample types (fines,
mm, cm, Fig. 1). Our fines consist mostly of grains around 250 μm in



Fig. 1. Normalized grain size distribution for the three types of samples pre-
pared: fines (sieved to < 600 μm); mm (sieved between 1 and 6 mm); and cm (>
1 cm).

Fig. 2. Young Modulus of individual grains with sizes ranging from 8 to 50 mm.
The inset shows a crushed grain using our compression setup. The force gauge
plate that can be seen at the top is 5 cm in diameter and the crushed grain was
about 1 cm in size. We find that E ∝ d�2, with E the grain Young Modulus and
d its size (red line).
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diameter, with a distribution tail towards 600 μm. Coarse grain samples
have normal distributions peaking at 1.8 mm and 12 mm. An example of
cm-sized grains can be seen in Fig. 3. The grains have irregular shapes
resulting from the smashing during production, with rough surfaces.

Grain density and porosity We measured the average grain density
using mass and volume measurements for 30 grains of the mm- and cm-
size ranges. The mass was measured with a precision laboratory scale and
Fig. 3. AOR measurements: (left) Example of an angle of repose measurement perfo
produced for angle of repose measurements. Blue arrows indicate some of the large
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the grain volume was measured using the 3D acquisition and volume
computation of a Kinect sensor. This volume measurement was not
possible for the finest grains, which were too small for the sensor
acquisition. Given the small grain sizes in this range, we assumed grain
densities were identical to the ones measured for the original simulant
material (2.74 � 0.01 g/cm3, Metzger et al., 2019).

For the larger mm- and cm-sized grains, we obtained an average
density of 1.61 � 0.09 g/cm3. Given a simulant material density of 2.74
� 0.01 g/cm3 (the constituent material we use to prepare our grains), this
yields grain porosities around 41% for mm and cm samples. This is larger
than the usually measured porosities of ~35% for CI meteorites
(Ostrowski and Bryson, 2019). However, it is in range with one of the
models considered by Grott et al. (2019) based on in-situ measurements
of thermal inertia of boulders on rubble pile asteroid Ryugu.

Grain strength As the individual strength of grains plays an important
role in the bulk behavior of the granular material, we have used our
compression setup to measure the Young Modulus of a number of grains
in the mm to cm range. The grains measured for strength ranged from 8
to 50 mm. We find that grains in this size range have decreasing strength
with increasing grain size scaling approximately as E ∝ d�2, with E the
grain Young Modulus and d its size.

Sample bulk properties Sample preparation for measurements consisted
in loosely pouring grains into the sample container. Mass and volume
measurements on over 30 samples prepared in this way showed that bulk
porosities were at 35% for fines, and 63 and 65% for mm and cm samples,
respectively. Given the microporosity of our mm and cm grains, we
deduced a macroporosity of these samples of 37% and 41%, respectively.
Frosted samples had porosities of 81%, 82%, and 83% for fines, mm, and
cm samples, respectively, resulting in macroporosities of 67% and 69%
for mm and cm samples, respectively.

2.2. Measurement techniques

2.2.1. Angle of repose measurements
In order to perform AOR measurements, we manually created piles of

the various regolith samples studied. This was performed by filling a
quasi-cylindrical container with the sample, maintaining it sealed. The
container was then placed upside down on a flat surface and lifted in a
regular, slow motion; the released sample material avalanched in a pile,
which slope at rest is the AOR (Fig. 3).

For fines, the used container had a volume of about 500 mL (18 oz).
For mm and cm samples, a 7.6 L (2 gallons) bucket was used.

For frosted samples, all contact surfaces (sample container and
pouring surface) were kept at cryogenic temperatures using LN2 baths.
The pouring happened on a short timescale in air saturated with cold N2
gas from the evaporating LN2 bath of the pouring surface. In this way, the
surface frosting was preserved during AOR measurements on frosted
samples.

2.2.2. Compression strength measurements
In order to measure the Young Modulus of our simulated asteroid

regolith, we designed a compression strength measurement setup
allowing for both confined and unconfined measurements. The concept
of this setup was to place a regolith sample into a container and lower a
rmed on a pile of cm-sized grains. (right) Frosted fine grains (~0.1 mm) heap
r aggregates formed during heap pouring.
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force gauge onto it using a precision stepper motor. The measurement
started when the force gauge plate experienced its first contact with the
sample surface and stoped when the sample resistance exceeded the
torque produced by the stepper motor. This measurement included the
strain of the sample from first contact to first yield and was used to
measure the Young Modulus.

The sample container we used for confined compression measure-
ments was a cylinder with an inner diameter of 50.8 mm and an inner
height of 95.5 mm. The inner diameter corresponded to the diameter of
the force gauge plate (50 mm), with a small gap allowing for frictionless
motion of the gauge plate along the cylinder.

For unconfined measurements, we used a rectangular box as sample
container with inner dimensions 150 � 136 � 100 mm, allowing for at
least ten granular particle diameters in each dimension. For the largest
grains (about 12 mm diameter), these dimensions allowed for a distance
of at least four grain diameters from the outer edge of the gauge plate to
the side of the container.

