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ABSTRACT

In this study, we investigated the effect of gravity level on the collapse of granular column using the
Smoothed Particle Hydrodynamics (SPH) method based on the Mohr-Coulomb model. After validating
the model with existing experimental studies, a dimensional analysis of the system’s scaling factors was
performed to evaluate the influence of varying gravity levels. The results show that gravity significantly
influences collapse dynamics, particularly in shortening the collapse time. To predict collapse time, we
propose two models that account for varying gravity acceleration (g), both of which scale positively
with N'¥2 (g = NG, where N is the gravity scaling factor, G = 9.81m/s?). We find that the non-
dimensional collapse time, t,/t. (where t, is the collapse time, and 7, = m with h
representing the initial height), is influenced by the initial aspect ratio, a (defined as a = h/r,, where
ro is initial radius of the column). While gravity does impact collapse dynamics, its effects on the deposit
run-out distance and final height remain consistently scaled at 1.0 across varying gravity levels.
Additionally, we propose a modified mobility angle, 8', to investigate the effect of gravity on flow
mobility, which aligns with expected gravity scaling. Furthermore, our findings are supported by
observations of natural landslides in the Solar System. A multiscale analysis reveals that the spreading
range of collapse is contingent on the sample volume and initial potential energy as opposed to gravity.
This study provides insights for in-depth investigations into the collapse mechanism of granular

materials in planetary exploration.
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1 Introduction

The flow of granular materials is widely encountered in nature and industry, playing a crucial role in
various scenarios, such as the design of slopes, snow and rock avalanche risk assessment, ore mining
and transshipment, and the movement of grain in agriculture. In these applications, an in-depth
understanding of the collapse mechanisms and characterisation of granular flows is essential for

effective disaster prevention and risk management.

A traditional and simple test to understand the collapse behaviour of granular flow is the granular
column collapse. Lube et al. (2004) and Lajeunesse et al. (2004) conducted seminal simple experiments.
They filled a cylindrical column with granular materials and allowed them to spread over a horizontal
surface under gravity. Their results revealed that the collapse characteristics (e.g., flow pattern, run-out
distance, and final height) are mainly, although not uniquely, governed by initial aspect ratio, a.
Depending on the value of initial aspect ratio, two distinct regimes can be distinguished in terms of the
run-out distance. When a is low, the flow exhibits a regime dominated by friction. In this regime, the
column’s edges fall while leaving its inner part relatively undisturbed. Notably, during this stage, a
simple linear relation between the deposit run-out distance and the initial aspect ratio is commonly
reported (Lube et al., 2004, Lajeunesse et al., 2004, Szewc, 2017). However, as a increases, the
governing mechanism of granular flow changes. The shear plane gradually shifts inwards until the entire
free surface collapse. The spreading of granular flow is influenced by the pressure gradient. In this
regime, the deposit run-out distance follows a different relationship with aspect ratio, specifically a
power law relationship. The final deposit for samples with low a exhibit a truncated cone shape in three
dimensions (3D) or a trapezoid shape in two dimensions (2D), whereas models with high a trend to
result in conical or triangular-shaped deposits. The effect of many other parameters have been
investigated like initial column porosity (Fern and Soga, 2016), particle shape (Tapia-McClung and
Zenit, 2012, Wei et al., 2018, Hoang and Nguyen, 2023), inter-particle friction (Lai et al., 2023), particle
size (Lai etal., 2017, Cabrera and Estrada, 2021, Su et al., 2022), grain size effects (Warnett et al., 2014,
Cabrera and Estrada, 2019, Man et al., 2021b), cohesive materials collapse (Jing et al., 2018a, Zhu et
al., 2022), collapse in water (Thompson and Huppert, 2007, Jing et al., 2018b, Polan & et al., 2022).
Investigations have also been conducted to analysis the effect of boundary geometry parameters, such
as an erodible surface (Crosta et al., 2009, Mangeney et al., 2010), air fluidization (Roche et al., 2011),
lateral wall width (Zhang et al., 2021), cross-section shape (Teng Man, 2022) or basal friction ((Li et
al., 2024) of the granular column collapse. Although they have an influence on some of the

characteristics and kinematics of granular collapse, the aspect ratio remains the dominating factor.

