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An abnormally high peak friction angle of Ottawa sand was observed in (National Aeronautics and Space Adminis-
tration) NASA–(Mechanics of Granular Materials) MGM tests in microgravity conditions on the space shuttle. Previous
investigations have been unsuccessful in providing a constitutive insight into this behavior of granular materials under
extremely low effective stress conditions. Here, a recently proposed unified constitutive model for transient rheological
behavior of sand and other granular materials is adopted for the analytical assessment of high peak friction angles. For
the first time, this long-eluded behavior of sand is attributed to a hidden rheological transition mechanism, that is not only
rate-sensitive, but also pressure-sensitive. The NASA–MGM microgravity conditions show that shear-tests of sand can
be performed under abnormally low confining stress conditions. The pressure-sensitive behavior of granular shearing that
is previously ignored is studied based on the µ(I) rheology and its variations. Comparisons between the model and the
NASA microgravity tests demonstrate a high degree of agreement. The research is highly valid for pressure-sensitive and
rate-dependent problems that occur during earthquakes, landslides, and space exploration.

Keywords: granular matter, microgravity, pressure-sensitive, NASA–MGM
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1. Introduction

Outer space granular matter is subjected to very low ef-
fective stress in low and microgravity environments, and the
granular matter exhibits completely different physical and me-
chanical properties than under 1-g conditions. The study of
low and microgravity granular matter rheology has become
an important topic in microgravity science research, and this
research is of great value not only for space exploration en-
gineering, but also for earth seismic liquefaction engineering
and granular matter phase transition research. The background
of this paper is the preliminary theoretical preparation for the
“Variable Gravity Granular Shear Rheology Experiment”, an
ongoing project on the Chinese manned space station. In the
1990s, the National Aeronautics and Space Administration–
Mechanics of Granular Materials (NASA–MGM) project[1]

conducted a quasi-static triaxial shear experiment on dry sand
on board the space shuttle, and the high peak friction angle
characteristics of the sand were very puzzling. The axial strain
rate used in the experiments is still in the range of quasi-static
loading rates of conventional ground experiments, but the ef-
fective stress can be reduced to the level of one percent of the
earth’s surface. According to the recently developed theory
of granular rheology, i.e., µ(I) rheology, the reduction of the
effective stress also excites the shear rheological properties of

the granular material, just like the increase of the external load-
ing rate, leading to the increase of the intrinsic viscous stress.
In this context, the goal of this paper is to demonstrate the rhe-
ological causes of the high peak friction angle phenomenon
in the microgravity triaxial shear experiment of dry sand in
the NASA–MGM project, and to provide a scientific basis and
new perspective for the design and optimization of granular
shear rheology experiments on the Chinese manned space sta-
tion.

In soil mechanics and geotechnical engineering, the rate-
dependent behavior of sand for common levels of effective
stress of more than ∼ 10 kPa has been the focus of research
for a long time. Such behavior of sand and other granular ma-
terials becomes significant for shear strain rates of more than
∼ 10−3 s−1. Such strain rates occur during seismic liquefac-
tion events and landslides. For shear strain rates of less than
∼ 10−3 s−1, the behavior of sand can be considered as quasi-
static and therefore, rate-independent. In this regime, the fric-
tional resistance of sand can be studied and modelled using
the critical state soil mechanics, elastoplastic solid mechan-
ics, and granular discrete element methods. However, triax-
ial shear tests performed in the NASA–MGM project on Ot-
tawa sand in microgravity environments showed abnormally
high peak friction angles.[1] This was only observed under mi-
crogravity conditions. Shear strain rates used in the NASA–
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MGM microgravity tests stay the same as in quasi-static tri-
axial shear tests conducted in any soil mechanics laborato-
ries worldwide. But due to the microgravity environment of
NASA–MGM project, the effective isotropic stress or the con-
fining stress of the specimen was reduced to extremely low
levels of less than ∼ 10 kPa.

Various explanations have been proposed for the abnor-
mally high peak friction angles in the NASA microgravity
tests. These include experimental errors,[2] cohesive forces,[1]

sand particle interlocking,[3] tungsten carbide panel friction,[4]

and extra confining pressure from the latex membranes in the
experiments.[2] Jeremic et al.[2] developed a rate-independent
hyperelastic model coupled with a plastic hardening and soft-
ening model by introducing an equivalent relative density and
friction hardening parameters. This model is generally able to
describe shear-dilated hardening before the peak friction angle
and post-peak softening of Ottawa sand.