According to soil mechanics theory (Whitman, 1970), the response of
granular samples to compression is not linear as expected from elastic
materials. In Fig. 4, we show a typical response profile for such samples.
In our compression measurement setup, we achieve compression stresses
up to 0.03 MPa. As seen in Fig. 2, this is lower than the strength of in-
dividual grains. We therefore expect our sample's compression responses
to show elastic, re-arrangement, and hardening behavior.

Given this overall non-linear response, the Young Modulus of the
material depends on the applied stress and several characteristic values
can be defined. For the purpose of the present work, we fit a function of
the type σ ¼ AεB to our data, where σ is the stress in Pa applied to our
samples and ε its strain (dimensionless). In the case of a sample in the
elastic phase, B ¼ 1 and the Young Modulus is a constant (A). If other
phases are reached (grain re-arrangements and hardening), B> 1 and the
Young Modulus is expressed as E¼ ABεB�1 as a function of the strain and
E ¼ A1/BBσ1�1/B as a function of the stress. As the sample size is difficult
to define for asteroid surface applications, it is more relevant to use the
latter relationship to define a characteristic value for E. Here, we choose
E1MPa (the value of E when σ ¼ 1 MPa) as a characteristic parameter,
which will allow us to compare the strength between our various
samples:

E1MPa ¼ A1=BBð106Þ1�1=B (1)

Following Briaud (2001), we also define the tangent and secant
Young Moduli, Et and Es, respectively, at a specific sample strain in order
Fig. 4. Compression measurements: (left) Granular material response profile to co
stress-strain response corresponds to the elastic deformation of individual grains. Wh
start to slip against each other and the granular material yields due to structural re-arr
becomes stronger leading to a hardening “lock-up” response. Finally, the stress i
stress-strain curve examples and their associated exponential fit (dashed curves) for fi
a schematic of the compression measurement setup for confined samples.
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to compare our measurements with Earth sands and clays. We choose
that strain to be 0.3 following common practice to measure these values
at 30% of the peak strain (Briaud, 2001):

Et ¼ ABð0:3ÞB�1

Es ¼ A
0:3

ð0:3ÞB
(2)

2.2.3. Shear strength measurements
In order to produce shear stress-strain curves for the studied mate-

rials, we built a shear strength measurement setup. The regolith sample
was placed in a container, which was split in its middle height. Both
halves had the same dimensions of L89 � W89 � H57 mm. The bottom
half of the container could be moved along a frictionless rail using a
precision linear actuator to induce shear on the sample. The interface
between the top and bottom of the container was designed for minimal
friction. A normal force was applied to the top of the sample using a metal
lid of the dimensions of the container crosssection and varying weights.
During the shear motion of the bottom half of the container, the induced
drag force on the top half was measured via a force gauge. Stress mea-
surements on the empty setup showed friction levels that can be
neglected compared to sample shear characteristics.

The measurement was started when the two sample container halves
were aligned and ended when the bottom container half had moved all
the way along the 150 mm rail. Such a measurement always included the
point of shear yield of the sample, which was recorded to build the
normal to shear yield stress curve, thus allowing for the measurement of
the angle of internal friction (AIF) and bulk cohesion (C) of the material
(Fig. 5). From these two quantities, the material tensile strength (Ts) was
deduced: Ts ¼ C/tan(AIF).

2.2.4. Measurement errors
In order to evaluate error values for our measurements, we performed

three measurements for each data point presented and averaged the
values. For compressive strength, this led to a total of 12 measurements
for sample grain type (3 measurement for each confined/unconfined and
dry/frosted). For shear strength, this led to a total of 36measurements for
each grain type (3 measurements for 6 normal stresses for dry/frosted
samples).
mpression (Whitman, 1970; Omidvar et al., 2012). For very low stresses, the
en the compression force is higher than the friction force between grains, these
angement. As the grains re-arrange and the granular structure compacts, the soil
n the material is strong enough to break individual grains. (right) Measured
nes frosted samples, confined (blue fit) and unconfined (red fit). The inset shows



Fig. 5. Shear measurements: (left) Schematic of shear strength measurements, showing hypothetical data points (black dots) and the data fits yielding measurements
(lines). Normal (σ) and shear (τ) stress are measured in Pascal. The angle of internal friction (AIF) is measured as indicated. The bulk cohesion is the intersection of the
data fit with zero normal stress. The tensile strength of the material is measured as the intersection of the data fit with zero shear stress. (right) Mohr-Coulomb diagram
providing the shear yield as a function of normal stress for fines at room (black) and cryogenic (blue) temperature. Dashed lines are linear fits to the data. The linear
fits yield a material bulk cohesion of 384 � 8 and 437 � 39 Pa and an angle of internal friction of 24.2 � 1.1 and 26.6 � 3.4� for dry and frosted samples, respectively.
The inset shows a schematic of the shear measurement setup.

Table 2
List of Young Moduli in MPa defined in Section 2.2.2 for all samples considered.