As space exploration advances, the prospect of utilizing resources from other planets and human
colonisation is becoming increasingly viable. Humanity's understanding of outer planets is poised to

expand significantly with ongoing national space programs, including National Aeronautics and Space
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Administration (NASA) ’s Artemis program, which aims to return to the moon and send astronauts to
Mars. On 15 May 2021, China’s Zhu Rong rover successfully landed on Mars, making China as the
second country to operate a Mars rover. Through these endeavours, humanity has deepened its
understanding of space and the origins of planets. In terms of research, understanding the properties of
granular material (e.g., angle of repose, collapse behaviour) under varying gravity levels is crucial for
space exploration. Several studies have investigated the dependence of the dynamic angle of repose on
gravity; however, no broad consensus exists. While P. G. Hofmeister (2009) and Kleinhans et al. (2011)

demonstrated a dependence on gravity, Nakashima et al. (2011) and Atwood-Stone and McEwen (2013)

found no such relationship. The controversy was addressed by Marshall et al. (2018), whose classical
passive Earth pressure experiments conducted during reduced gravity flights showed that the angle of
repose is independence of gravity. Inspired by these previous studies on the angle of repose tests, we
focus on the collapse behaviour of granular materials. The first models for granular flows in centrifuge
systems were based on granular flow in a rotating drum (Arndt et al., 2006). Recent research has
expanded these flow configurations to include sliding down on curved channels (Bowman et al., 2010,
Gue. etal., 2010) and studying the flow rate during the discharge of a silo (Dorbolo et al., 2013). Cabrera
and Wu (2017) investigated the dynamic of granular flows under centrifugal acceleration, revealing that
as the slope angle and equivalent centrifuge acceleration increase, the flow velocity increase and flow
height decreases asymptotically until a constant height. Compared to experimental studies, numerical
simulations offer a more economical and accessible approach for investigating the effect of varying
gravity levels. Cabrera et al. (2020) investigated the scaling principles for granular flow in a centrifugal
acceleration field using discrete element method (DEM). Results show that granular flows scale

consistently only when the Coriolis acceleration is negligible, and are severely altered otherwise.

To our knowledge, there is no study that has systematically explored the effect of gravity levels on
granular column collapse. Consequently, the objective of the paper is to analyse the effects of varying
gravity levels on the collapse of gravity-driven particle column. After validating our model against
existing experimental studies, we conduct a comprehensive analysis of the scaling relationship between
gravity levels and collapse responses. By comparing our simulations results with natural landslides in
the Solar System, ranging from laboratory to large-scale scenarios, we establish a regression line that

supports our conclusions.

This work is structured as follows: Section 1 introduces the SPH theory and outlines the model set-up,
followed by the validation of the SPH model using experiments data from the literature. Section 2
presents the results regarding the influence of gravity levels on deposit profiles. This includes the flow
patterns, scaling laws for collapse time, deposit run-out distance & final height, and flow mobility.
Section 3 delves into the reasons of gravity effect on the collapse range. The final section comprises the

conclusions of this paper.
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1.1 SPH framework for the simulation of granular flow

Due to the mesh-free nature of the method and the continuous media-based characteristics, the
Smoothed Particle Hydrodynamics (SPH) method has been broadly demonstrated for the modelling of
large deformation problems including granular column collapse (Chen and Qiu, 2012, Szewc, 2017,
F&vero and Borja, 2018, Kermani and Qiu, 2018, Yang et al., 2020, Bui and Nguyen, 2021). In SPH, a
continuum domain is discretised into an assembly of particles, each of which possesses field variables
(such as velocity and stress) and moves with its own velocity. The field variables are then calculated
through a kernel approximation, as shown in Fig. 1. The equations are presented using the Einstein

convention, where o, 5, and y denote the Cartesian coordinates.

w

Fig. 1. Smoothing kernel function W (x, h) for particle i

The integral approximation of spatial function f (x) at the point x is defined as,

(f) = [, f(IW (x — x, h)dx, (1)

where Q is the interpolation region, f is a function of the location vector x of the particle, and dx is a

volume. W (x, h) is kernel function, where h is the smoothing length.

The discrete form of Eq. (1) can be written as,
(V- f(0)) = [V f)IW (x — x, h)dx, )
W (X, h) is defined using the function & though the relation,

1
h(x)4

W(x,h) = 6(q), 3)

where d is the number of space dimensions, and q is the relative distance, g = |x — x| /h. 6(q) is the

most commonly function cubic B-spline function and defined as,
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1—%q2+%q3, 0<g<1
6(q) =C 2(2-q)%, 1<qg<2 (4)

0, otherwise

where C is a constant of normalization that depends on the number of the space dimensions.