In the NASA microgravity tests, the peak stresses oc-
curred for axial strain levels of less than 0.5%. In addition,
the peak axial strain decreased as the confining stresses be-
came smaller. These observations deviate significantly from
the model developed by Jeremic et al.[2] The sands that were
tested were either medium dense or dense. For such sands, the
occurrence of stress peaks is a relatively regular phenomenon
in a normal gravity environment. However, the occurrence of
very high stress peaks at strains of less than 0.5% should not
be directly related to the elastoplastic hardening and softening
characteristics of a solid material. Since the model developed
by Jeremic et al.[2] is a rate-independent elastoplastic solid
mechanics model, it is unable to correctly reflect the rheolog-
ical mechanisms that may occur in granular materials at very
low effective stress levels.

Sand and other granular materials show solid and fluid-
like transitional behavior that are dramatically affected by the
effective stress level and the shear rate. Studies on the rhe-
ology for granular materials over the last two decades (e.g.,
MiDi, 2004,[5] Forterre and Pouliquen, 2008,[6] Jiang and Liu,
2015,[7] Li et al., 2023[8]) have shown that a pressure-sensitive
granular viscosity is present. Unlike common non-Newtonian
fluids, this granular viscosity has exhibited significant depen-
dency on the effective stress level. This behavior has also been
observed even for quasi-static strain rates under very low ef-
fective stress levels.[9] A unified constitutive model has been
proposed and validated against novel triaxial shear flow tests.
The proposed model uses two dimensionless physical param-
eters to improve the description of total shear stress that in-
cludes both quasi-static and viscous components in granular
materials. At extremely low effective stress levels, “granu-
lar viscosity” becomes the primary mechanism that suppresses
the quasi-static behavior, even for common quasi-static shear
strain rates. The pressure-sensitive and rate-dependent viscous

stress in granular materials can become significant in micro-
gravity environments which are severely different from 1-g
environments on the Earth.

In this paper, an investigation of experimental error analy-
sis is first carried out to show that different experimental errors
that have been questioned in the past are not the main reason
for the abnormally high peak friction angles in the NASA mi-
crogravity tests. Subsequently, the mathematical formulation
of our previously developed unified constitutive model is pre-
sented. Based on this model, a new pressure sensitive rheo-
logical mechanism of granular matter is first proposed for the
peak friction angle issue for a triaxial test environment under
microgravity conditions. Furthermore, an MATLAB subrou-
tine is developed to simulate in details the shear stresses and
the friction angles in the NASA microgravity tests for the axial
and radial strain rates present in a triaxial environment. To our
knowledge, this is the first explanation of a newly discovered
physical mechanism which elucidates the high peak friction
angles observed in the NASA microgravity tests. This new
physical mechanism plays a vital role in microgravity gran-
ular matter study in Chinese manned space station and other
microgravity platforms.

2. Investigation of high peak friction angles
In the NASA microgravity tests, nine sets of conventional

triaxial shear tests were conducted in a microgravity environ-
ment on space shuttles. The triaxial shear test applies pres-
sure to the cylindrical specimen in the three coordinate direc-
tions of space. The test is performed by first subjecting the
specimen to the same confining pressure in all three axes (the
magnitude of which is determined by a manometer) through
a pressurized fluid in the pressure chamber and maintaining
it constant throughout the test in case of conventional triax-
ial shear scheme. Then the vertical axial stress is applied to
the specimen through the piston until the specimen is sheared
to the failure. The tests were carried out by NASA scientists
on dry Ottawa sand with 65% and 85% relative densities, an
axial strain rate of 6.5×10−5 s−1, and confining pressures of
0.05 kPa, 0.52 kPa, and 1.30 kPa, respectively. A description
detailing the test regime is given in Sture et al.[1] A photo-
graph of a typical cylindrical sample is included in Section S2
of supporting information.