Sample Dry Frosted

E1MPa Et Es E1MPa Et Es
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3. Measurement results

3.1. Angle of repose

Table 1 lists the AOR measurements we obtained. The frosted fines
presented two slopes as shown in Fig. 3. Explanations for this behavior
include a difference in temperature induced by the pouring of the ma-
terial in an ambient atmosphere (outer layers can warm up, frost can
sublimate) or the formation of larger aggregates composed of the fine
grain material, thus changing its granular behavior (such larger aggre-
gates can be seen in the bottom part of the heap in Fig. 3, right). The
formation of larger aggregates from powders during granular flow was
also observed by Durda et al. (2014). As mentioned by Metcalf (1966),
the notion of AOR becomes meaningless if the pile crushes under its own
weight. In that case, the failed sides of the slope are not representative of
the AOR properties of the material, but rather the still intact part of the
pile.

As expected, we recognize a trend of decreasing angles of repose with
increasing grain size for dry and frosted samples. The angles of repose of
frosted samples for 0.1 and 1 mm-sized grains are higher than for same
grains at room temperature, which is diagnostic of increased inter-grain
cohesion forces. For cm samples, the difference between the dry and
frosted samples is not noticeable, indicating that surface frost is not
increasing the inter-grain forces enough for these large grains to compete
with the grain weight.

The crumbled base of fine, frosted grain heaps has an angle of repose
similar to the values for cm samples, which could support the idea of the
tendency that the material has to form large aggregates when frosted due
to increased inter-grain cohesion. Such large aggregates would tempo-
rarily dictate the flow behavior of the material until they partially
dissolve again into fine grains (Rognon et al., 2008).
Confined
fines 1.400 0.204 0.094 1.860 0.549 0.279

�0.22 �0.003 �0.001 �0.039 �0.025 �0.013
mm 0.614 0.414 0.343 0.840 0.368 0.250

�0.011 �0.008 �0.008 �0.029 �0.007 �0.006
3.2. Compression strength

In Fig. 4, we show an example of our compression measurements for
Table 1
List of angles of repose for dry and frosted samples. For fine, frosted grains, we list
both values measured as shown in Fig. 3.

Grain size Average AOR dry [�] Average AOR C [�]

fines 32.4 � 3.3 44.0 � 12.2/25.0 � 1.8
mm 26.5 � 1.8 34.1 � 7.8
cm 24.3 � 2.0 25.0 � 0.8
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the fines frosted samples in confined and unconfined configurations. As
described in Section 2.2.2, we observe the yielding and hardening phases
of compression of the sample. The associated exponential fits are σ ¼ 3.0
� 106ε2.5 and σ ¼ 2.1 � 104ε3.2 for the confined and unconfined sample,
respectively.

Based on the exponential fitting parameters on all the samples
measured, we calculated the characteristic Young Moduli described
above using Equations (1) and (2). The resulting values are listed in
Table 2.

We can see that, for the same normal stress, frosted samples are stiffer
than dry ones, more so in unconfined measurements than in confined
ones. In addition, the grain size of the sample seems to not have a large
influence on the sample stiffness in unconfined measurements. In
confined measurements on the other hand, the sample stiffness decreases
with increasing grains size.

The tangential and secant Young Modulus values show that our
samples are much more elastic than traditional sand gravel, for which
typical Es values are around 50–100 MPa (e.g., Poulos and Davis, 1980).
Our samples have elasticities closer to very soft silt and clays (0.2–1
MPa), even for coarser grains (mm and cm).

If we transpose our compression data from stress-strain curves to void
ratio (also called porosity factor) vs. normal stress (Fig. 6), we can make a
direct comparison with measurements performed on returned Apollo and
Luna samples (Carrier III et al., 1972; Leonovich et al., 1977; Slyuta,
2014). We find that void ratios are overall higher than for the
cm 0.317 0.187 0.155 0.532 0.332 0.270
�0.012 �0.007 �0.008 �0.022 �0.011 �0.013

Unconfined
fines 0.243 0.046 0.030 0.754 0.039 0.017

�0.011 �0.002 �0.001 �0.145 �0.007 �0.003
mm 0.198 0.090 0.072 0.492 0.231 0.172

�2.65 �
10�4

�0.001 �9.86 �
10�4

�0.005 �0.012 �0.009

cm 0.326 0.163 0.129 0.791 0.190 0.110
�0.008 �0.002 �0.003 �0.094 �0.004 �0.003



Fig. 6. Sample compressibility expressed using the void ratio e ¼ φ
1�φ, φ being

the porosity, for the dry samples.
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measurements performed on Lunar soil and we get higher compressibility
coefficients around 0.5 for fines and up to 0.6 for cm gains, compared to
0.2 (Apollo) and 0.3 (Luna). This indicates that asteroid regolith is more
compressible than Lunar soil, which is of interest for the calibration of
potential future penetrometry instruments for small bodies.

3.3. Angle of internal friction, cohesion, and tensile strength

In Fig. 5, we show an example of shear strength measurements on fine
grains. Measurements display the linear behavior expected from the
Mohr-Coulomb theory allowing for the computation of the material bulk
cohesion, angle of internal friction, and tensile strength.

The bulk material cohesion and AIF obtained from the data linear fits
are listed in Table 3. The general trend of the data is an increase in bulk
cohesion and AIF for increasing grain sizes. This behavior was also
observed by Shi et al. (2018) for grain sizes larger than about 250 μm.