Converting integral representations (as given in Egs. (1) and (2)) into a particle approximation form:

(f(x)) = Zyzl’j—jf(x,-)w(x,- —xj,h), ()
(V- f(x)) = 7:1’§—jf(x,-)v W (x; — xj, h), (6)

where m; is the mass of particle j, p; is the density of particle j.

The general governing equations of mass and momentum conservation can be applied to granular

material collapse as follows:

Dp _ ov*
E - p axay (7)

Dv* 366“5
Dt p oxB

+ b%, (8)

where p is the material density; v%is the velocity component; o*#is the stress tensor component; h® is

the acceleration due to the external forces.

The SPH approximation of governing equations can be derived using Egs. (7) and (8). Writing partial
differential governing equations in a discrete form. The mass conservation and momentum conservation

in the framework of standard SPH becomes,

Dpi _ vN a a) Wi

2o = Zj=amy(vi’ = vf) ax®" 9)
pvf iz,y ﬁ(o_aﬁ + O_aB)BWij 4 pe (10)
bt p =l p; i Y

where bi* is the force per unit mass due to gravitation. The Monaghan’s type artificial viscosity is also

implemented and shown in Appendix I.

To simulate the behaviour of the granular media we use a simple Mohr-Coulomb constitutive model

where the yield surface and its plastic potential function are expressed as follows, respectively:

f =singl; + % [3(1 — sin¢) sin 6 + V3(3 + sin ) cos 9]\/]—2 —3ccosgp =0, (11)
g =sinyl; + % [3(1 — sin) sin @ +v/3(3 + sin) cos 9]\/E — 3ccosy, (12)
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where ¢ and y are the soil internal friction and dilatant angles, respectively; 11, J;, and J; are the first

principal, second, and third deviatoric stress invariants, respectively; ¢ is cohesion; and 6 is the Lode

angle, 8 = §cos‘1(1.5\/§ J3

1.5/"
Iz

The general form of the elastic-perfectly plastic model is shown in Appendix. II.

To maintain the objectivity constitutive model under large deformation, the Jaumann stress tensor is
adopted. The final form of the stress-strain relation for Mohr-Coulomb elastic-perfectly plastic

constitutive model can be expressed by:

6B = gV &FY + gVP O + 266 + KV 5P — 13K sin g 69 +
(13)

26525 + 92 7))

where %8 and wF are the strain and spin rate tensors, which can be related to the gradient of the

velocity as follows:

. 1[/0v®  ovP

e =3 (5 + 5e) (14)
jap — L[ _ovP
W =3 (6x5 ax“)' (15)

1.2 Model set-up

The dimensions of the granular column collapse model are shown in Fig. 2(a). It consists of a cylindrical
domain placed over a rigid horizontal surface. The friction coefficient, |y between the rigid plane and
SPH particle was set to 0.4 in accordance with the validation experiments of Lube et al. (2004). Fig. 2
(b), (c), and (d) illustrate a sensitivity analysis of different particle spacings (Ap = 2.0, 3.0 or 5.0mm
that represents the initial distance between adjacent particles) for an aspect ratio of 0.55. A red circle
with a radius of 0.176 m was used as a standard reference size for better comparisons. Balancing
computational cost and accuracy, the particle spacing, Ap = 3.0 mm was chosen for all simulations in

this study.

The gravitational acceleration scaling factor, denoted as N (where g = NG, N=1/6, 1/3, 1, 2, and 10, G
= 9.81m/s?), is a crucial parameter in the simulation. Only the column height and gravitational
acceleration were changed, while the column radius (ro=0.1m) remained constant. The material density,
angle of friction, Poisson’s ratio and Young’s modulus were 2600 kg.m3, 37< 0.3, and 6.0 MPa

respectively. A wide range of granular column aspect ratios are presented in Table 1.
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Fig. 2. (a) A sketch of the axisymmetric granular collapse: shaded region denotes the initial column (ro: initial
radius, hg: initial height), dashed curve denotes deposit geometry (r..: final run-out distance, h..: final height). (b)
Particle spacing (a = 0.55): Ap = 2.0mm & 220,080 SPH particles. (c¢) Ap = 3.0mm & 63,378 SPH particles. (d)
Ap = 5.0mm & 13,904 SPH particles.