The triaxial shear experimental data in this paper are
quoted from the published literature of the NASA–MGM
project if not otherwise specified. To ensure repeatable test
data, five small load loading and unloading cycles were per-
formed at a specific shear stress–strain point. Figure 1 shows
an example of the principal stress ratio σa/σr versus axial
strain εa for one set of the tests. The other tests have the same
characteristics as the one shown here. In Fig. 1, the peak stress
ratio occurs at an axial strain of about 0.005, after which the
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specimen enters a softening regime. Subsequently, the sample
enters a critical or residual state where the principal stress ra-
tio appears to be stabilized. The apparent friction angle and
peak and critical stress ratios from the microgravity and 1-g
environments are collated in Section S1 of supporting infor-
mation. The apparent friction angle ϕ was computed from the
following equation:

sinϕ =
σa−σr

σa +σr
, (1)

where σa is the axial principal stress and σr is the confin-
ing pressure or radial principal stress. This is the same ex-
pression that was used originally by NASA.[1] In Eq. (1), it
is assumed that the granular material with no cohesion fol-
lows the Mohr–Coulomb strength criterion, which is literally
the friction law of deformable materials in terms of normal
and shear stresses.[10] In contrast, conventional friction law
of rigid materials is defined in terms of normal and frictional
forces. The peak and critical friction angles of Ottawa sand
are calculated by submitting the peak and critical state axial
and confining pressure listed in Table S1 of supporting infor-
mation into Eq. (1), respectively. Thus, the peak and critical
state friction angles correspond to the peak stress state and the
so-called critical stress state where the stress is stable and con-
stant at large strains after softening, respectively. Two stress
states are shown in Fig. 1, respectively.
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Fig. 1. Principal stress ratio σa/σr versus axial strain rate εa curve of
the test with a relative density of Dr = 85% and a confining pressure of
0.05 kPa. Modified from Sture et al.[1]

Figure 2 shows the relationship between the calculated
peak friction angle ϕp in red and the critical friction angle ϕs

in blue, and the confining pressure σr. The results show that
dry sand has a significantly higher peak friction angle ϕp for
low confining pressures σr than for high confining pressures
σr. The critical friction angle ϕs does not change much for the
different confining pressures.

Tests in geotechnical engineering and granular physics
are usually carried out in a 1-g environment. The NASA mi-
crogravity tests were conducted in a microgravity environment
with extremely low to low confining pressures. It is generally

accepted that the main sources of error affecting the results
of triaxial experiments are the ending friction, the membrane
stress of the latex membrane and the cohesion of the granu-
lar sample itself. Since the tests were carried out in unusual
conditions, an investigation into possible sources for errors or
deviations were carried out in Section S2 of supporting infor-
mation. Here, the effects of dry sand cohesion, granular inter-
locking, friction from the tungsten-carbide loading panels, and
extra confining pressure on the high peak friction angle from
the latex membrane are investigated with a detailed discussion.
None of the investigated sources for errors or deviations were
sufficient to cause the high peak friction angles observed in the
tests.
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Fig. 2. Peak friction angle ϕp (red) and critical friction angle ϕs (blue)
versus effective confining pressure for a relative density of 65% and 85%.

3. Extended µ(I) rheology
Based on the results of the microgravity tests, NASA re-

searchers developed a complex hyperelastic plastic constitu-
tive model with hardening and softening plasticity.[2] Their
model was implemented in large-deformation finite element
calculations with the aim of explaining the abnormally high
peak friction angles and the complete stress–strain curves at
very low confining pressures observed in the experiments.
This behavior is illustrated in Figs. 1 and 2. However, tra-
ditional elastoplastic solid mechanics is not valid for the con-
ditions of the NASA microgravity tests. At very low effective
stresses, granular solid materials can exhibit a phase transition
between a solid-like state to a fluid-like state. In the phase tran-
sition from solid-like to liquid-like, solid elastoplastic behav-
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ior is reduced and rate-dependent viscous behavior becomes
ever more present. At some point, the rate-dependent viscous
effects become sufficiently significant such that the behavior
of the granular material can no longer solely be described from
the perspective of elastoplastic solid mechanics.

The inertial number I in the original formulation of µ(I)
rheology is given by[5,11]

I = γ̇d
√

ρs

p
=

Tp

Tm
, (2)

where the inertia number I reflects the influence of the shear
strain rate γ̇ and the effective stress level p on the viscous be-
haviour of granular materials. It can be expressed as the ratio
between the microscopic time scale Tp and the macroscopic
timescale Tm of the particles. The microscopic time scale Tp is
the time required for a particle with diameter d for an effective
stress p to undergo a particle misalignment when an interlayer
misalignment occurs. It represents the rapidity of microscopic
particle rearrangement that is pressure sensitive. Tm represents
the macroscopic shear strain rate and ρs is the density.