The bulk cohesion is increased by about 50–70 Pa by the presence of
frost on the grains in fines and mm samples. The AIF is higher for cryo-
genic samples by about 2 (fines) to 5� (cm).

In Table 3, we also list the sample tensile strengths deduced from the
shear measurements. As intuitively expected, the general trend for the
tensile strength is to decrease for increasing grain sizes. We note that the
influence of frost on the grains seems to affect the tensile strength only
for the coarser grains (cm). We also note that our tensile strength mea-
surements are in good agreement with independent flexural strength
measurements (Avdellidou et al., 2020).
Table 3
Bulk cohesion and angle of internal friction (AIF) computed for our asteroid
simulant samples from shear strength measurements. We also show the normal
stress threshold for the linear fits performed on the cryogenic sample data (see
text for details).

Dry Frosted

Cohesion AIF Ts Cohesion AIF Ts

[Pa] [�] [Pa] [Pa] [�] [Pa]

Fines 384 � 8 24.2 �
1.1

852 �
54

437 � 39 26.6 �
3.4

869 �
181

mm 487 � 24 32.6 �
2.9

763 �
98

557 � 51 36.5 �
6.9

755 �
193

cm 566 � 12 38.0 �
1.7

721 �
43

568 � 21 43.2 �
3.4

605� 61
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3.4. Friction and internal friction

In Fig. 7, we show the coefficient of internal friction (μi ¼ tan(AIF)) as
a function of the coefficient of friction (μ ¼ tan(AOR)) for the dry and
frosted samples we have investigated. We observe that these two co-
efficients, and therefore the corresponding angles AIF and AOR, are not
equal, as is often assumed in numerical simulations. In addition, both
coefficients have inverse behaviors, with higher internal friction corre-
sponding to lower friction, so that even the assumption that AOR and AIF
variations go hand in hand is not accurate.

We note that grains with the highest potential for strong interlocking
(large, angular grains) are the ones with the smallest inter-grain cohesion
to weight ratio (AOR). The inverse relationship between friction and
internal friction we see in Fig. 7 could therefore be due to the irregular
shapes of our simulant grains, a parameter that is often difficult to model
in simulations.

4. Discussion

4.1. Asteroid interiors

4.1.1. Angle of internal friction
From recent missions to small asteroids in the near-Earth environ-

ment, we have gained great insight into the rubble-pile nature of these
bodies. The Japanese mission Hayabusa sent back the first in-situ images
of such a rubble-pile asteroid, Itokawa (Fujiwara et al., 2006). The more
recent missions Hayabusa2 and OSIRIS-REx have greatly added to the
available pool of data on rubble piles by visiting the asteroids Ryugu
(Watanabe et al., 2019) and Bennu (Lauretta et al., 2019), respectively.
All three asteroids have in common that they are to a large extent covered
by coarse, rugged boulders with sizes from centimeters to meters (Walsh
et al., 2019; DellaGiustina et al., 2019; Sugita et al., 2019; Miyamoto
et al., 2007). Fine dust is generally rare and absent on large fractions of
their surfaces (Cambioni et al., 2021). However, so far, it has not been
possible to probe the interiors of these asteroids although density mea-
surements indicate high macro-porosities (Britt et al., 2003). From
observation data coupled with numerical simulations, it seems like most
C-type asteroids have internal friction in the range of 40� (Holsapple,
2001; Walsh, 2018). For fines, we measure friction angles around 25�.
Only for coarse grains does interlocking allow for higher internal friction
in the range of 40�. This indicates that the interior of rubble-pile asteroids
is composed of coarse grains with probable size ranges > cm.
Fig. 7. Coefficient of internal friction μi ¼ tan(AIF) as a function of the coeffi-
cient of friction μ ¼ tan(AOR) (triangles). The solid lines show power-law fits
yielding indices of �1.6 for dry (black) and �0.8 for frosted (blue) samples. AIF
error bars are in the 10�3 - 10�4 range and thus smaller than the symbol size.
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4.1.2. Bulk cohesion
From the Small Carry-on Impactor (SCI) experiment performed by

Haya-busa2 on the surface of Ryugu, Arakawa et al. (2020) deduce a very
low material cohesive strength of < 1.3 Pa. In addition, they infer the
presence of a putative regolith sublayer with a higher strength between
140 and 670 Pa. The laboratory measurements that apply to the regolith
top and sublayers are the unconfined and confined ones, respectively.
Hence our AOR measurements apply to the very surface of the regolith
layer, while the sublayer is best represented by our shear measurements.

In confined shear, we measure strengths ranging from 380 to 570 Pa
(Table 3). These numbers are in good agreement with the ones deduced
for Ryugu's sublayer. Another bulk cohesion measurement was deduced
by Rozitis et al. (2014), who find that the asteroid (29075) 1950 DA, a
rubble pile of about 1 km in size, must have a cohesive strength to be able
to spin at its current rate. Assuming an AIF of 40�, they calculate that the
value of this strength must be at least 64 Pa (numerical work by Hir-
abayashi and Scheeres, 2014, finds values between 75 and 85 Pa). They
also derive that the surface of (29075) 1950 DA is covered in grains with
sizes smaller than 6 cm. Our cm laboratory samples, which do have an
internal friction around 40�, show a cohesive strength that is about one
order of magnitude larger (see Table 3), which is in line with the
requirement to avoid rotational breakup of asteroid (29075) 1950 DA.
This supports the idea that rubble piles composed of cm-sized grains have
non-zero cohesion, which allows them to spin at higher rates than ex-
pected by cohesionless theory.