Table 1. Series of example granular column collapse.

Case ID a=holro ho /m No. of particles
1 0.55 0.055 63,378
2 1.0 0.10 119,714
3 15 0.15 176,050
4 2.75 0.275 323,932
5 4 0.4 471,814
6 6 0.6 704,200
7 10 1.0 1,176,014
8 13.8 1.38 1,619,660
9 18 1.8 2,112,600
10 25 2.5 2,932,993

1.3  Model validation

The numerical model was validated against the experiments of Lube et al. (2004) under the Earth’s
gravitation acceleration (G = 9.81m/s?), focusing on three key aspects: deposit pattern, run-out distance,
and final height. Figure. 3 presents deposit patterns of numerical simulations and experimental results.
Depending on the aspect ratio values results, three distinctly different deposit patterns are shown. For
small aspect ratios (e.g., a = 0.55), a flat surface remains at the top of the model; for intermediate aspect
ratios (e.g., a = 2.75), the top surface changes from a flat plate to a conical tip; for large aspect ratios
(e.g., a = 13.8), the sand forms an outward propagating wave during the process, transferring mass from
the centre to the edge of the diffusion. Our numerical flow patterns agree well with the experimental
results (Lube et al., 2004, Lajeunesse et al., 2004) and numerical results (Man et al., 2021a, Sheikh et
al., 2021).
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Fig. 3. Qualitative comparison of numerical (left images) and experimental results (right grey images) reported
by Lube et al.2004 of deposit profiles at three typically aspect ratios. (a) a = 0.55. (b) a=2.75. (c) a=13.8.

Figure. 4(a) shows the validation of the run-out distance. Our simulation results against well the

experimental points and formula form (see Eq. (16)) of Lube et al. (2004).

Our results of final height, £, are plotted in Fig. 4(b) and are in good agreement with the experimental

and formula (Eq. (17)) results. The critical aspect ratio also fits also well with the 1.0 proposed by Lube

et al. (2004). When the aspect ratio is less than 1.0, the model shows circular truncated cones pattern.

The model maintains the initial height (e.g., a = 0.55, Fig. 3). The morphology becomes more complex

when the aspect ratio exceeds 1.0 (e.g., a =2.75 or a = 13.8, Fig. 3).

o {1.24a, a<17
o l16a'? a=17

h_oo_h*_{ a, 0<a<1.0
7 71 088a%, 1.0<a<10

(16)

A7)
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Fig. 4. The relationship between rescaled final height and initial aspect ratio. (a) run-out distance; (b) final height.
1.4 Assumption of scaling factors

Before analysing the results, we assume that the gravity level should obey certain scaling laws. To
validate this assumption and extend it to other aspect ratios, and regimes, we conduct a scaling analysis
of the problem, starting from a hypothesis that scaling derived from simple dimensional analysis is
sufficient. The actual scaling factors of this hypothesis assume a scaling N of gravity and a scaling of
1.0 for density and length. This leads to the overall scaling factors shown in Table 2. In the following

sections, we will compare these values with those in the literature and our obtained results.

Table 2. Scaling factors assuming a simple dimensional analysis. *Indicates enforced scaling parameters in the

system.
Variable Units Scaling values
L* m 1
p* kg/m3 1
g* m/s2 N
F N N
Stress N/m2 N
v m/s N2
t S N-l/Z
Energy J N
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2 Results

2.1 Typical evolution of avalanche flow patterns

In Fig. 5, a typical aspect ratio (e.g., a = 4) was used to demonstrate the effect of gravity levels on the
evolution of flow patterns. As expected, higher gravity levels accelerate the collapse process. This is
consistent with the conclusion of Meruane et al. (2010), who claimed that the flow velocity and duration
of emplacement are gravity dependent. Additionally, we initially find that the varying gravity levels
produce same deposit morphologies (bottom row of Fig. 5). This indicates that the gravity has a

significant influence on the dynamics of the collapse of granular column but no impact on the deposit

morphology.
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Fig. 5. Snapshots of granular column collapse at different gravity levels. The bottom blue pictures are final deposit

morphologies.
2.2 Collapse time prediction models
2.2.1 Scaling by the initial geometry