An S-shaped relation between the pressure-sensitive vis-
cous shear stress and shear strain-rate in granular materials is
observed. An illustration showing the relation between the vis-
cous shear stress ratio qv/qs (qv = µv p, qs = µs p, µv and µs

are presented in Fig. 4) and the shear strain rate γ̇ based on
the original µ(I) rheology is shown in Fig. 3. In conventional
soil mechanics tests, the shear strain rates γ̇ are typically less
than 10−5 s−1 and typical effective stresses are in the order of
multiples of 10 kPa. In such tests, the viscous stress and rate-
dependent response can generally be neglected. However, the
rate-dependent and viscous shear stress cannot be ignored for
very low effective stresses such as in the NASA microgravity
tests, even under common quasi-static strain rates.
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Fig. 3. Illustration of the relationship between the viscous stress ratio
qv/qs and the shear strain rate γ̇ based on the proposed model.[12]

Other researchers have explained the sources of different
types of rate-dependent behavior in granular materials.[13–15]

Sources include the irregularity of particle shapes, particle
grades, particle size, crushing of particles, particle interlock-
ing, and more. However, these sources have been provided

based on the microstructural properties of the granular ma-
terial. From our previous work, rate-dependent behavior of
sand cannot be solely attributed to the microstructural prop-
erties alone and the interaction between the particles should
also be considered. This interaction is not only dependent on
the microstructural properties themselves, but also on external
factors such as the effective stress p and the shear strain rate
γ̇ . For very low effective stresses p, sand may respond in a
rate-dependent, pressure-sensitive, and viscous manner. This
holds even for very low shear strain rates γ̇ . The described be-
havior is attributed to the low natural frequency and increased
viscosity in such conditions. This behavior is believed to be
responsible for the large peak friction angles ϕp observed by
Sture et al. in the NASA microgravity tests.

In the original formulation of µ(I) rheology, the viscous
shear stress cannot be accurately calculated for non-steady
granular shear flows. To extend this steady-state rheological
model to transient granular flows, we developed a unified con-
stitutive model. Figure 4 shows the conceptual framework of
the new model, where the relation between the effective fric-
tion coefficient µ and the shear strain γ is shown. The effective
friction coefficient µ is defined as

µ =
τ

p
, (3)

where τ is the total shear stress, and p is the effective isotropic
stress.
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Fig. 4. Conceptual framework of the unified constitutive model.

In Fig. 4, the curved red line ÔC is the quasi-static solid-
like stress–strain relation described by traditional geotechnics.
The blue area above the curved red line ÔC is the domain of
transient flow which can be better described by our new uni-
fied model. The green area above the flat line is the domain
of steady transient flow which can be described by the original
µ(I) rheology. The upper flat line µ1 signifies the threshold
between a steady dense flow for µ < µ1, and an accelerated
unsteady dense flow for µ > µ1. In our unified model, the
threshold µ1 remains unchanged. The distance from the shear
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strain axis γ to the curved red line ÔC is the mobilized fric-
tion coefficient µm, which is a new parameter in our unified
model. The mobilized friction coefficient µm represents the
stress–strain relation in a quasi-static state and its upper bound
µs is the critical friction coefficient. The critical friction co-
efficient µs signifies the threshold between a quasi-static state
for µ < µm and a moderate shear flow for µ > µm.

For the NASA microgravity tests, the original µ(I) rhe-
ology is inaccurate as it does not separate the mobilized fric-
tion coefficient µm and the critical friction coefficient µs. Due
to this, the original µ(I) rheology neglects the moderate flow
state bounded by the quasi-static elastoplastic curve ÔC and
the critical friction coefficient µs in Fig. 4. Another limitation
of the original µ(I) rheology is its inability to separate the
stress components between the viscous part τv and the quasi-
static part τs. Our unified model is summarized in Section S3
of supporting information. For the following analysis purpose
in this paper, the axisymmetric version is presented in the next
section.