Our conclusion is that, if the asteroid has an internal structure
composed of coarse grains, it can explain both the internal friction and
cohesion derived for small rubble-pile asteroids.
4.2. Rubble pile surfaces

4.2.1. Boulder and pebble strength
There are currently two ways of learning about the strength of indi-

vidual boulders and pebbles at the surface of small asteroids: the labo-
ratory analysis of meteoritic material, and the in-situ observation of
rubble pile surfaces (soon to be complemented by the laboratory analysis
of returned samples). The recently visited asteroids Bennu and Ryugu
both present material at their surfaces that resembles CI/CM meteorites
(Jaumann et al., 2019; Hamilton et al., 2020). Ryugu in-situ thermal
inertia measurements reveal possible pebble and boulder porosities
ranging from 41% to 55% with tensile strengths from 0.20 to 0.28 MPa
(Grott et al., 2019). On Bennu, impact craters on boulders also indicate
low impact strengths ranging from 0.44 to 1.7 MPa (Ballouz et al., 2020).

On the other hand, CI/CM meteorite porosity is measured at 35%/
25%, respectively (Ostrowski and Bryson, 2019). Tensile strength mea-
surements are measured to be a few factors up to an order of magnitude
larger than in-situ data (0.8 MPa for Tagish Lake, 2 MPa for Murchison,
and 2.8 MPa for Orgueil, see review in Ostrowski and Bryson, 2019).
Their compressive strength is often several orders of magnitudes larger
(50 MPa for Murchison, 82 MPa for Sutter Mills, and 98 MPa for La
Criola, Ostrowski and Bryson, 2019), except for one, the Tagish Lake
meteorite, which displays a compressive strength between 0.25 and 0.7
MPa (Brown et al., 2002).

In comparison, the CI simulant pebbles we produced in our investi-
gation have a porosity around 41% (in good agreement with in-situ
measurements) and a compressive strength dependent of their size,
with values of a few MPa for 5 cm sized pebbles (Fig. 2, within the range
of in-situ measurements). While we did not measure the tensile strength
of individual grains, our bulk measurements (Table 3) are within the
range of in-situ measurements determined from thermal inertia data.
Overall, the meachnical behavior of our simulant material is in good
agreement with in-situ data provided by the Hayabusa2 and OSIRIS-REx
spacecraft at Ryugu and Bennu and indicates that the meteorite collec-
tion available to us is biased towards more compact, stronger samples,
the only ones able to survive traveling through the atmosphere.
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4.2.2. Surface strength
From our unconfined measurements, we can infer properties of sur-

face material on small rubble pile asteroids. In order to deduce a surface
cohesive strength from our AOR measurements, we worked with an
equation used in numerical simulations of rubble-pile asteroids (S�anchez
and Scheeres, 2016; 2018). There, the material's cohesive strength is
calculated using

σc ¼ σyy
ff cos 45∘ffiffiffi

3
p tan θ (3)

where σyy is the tensile strength of the contact between two particles,
ff is the filling fraction (1-porosity) and θ is the AIF (See C for details). If
we apply these simulations to reproducing the AORs we measure
experimentally, we find that σyy ¼ 75 Pa for dry samples. Using this
number and our measured values for the AIF (θ), we find that our dry mm
and cm sample piles have a cohesive strength of 5 and 11 Pa, respec-
tively. These values are a factor 3 to 10 larger than the one deduced for
Ryugu's surface material.

4.2.3. Surface activity
Numerical calculations by Hirabayashi et al. (2015) show that the

difference in strength in regolith between a weaker top layer and a
stronger sublayer can lead to surface mass shedding in small bodies that
approach their disruption limit due to rapid rotation. Such a mass
shedding is then observed as surface activity. In such a configuration,
mass shedding occurs due to shear failure of the surface material in the
equatorial region, where the equivalent gravity is very low.

From the cohesion obtained combining our measurements with nu-
merical simulations (Equation C.9 above), we see that such cohesion
differences can arise from grain size differences, with larger grains being
more cohesive, as well as from a difference in surface properties of grains.
This means that strength differences between the top layers of a small,
fast-rotating rubble pile can arise from a difference in grain size distri-
bution between them (e.g. fine grain depletion at the surface due to solar
wind exposure, Housen and Wilkening, 1982). Here, surface activity
would be a symptom of the presence of a fine grain population in sub-
layers of the asteroid. Similarly, the continued presence of water ice in
the core of an asteroid (Schorghofer, 2008) would result in a sublayer of
frosted grains having a higher strength than the dry top layer where any
water ice would have long sublimated at the solar distances common
asteroids are found. In this configuration, surface activity would be an
indicator of the presence of water ice inside the asteroid, while no water
ice is present (and therefore, detected) at the surface.