The relationship between scaling factor (N) of varying gravity and the collapse time of granular column

was investigated. Lube et al. (2004) investigated scenarios with the same gravitational acceleration (g)

10
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but different initial radius (ro= 2.9, 7.5, and 9.7cm). Their findings indicated that different ro has no

effect on the non-dimensional collapse time.

teo _
Trolo =f(a) (18)

In this work, we keep ro constant while varying gravity levels to examine the effect of gravity on the

collapse dynamics. Fig. 6 shows the non-dimensional collapse time and the scaling laws derived from
our results. Our new correlation is shown in Eq. (19) with a value of R?= 0.995. This scaling by 1/\/5
aligns with the observations of Lube et al. (2004) and their developed Eq. (18). Both our results and
experimental of Lube et al. (2004) show an increasing trend in non-dimensional time as the aspect ratio
increases. We observe a deviation for values of a larger than 5.0. The fit is satisfactory for a < 5.0, with
discrepancies only present in scenarios with larger aspect ratios. This reason for this bias may be that
they had insufficient data with larger aspect ratios in their experiments (their fitting form was mainly

based on a < 5.0, with only 5 tests between 5.0 < a < 15.0, and no cases with a >15.0).

2 =3.776 x %35 (19)
V1o/g
16
14
0.35
12 o5 3.776a>%
S 10 e o
@ /r'/x\/L}
° 8 . : : :
- Fit_our simulations
i ,5925\ ------- Fit_Lube et al. (2004)
6 = +  Exp. Lube et al. (2004)
Num. (9=0.165G)
4 O Num. (g=0.38G)
A Num. (g=1G)
2 Num. (g=2G)
Num. (g=10G)
0
0 5 10 15 20 25 30
a

Fig. 6. The scaling laws of collapse time and the scaling laws obtained from regression analysis for different
gravity levels.

2.2.2  Scaling by the characteristic time

Another approach for predicting collapse time was used based on the analysis of single-particle free fall,
1 . . e e s
where h = Egtz, then t = \/2h/g. Here, by introducing the characteristic time scale 7. (. = \ho/9)

to evaluate the collapse time, we derive Eq. (20) with R?=0.97, and illustrate the fitted results in Fig. 7.

too 3.712

T, = 014 (20)

11
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Lajeunesse et al. (2005) claimed that the propagation evolution can be differentiated into three sections.
In the first section (t < 0.87.) the collapse process accelerates, resulting in the spreading of the deposit
tip in a positive horizontal direction. Subsequently, the foot of the material propagates at nearly constant
velocity for about 27.. In the final section, the material propagation decreases until it reaches the final
deposit position after approximately 0.67.. They define approximately 3z, as a guide value for the total
duration of the collapse. However, our results show that the non-dimensional collapse time (t. /) is
not a constant value, but it is also affected by the initial aspect ratio. Specifically, at lower aspect ratios
(a < 5.0), the non-dimensional collapse time tends to decrease rapidly, and this trend diminishes as the

aspect ratio increases. Based on Eq. (20), we calculated that the ratio of the collapse time to the free-

fall time (to /m of a single particle decreases as the aspect ratio increases (see the black dashed
line in Fig. 7). This finding differs from that of Lube et al. (2004), who reported that the collapse time
of granular materials in columns is approximately twice the free fall time (see the red dashed line in Fig.
7). The discrepancy may lie in the higher columns, whose collapse mechanism is predominantly
influenced by pressure gradients, resulting in a short collapse time that tends to a free-fall state.

6 Fitting_our results
F eeeeee- Scalling for single-particle free fall
5 Num. (g=0.165G)
O Num. (g=0.38G)
A Num. (g=1G)
4 X Num. (g=2G)
. i x  Num. (g=10G)
< h \\mf'f
-¢—J8 3 -:‘\\ u\é\/x 3.712/&0'14
L\ o
[ \\\ \\é\ﬁ\ﬁ_
2 - el ek
. tw/\/27T,
0 L B
0 5 10 15 20 25 30

Fig. 7. Influence of gravity level on the collapse time normalized by the characteristic time. The black dashed line
is the scaling line for single-particle free fall condition (t./+/27. ) derived from the regression analysis of
simulation results (black line).