4. Analytical solution for high peak friction an-
gles
In the NASA microgravity tests, conventional triaxial

tests were conducted in a microgravity environment. Thus,
the constitutive equations that are established in this section
are also for a triaxial environment. These are based on the
unified model summarized in Section S3 of supporting infor-
mation. The total stress σi j tensor is defined as

σi j = pδi j +um p+µv (I) p
2ėi j

γ̇
, (4)

where p is the effective isotropic stress, δi j is the Kronecker
delta, µ (I) is the dynamic friction coefficient as a function of
the inertial number I, ė is the deviatoric strain rate tensor, and
γ̇ is the magnitude or the second invariant of the engineering
shear strain rate tensor γ̇i j. Following Eq. (4), the axial σa and
radial σr principal stresses in a triaxial environment can be ex-
pressed as

σa,r

p
= 1+

2Gea,r

p
+µv

2ėa,r

γ̇
, (5a)

µv =
µ1−µm
I0

I
+1

, (5b)

µm =
Gγ

p
, (5c)

G(γ) =
A(γ) pa

(1+ e)3

(
p
pa

)m(γ)

, (5d)

A(γ) =
A0

1+ γ/γr2
, (5e)

m(γ) = 0.5+
0.5

1+ γr1/γ
, (5f)

where the subscript “a” indicates the axial direction, “r” indi-
cates the radial direction, and p is the effective isotropic stress,
G is the secant quasi-static shear modulus as a function of the
shear strain γ , pa = 101.325 kPa is the standard atmospheric
pressure, e is the deviatoric strain, µv is the viscous friction co-
efficient, µm is the mobilized quasi-static friction coefficient,
ė is the deviatoric strain rate.

The deviatoric strains ea,r and the magnitude of engineer-
ing shear strain γ are defined as

ea =
2
3
(εa− εr) , er =−

1
3
(εa− εr) , γ =

2√
3
(εa− εr) , (6)

where εa,r are the axial and radial principal strains. In the tri-
axial environment, the principal stress ratio σa/σr is calculated
according to Eqs. (5a)–(5c)

σa

σr
≡
√

3+2(µm +uv)√
3− (µm +µv)

. (7)

To find the macroscopic friction angle ϕ , equation (7) can be
substituted into Eq. (1)

ϕ = arcsin

 3

1+
2
√

3
µm +µv

 . (8)

Equation (8) provides an analytical expression for the
macroscopic friction angle ϕ in a triaxial environment. The
friction angle ϕ is dependent on both the quasi-static mobi-
lized friction coefficient µm and the viscous friction coefficient
µv.

In a quasi-static 1-g environment, the viscous friction co-
efficient µv in Eq. (5b) is small due to the small shear strain
rate γ̇ and the large effective stress p. In rate-independent
critical state geotechnics, the viscous friction coefficient µv

is neglected and only the mobilized friction coefficient µm is
considered. This is also true for elastoplastic solid mechanics
with hardening and softening. To compute the mobilized fric-
tion coefficient µm in Eq. (5c), an empirical relation between
the secant shear modulus G and the shear strain γ is used, see
Section S3 of supporting information.

In a microgravity environment with quasi-static strain
rates from a 1-g environment, the viscous friction coefficient
increases even though the shear strain rate γ̇ is in a quasi-static
range for common effective stresses. The effective stresses in
question are two to three magnitudes smaller than for a 1-g
environment. Thus, the viscous friction coefficient µv should
not be negligible compared to the mobilized friction coeffi-
cient µm. This will result in a higher friction angle ϕ .
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Table 1. Overview of model parameters.

Item Parameter Symbol (unit) Dr = 65% Dr = 85%

Basic physical parameter

maximum/minimum void ratio emax/emin 0.790/0.502
dry density ρs

(
kg/m3) 2650

average grain diameter d (mm) 0.22
void ratio e 0.603 0.545
apparent density ρ

(
kg/m3) 1653 1715

Quasi-static stress model parameters

critical state friction angle ϕs (
◦) 37.0 37.0

shear stiffness parameters
A0 250 300

γr1 (%) 0.050 0.050
γr2 (%) 1.654 1.234

bulk stiffness modulus K (MPa) 50 50

Viscous shear stress model parameters
maximum viscous friction angle ϕ1 (◦) 66.2 62.8
reference inertial number I0 4.4×10−8 5.0×10−8

Note: Dr = (emax− e)/(emax− emin).