The examples above show how surface modification due to exposure
to space weathering compared to a more pristine interior could lead to a
mechanism for regular shedding events. After each shedding event, new
grain layers are exposed to space weathering, either loosing their fine
grain fraction or changing their surface properties over the time they are
exposed. Eventually, these new top layers experience changes in cohesive
strength compared to their sublayers and a new shedding event takes
place.

Our work also shows that even a single layer of same-sized coarse
grains can experience strength differences with the depth to the surface.
Indeed, confined shear measurements show that large, cm-sized grains
make for a stronger material than smaller grains due to interlocking.
However, these same large grains make for a weaker material in un-
confined conditions (AOR) compared to smaller grains due to their
weight overpowering inter-particle forces. As the material strength
behavior is reversed from the confined sublayers to the unconfined sur-
face, the depth at which interlocking becomes a relevant strength
mechanism reprensents a transition between stronger and weaker
behavior for the same population of grains. In this case, the rubble pile
would behave like a body with a more cohesive core, despite the fact that
the properties of individual grains would be the same between the sur-
face and sublayers.
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When simulating the spinup disruption of rubble-pile asteroids,
Walsh et al. (2012) find a similar result: for granular material with large
angles of internal friction around 40�, they find a disruption pattern of
mass shedding rather than global failure as seen for materials with lower
internal friction ð� 20�Þ. While this behavior might be enhanced by the
assumed crystalline packing of the material (Hirabayashi et al., 2015),
the interlocking of grains in the confined parts of the simulated asteroid
could contribute to its enhanced internal strength and therefore its sur-
face shedding behavior. This supports the thought that, if a rubble-pile
asteroid was composed of a population of coarse irregular grains of
about the same size, it would naturally disrupt by shedding surface mass
due to the material strength difference between the confined core and the
unconfined surface.

5. Summary and conclusion

In this paper, we present the laboratory measurement of bulk me-
chanical properties of asteroid simulant granular samples. The samples
were prepared from a high-fidelity regolith simulant and included three
grain size distributions as well as frost-coated grains. Measurements
performed include angles of repose, compression, and shear strength,
yielding the bulk quantities of Young Modulus, angle of internal friction,
bulk cohesion, and tensile strength. Our findings can be summarized as
follows:

● All measurements (except for unconfined compression) show a clear
dependence on the grain size in the granular sample. In compression,
coarser grains display a weaker stress response than finer grains. This
trend is reversed in shear measurements, with cm samples being
stronger than fines, due to the interlocking of irregular shapes grains.
The tensile strength decreases with increasing grain size (as
expected).

● All measurements show stronger samples when frost-coated. In
compression, frosted samples are about one order of magnitude
stronger than dry ones (comparing stress measurements for a same
strain, see Fig. 4). In shear the strength was about 1.5 times higher for
frosted samples than for dry ones (Fig. 5).

In conclusion, we observe that fine grains are stronger than large ones
8

in compression, but weaker in shear, where grain interlocking is the
dominant source of strength (Shi et al., 2018). The increase in inter-grain
cohesion through a change in surface properties consistently strenthen
the samples in both compression and shear. We conclude that surface
modification processes, such as grain-size sorting, fine grain depletion, or
dessication can be factors of strength differences between regolith layers
on small asteroids. Furthermore, even a monodisperse population of
irregularly-shaped grains can show strength differences with differences
in confinement, i.e. regolith sublayers behaving differently than the
surface. As shown by Hirabayashi et al. (2015), a weaker surface layer on
top of a stronger sublayer could be at the origin of surface mass shedding
on rotating asteroids. Our laboratory study indicates that such strength
differences can easily be achieved in rubble-pile asteroids composed of
similarly-sized coarser grains.
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Appendix AMeasurement Hardware

Fig. A.8. Compression strength measurement setup: a force gauge is lowered onto the granular sample using an optical stage and precision stepper motor. The gauge
displacement and read resistance force are recorded to generate a stress-strain curve as seen in Fig. 4. (left) Example of a cryogenic measurement on a confined sample
of mm-sized grains. (right) Example of a room temperature measurement on an unconfined sample of cm-sized grains.
Fig. A9. Shear strenght measurement setup. The sample is placed into a shearable container, which bottom half can be moved using a precision stepper motor. A
normal force is applied from the top using masses and a force gauge reads the resistance force of the top half of the sample container.
9
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Appendix B. Compression Measurement Fitting Parameters

Table B4
Compression curve fitting parameters for exponential fits of the form σ ¼ AεB, σ being the normal stress in the sample and ε the strain. 1/0 values for Cryogenic and
Confined samples indicate Yes/No for the sample, respectively. σA and σB are the 1-σ fitting errors for each parameter.