5. Calculations of peak and critical friction an-
gles
In this section, the peak ϕp and critical ϕs friction angles

of the NASA microgravity tests were simulated. The simu-
lations are based on the equations in Section 4 of the unified
model derived for a triaxial test environment. All model pa-
rameters used for the simulation are listed in Table 1. All
basic physical parameters are directly taken from the NASA–
MGM experiments, and the critical sate friction angle is de-
termined as the residual friction angel measured in the same
experiments as well.[1] The parameter of A0 is determined by
measuring the initial shear modulus G0 in Eqs. (5d)–(5f) for
γ = 0, and the parameters of γr1 and γr2 are fit to the measured
quasi-static triaxial stress–strain relationship of Ottawa sand.
The maximum viscous friction angle of ϕ1 is generally mea-
sured by sloping channel flow experiments and the reference
initial number of I0 is mainly related to the type of granular
material, which can be also determined by sloping channel
flow experiments. Detailed physical interpretation and cali-
bration of model parameters are mentioned in Section S3 of
supporting information. In order to calculate the peak and crit-
ical state friction angles, we need to use Eq. (8). There are two
key variables involved in this equation. The mobilized friction
coefficient µm is calculated by Eq. (5c), where the shear strain-
dependent shear stiffness modulus G is obtained by Eqs. (5d)–
(5f). And the viscous friction coefficient µv can be calcu-
lated by Eq. (5b), where the shear strain rate and pressure-
dependent initial number I is calculated by Eq. (2). Therefore,
µm is a function of the effective isotropic stress p and the shear
strain γ , and µv is a function of the effective isotropic stress
p, the shear strain γ and the shear strain rate γ̇ . The effec-
tive isotropic stress p can be calculated from the experimental
data of stress ratio σa/σr and confining stress σr according to
p = 1

3 (σa + 2σr). The calculation procedure of γ and γ̇ has
been mentioned in Fig. 5, in which the calculated strain rates
are shown in detail for the confining pressure 0.05 kPa as an

example. Figure 5 shows the simulation results for the test
specimens with relative densities of 65% and 85% subjected
to a radial stress σr of 0.05 kPa. The simulation results are
shown for the total friction coefficient µ , as well as the mobi-
lized friction coefficient µm and the viscous friction coefficient
µv. In addition, the results from the NASA microgravity tests
are also shown in the same figures.
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Fig. 5. Experimental results from the NASA microgravity tests on Ot-
tawa sand (σr = 0.05 kPa). The constant axial strain rate ε̇ = 64.8µε/s
and the volume strain rate ε̇ is calculated from the εa ∼ εv curve by
ε̇ =

(
∆εv/∆εa

)
ε̇a. Then the radial strain rate ε̇r = 1/2(ε̇v − ε̇a) and

γ̇ = 2(εa− εr)/
√

3 are shown for the strain rate µε/s against the shear
strain γ , where the compression strain is considered positive.

In the first stage of the loading, the shear strains γ

are very small and the mobilized friction coefficient µm is
not fully developed. However, under the extremely low ef-
fective stress conditions the viscous friction coefficient µv

seems to have developed a peak, resulting in an increase
in the total friction coefficient µ of the specimen. In
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this stage, the abnormal high peak friction behavior is ob-
served, as shown in Fig. 6. In the subsequent stage, the
shear strain γ

(
= 2
√

εi jεi j = 2(εa− εr)/
√

3
)

increases and
the shear strain rate γ̇ decreases due to a decreased volumetric
strain rate as shown in Fig. 5. In this series of experiments,
as the volume strain rate ε̇v = ε̇a +2ε̇r decreases and the axial
strain rate ε̇a is kept a constant, the radial strain rate ε̇r de-
creases with γ increasing. The viscous friction coefficient µv

decreases rapidly as the shear strain rate γ̇ decreases according
to Eqs. (2) and (5b). In the final stage for large strains when the
mobilized friction coefficient µm moves against the limit of the
critical friction coefficient µs, the volumetric strains are essen-
tially constant. From Eq. (5), this results in a small viscous
friction coefficient µv until it eventually diminishes. Thus,
the total friction coefficient µ converges gradually towards the
critical friction coefficient µs at this stage.

(a) Dr=65% (b) Dr=85%
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Fig. 7. Validation of the unified model using NASA microgravity tests data concerning the evolution of friction angle ϕ against radial stresses σr.

Based on the simulated friction coefficients µm and µv

shown in Fig. 6, the peak ϕp and critical ϕs friction angles un-

der the confining pressure of σr = 0.05 kPa were computed by

substituting the peak and critical friction coefficients µm and

µv shown in Fig. 7 into Eqs. (7) and (8). Similarly, all peak ϕp

and critical ϕs friction angles under different confining pres-

sures σr could be computed as well, as shown in Fig. 7 as a

function of the radial stresses σr. Original experimental data
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needed for these calculations have been listed in Table S1 from
Section S1 of supporting information. The simulations show
that the high peak friction angles ϕp occur for small radial or
confining stresses σr. When the radial stresses σr increase, the
peak friction angle ϕp decreases and converges towards the
critical state friction angle ϕs. In this case, the peak friction
angle of Ottawa sand increases rapidly with decreasing con-
fining pressure below 1 kPa to 10 kPa, and remains essentially
constant above that value of confining pressure. This pressure-
sensitive behavior stems mainly from the constitutive charac-
teristics of granular matter rheology, and in fact from a new
physical insight shown in Fig. 3 — the inertial number is the
determining factor, not just the strain rate. The specific con-
fining pressure range, which of course varies depending on the
granular material type and the type of shear experiment, can
be influenced by the parameters listed in Table 1. One of the
most influential fit parameters, I, we give the range of values
of this parameter for general granular matter in Section S1 of
supporting information.

The behavior shown in Figs. 6 and 7 concurs well with
the results from the NASA microgravity tests and the concep-
tual framework of the unified model illustrated in Fig. 4. The
high peak friction angle ϕp at much smaller shear strains γ ob-
served in the NASA microgravity tests can be well explained
by the “granular viscosity” for low effective stresses. For the
investigated parameters, rapidly increased viscous friction co-
efficients occur at much smaller strain levels compared with
conventional triaxial shear tests in a 1-g environment. This is
the main reason for the abnormally high peak friction angles.

6. Conclusions
Triaxial tests performed by NASA–MGM on granular

materials in a microgravity environment showed abnormally
high peak friction angles for strain-rates that are commonly
deemed quasi-static. Previous work by NASA–MGM have
proposed a model based on rate-independent hyperelastic
elastoplastic solid mechanics, and other researchers have in-
vestigated the microstructure of the material and possible
sources of error to explain the high peak friction angles. How-
ever, neither the model proposed by NASA nor the detailed in-
vestigations into the microstructure and sources of error have
been able to describe the phenomenon in a unified manner.

In this paper, we have proposed and demonstrated the
ability of a unified model to accurately capture the behavior
of the high peak friction angle. Our unified model includes
rate-dependent and pressure-sensitive viscous effects within
the framework of µ(I) rheology. The results have shown that
the peak friction angle is dependent on the effective stress and
strain-rate. For very low effective stresses or for high strain-
rates, viscous effects become prominent and may become the
main contributor to the high friction angles observed in the

NASA–MGM microgravity tests. In these conditions, rate-
independent models based on elastoplastic solid mechanics
fall short.

In a microgravity environment, the effective stresses are
very low. This creates a transient environment where viscous
effects occur for strain-rates that are commonly deemed quasi-
static in a 1-g environment. For small shear strains, the viscous
effects are large due to the higher shear strain and volumetric
strain-rates that are present. This results in the high peak fric-
tion angles. Towards the critical state, the shear strain-rate de-
creases due to the diminished volumetric strain rate for more
moderate strains. This eventually results in an almost total
elimination of the viscous effects for large strains. When the
viscous effects are eliminated, the specimen enters the critical
state where quasi-static effects dominate. In short, the vis-
cous effects that result in the high peak friction angles are trig-
gered by low effective stresses and increased shear strain rates
(almost double the controlled axial strain rate in the NASA–
MGM case). The unified model explains and mimics this be-
havior well, and the model agrees well with the results from
the NASA–MGM microgravity tests under the selected ma-
terial parameters. Further work should include investigations
on the determination of the reference inertial number I0 for
various granular materials subjected to different conditions.
Effects of narrow shear bands on friction angles of granular
materials in low gravity conditions are yet to be investigated.
Experimental investigations will have grand challenges on the
measurements of non-uniform strains across the granular sam-
ple in low gravity conditions. In theory non-local rheological
models are in need to develop.
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