Grain Size [mm] Cryogenic Confined A σA B σB
10
0.1
 0
 0
 57256
 13100.2
 1.55
 0.13

0.1
 0
 1
 385663
 27539.7
 2.18
 0.05

0.1
 1
 0
 79250.2
 60036.3
 2.29
 0.6

0.1
 1
 1
 895191
 202915
 1.97
 0.06

1
 0
 0
 97859.3
 6710.62
 1.26
 0

1
 0
 1
 440936
 39020.1
 1.21
 0.05

1
 1
 0
 259471
 69435.5
 1.34
 0.03

1
 1
 1
 440120
 39798.9
 1.47
 0.1

10
 0
 0
 177991
 12157.9
 1.27
 0.07

10
 0
 1
 199024
 36423.5
 1.21
 0.11

10
 1
 0
 262735
 12978.7
 1.72
 0.36

10
 1
 1
 355959
 55027.2
 1.23
 0.12
Appendix C. Numerical Simulation Details

Appendix C1. Simulation Code and Setup

The simulation program that is used for this research applies a Soft-Sphere Discrete Element Method (SSDEM) (Cundall, 1971; Cundall and Hart,
1992), implemented as a computational code (in house developed) to simulate a granular aggregate (Biswas et al., 2003; S�anchez and Scheeres, 2009;
2011, 2012). The particles, modelled as spheres that follow uniform size distribution between predetermined lower and upper limits, and interact
through a soft-repulsive potential when in contact. This method considers that two particles are in contact when they overlap. When this happens,
normal and tangential contact forces are calculated (Herrmann and Luding, 1998). The former is modelled by a hertzian spring-dashpot system and is
always repulsive, keeping the particles apart; the latter is modelled with a linear spring that satisfies the local Coulomb yield criterion. The normal
elastic force is modelled as

f
!

e ¼ knξ3=2n̂ (C1)

the damping force as:

f
!

d ¼ �γn _ξn̂; (C2)

and the cohesive force between the particles is calculated as

f
!

c ¼ �2π
r21r

2
2

r21 þ r22
σyyn̂ (C3)

where r1 and r2 are the radii of the two particles in contact, σyy is the tensile strength of this contact and r̂12 is the branch vector between the centres of

these two particles. The total normal force is calculated as f
!

n ¼ f
!

e þ f
!

d. In these equations, kn is the elastic constant, ξ is the overlap of the particles, γn
is the damping constant (related to the dashpot), _ξ is the rate of deformation and n̂ is the vector joining the centres of the colliding particles. This dashpot
models the energy dissipation that occurs during a real collision.

The tangential component of the contact force models surface friction statically and dynamically. This is calculated by placing a linear spring
attached to both particles at the contact point at the beginning of the collision (Herrmann and Luding, 1998; Silbert et al., 2001) and by producing a

restoring frictional force f
!

t . The magnitude of the elongation of this tangential spring is truncated in order to satisfy the local Coulomb yield criterion

j f!t j � μj f!nj.

Fig. C10. Simulation of the formation of a granular pile with cohesionless, millimetre size particles. The slope angle is 28�. The redder the colour, the faster the
particle is moving.



J. Brisset et al. Planetary and Space Science 220 (2022) 105533
For this particular set of simulations, we have chosen to use material parameters experimentally measured so that simulations are as realistic as
possible. The simulated particles are spherical grains with an element of rolling friction so that their behaviour mimics that of non-spherical particles.
Rolling friction (Ai et al., 2011; S�anchez and Scheeres, 2016) has also been implemented in order to mimic the behavior of aggregates formed by
non-spherical grains. Particles are subjected to a torque that opposes the relative rotation of any two particles in contact. This model “places” a winding
spring of sorts that is extended when two contacting particles roll on one another along with a velocity dependent dashpot. Much like the tangential
spring that models static friction between particles in our code, this spring also breaks and allows rotation when a certain limit has been reached. This
torque, similar to surface-surface friction, is implemented as linearly dependent on the relative angular displacement of any two particles in contact and
has a limiting value of:

Mm
r ¼ μrRr j f!nj (C4)

where μr is the coefficient of rolling resistance and Rr ¼ r1r2/(r1 þ r2) is the rolling radius.
The viscous damping torque Md

r is assumed to be dependent on the relative rolling angular velocity _θr between the two particles in contact and the
damping constant Cr:

Md
r;tþΔt ¼

8><
>:

�Cr
_θr if jMk

r;tþΔtj < Mm
r

�f Cr
_θr if jMk

r;tþΔtj ¼ Mm
r

(C5)

This last equation contains a term f, which determines whether the viscous damping torque is only active before the contact rolling torque is fully
mobilised (f ¼ 0) or if it is always present (f ¼ 1). For simplicity we have chosen f ¼ 0 for our simulations.

We use 5000 spherical grains for all simulations. There were two sets of simulations, the first with particles between 0.8 and 1.2 cm in size simulating
cm samples; the second with particles between 1 and 6 mm in size, simulating mm samples. No simulations were carried out with sub-millimetre
particles (fines) as that would take impractically long periods of time to finish. We used a density of 1610 kg m�3 (see Section 2.1.3), a Young
Modulus of 5 � 107 N m�2 (see Fig. 2), and assumed Poisson ratio of 0.25. Based on these parameters, the values of kn and γn can be calculated as:

kn ¼
2Y ffiffiffiffiffiffi

reff
p

3ð1� ν2Þ (C6)

γn ¼ A
ffiffiffi
ξ

p
(C7)

where Reff is the effective radius of the colliding spheres of radii r1 and r2

1
reff

¼ 1
r1
þ 1
r2

(C8)

The coefficient A, can be adjusted in order to manipulate the coefficient of restitution of the particles. For our simulations, this parameter was
adjusted to obtain a coefficient of restitution of 0.3, which was the average coefficient of restitutionmeasured experimentally. The chosen values were 2
� 10�4 and 2 � 10�5 for cm and mm particles, respectively.

The particles are contained inside a solid, frictionless cylinder that is allowed to move upwards so that the experiments to measure the slope angle of
a granular pile can be reproduced. Initially, the particles are placed in a number of concentric circles parallel to the bottom of the cylinder. Once a disc
grows enough to touch the walls of the cylinder, a second disc, parallel to the first and above it, is started. The procedure is continued until all the
particles in the simulation have been given a position. After this, all the particles are provided with a small random velocity and then they are allowed to
settle under a constant gravity of 9.8 m s�2. When the particles have settled, the simulation starts and the cylinder is lifted with a speed of 2.5 cm s�1. In
order to provide a rough base for the formation of the pile, all the particles are set to be motionless upon contact with the bottom of the container. The
simulation ends when all the particles have left the cylinder and a stable pile has been formed. Figure C10 shows snapshots of the simulation with mm
particles at different stages of pile formation. The colour of the particles reflects their normalized speed and it changes from 0 (absolute white) to 1
(absolute red). The normalisation factor used is the potential energy of a particle of average size at the top of the arrangement before the cylinder starts
moving.

Cylinders of 19 and 8 cm were used to contain the cm and mm particles respectively. The cylinder size was changed to avoid the use of an
impractically large number of particles.

Appendix C2. Simulation Results

The objective of the simulations presented here is to determine the set of grain surface properties that lead to bulk material behaving as seen in
laboratory measurements. As shown by Zhou et al. (2014), the angle of repose is mainly sensitive to the sliding and rolling friction coefficients between
the particles. Therfore, we first assume that the inter-particle forces in dry conditions can be neglected compared to grain weight. We then determine the
surface friction coefficients μs (sliding) and μr (rolling) for mm and cm grains that are able to reproduce the laboratory AORs. We find that the friction
parameters summarized in Table C.5 are adequately reproducing laboratory AOR measurements for the case of cohesionless particles.
11
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Table C5
Friction parameters for the simulations of the AOR of mm and cm samples.
μs is the coefficient of sliding friction and μr of rotational friction.

μs μr AOR
12
cm
 0.5
 0.5
 26o
mm
 0.5
 0.9
 28o
The parameters that the simulation code uses are related to real material characteristics and so, at least from a qualitative point of view, it seems that
the shape of the grain is more important for mm grains than for cm ones even if their surface sliding friction is the same.

Having found that the simulation code could reproduce these initial findings, the next step was to find the cohesive strength needed to reproduce the
angles of repose of the frosted samples. In order to do this, we specified a value for the tensile strength of the bonds between pairs of contacting particles
as described in the previous section.

Simulations showed that for cm particles, a σyy of up to 75 Pa would not produce any noticeable change in the slope of the piles. Beyond this value,
the piles would increase their slope. This means that, with the friction coefficients of Table C5, mm and cm grains can have inter-grain tensile strength of
up to 75 Pa.

Given that experimentally the cm samples would not present a change in slope with frosting of the grains, we took this as an upper limit of the tensile
strength for frosted cm samples. On the other hand, mm samples presented an increase in their angle of repose of 5� experimentally between dry and
frosted conditions. This increment could be obtained in simulations with a σyy of �200 Pa.

The cohesive strength of these samples can then be calculated with the expression obtained by S�anchez and Scheeres (2016) and corrected in
S�anchez and Scheeres (2018):

σc ¼ σyy
ff cos 45∘ffiffiffi

3
p tan θ (C.9)

where ff is the filling fraction (1-porosity) and θ is the AIF. We take the filling fraction to be 0.18 as per the frosted porosity values we measured in
Section 2.1.3. The AIF values are taken from Table 3. With this, it is possible to calculate that the cohesive strength of the formed piles is 4.9 Pa and 10.9
Pa for piles formed by cm and mm samples, respectively. This increase in cohesion with a decrease in particle size is a similar relationship to the one
found numerically for small asteroids, which could potentially explain their high rotation rates (S�anchez and Scheeres, 2014). We note that the increase
in cohesive strength of the samples does not scale directly with the grain size, unlike what was seen in simulations of van der Waals (VdW) cohesive
forces (Scheeres et al., 2010). This could have several reasons, including the irregular shapes of the experimental grains leading to irregular number of
contacts between grains.

Indeed, one drawback of the simulations we have used here is that we have used perfectly spherical particles and real particles are not naturally
spherical. In our simulations, we have used these particles for all simulations and so any pair of particles in contact can only have one contact. In the
experiments, particles are very non-spherical, and so they can have multiple contacts. The change in the bonding force created by the frost will change
with the effective area of contact, where frost bonds the particles and even though for spherical particles the important size scale for the bonding force is
the particle size, for non-spherical particles, it is the effective contact area.
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