Eqg. (19) or Eg. (20) can be easily compared. In both equations, the collapse time is positively correlated
with 1 /\/E, represented as N2, agreeing with previous studies that assumed scaling factors in Table 2.

This suggests that we can use Eq. (19) or Eq. (20) to estimate the collapse time at different gravity

levels, once knowing the necessary parameters.

12
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2.3 Deposit run-out distance

Fig. 8 presents the correlation between run-out distance and aspect ratio at different gravity levels. The
expected scaling of 1.0 (see Table 2) is clearly confirmed for the numerical results, indicating that the
gravity level does not impact the normalized run-out distance. Moreover, the gravity level does not alter
the critical aspect ratio at which the shift occurs in the bilinear relationship shown in Fig. 8. It remains

a constant value at 1.7, as noted in Eq. (16).

Additionally, large-scale results, such as the natural landslides in Solar System (Lucas et al., 2014),
present a regression line with a slope of 12.64 and R?=0.88. Notably, the landslides on Mars and lapetus
also align well with this regression line, supporting our conclusion about the consistent effect of gravity
on run-out distance across different celestial bodies. This finding is also consistent with the work of
Roche et al. (2011), who normalized the run-out distance of the Valles Marineras (Lajeunesse et al.,
2006, Lucas et al., 2011), delimited by blue dashed lines with slopes of 3.3 and 11.5 (see blue arbitrary
lines in Fig. 8). While their results indicate a larger value compared to both our simulations and granular
column experimental findings, it confirms the scaling. The differences in magnitude can be explained
by the fact that natural landslides travel unexpectedly long distances, indicating lower dissipation during
collapse, potentially induced by other mechanisms such as material entrainment or water lubrication.
However, the precise physical processes underlying energy dissipation during natural granular flows

remain uncertain (Lucas et al., 2014).

1000 Formula_Lube et al. (2004)
. Simulations (g=0.165G)
'
100 T ,/' [¢] Simulations (g=0.38G)
o -,
© P A Simulations (g=1G)
[ 7z
~ 10 + -7 _— Simulations (g=2G)
= [ ér‘ mm& X Simulations (g=10G)
|8 [ z ZAIA. "
= 1% g D‘IA’, MA /ﬁ Arbitrary limits Roche et al. (2011)
AL VA BT P Fitting_landslides
TS A4 ol
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Fig. 8. Influence of gravity level on the normalized run-out distance. The natural data of landslides in Earth, Mars,

and lapetus are referenced from Lucas et al. (2014).
2.4 Final height

Fig. 9(a) presents the rescaled final height at various aspect ratios. Again, the expected scaling of 1.0 is

consistently observed across different aspect ratio ranges. The results also align well with our proposed
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formula for final height when a > 10 (as indicated by the blue and red lines in the inset of Fig. 9(a)),
with some nuances at high aspect ratios. To further analysis these differences in detail, we conducted a
cross-sectional of deposit profiles for a = 25 (see Fig. 9(b)). The deposit morphology appears very
similar, as depicted in the inset of Fig. 9(b). Notably, we observed a slightly lower final height under
high gravity conditions (e.g., g = 10G), although the effect was negligible.

1 10
0 F Formula Lube et al. (2004) (a) [ Num. (g=0.165G) (b)
i Formula (our previous propsed) Num. (g=2G)
Average line - _
Num. (g=0.165G) 8 T Num. (g=10G)
O Num. (g=0.38G L
A Nﬂm Eg=1G) ) : 0.165G e 0.1040unit: m
Num. (g=2G) 6 I
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~1 T /ﬂ’mﬁﬁ\ tg [ 26 — o 0.0485
= [ - 7ﬁ N 4 _:
[ 10G
P —
2 4
0.1 T S 0 t t t .
0.1 1 10 100 -10 S 0 > 10
a r./r,

Fig. 9. () The rescaled final height versus aspect ratio at different gravity conditions. (b) Deposit profiles f (r, h)
normalized to the column radius. The deposit cross-section profiles of a=25 (height coordinates) at different

gravity levels (0.165G, 2G, and 10G) are presented in the inset.
2.5  Flow mobility

The particles in dry granular flow under the driving force of gravity. It is very important to quantitatively
analysis the effect of gravity levels on the flow mobility. The reciprocal of the granular flow mobility
can be measured by the ratio of h,, and r., (Cagnoli and Piersanti, 2015, Lai et al., 2017) in Eqg. (21).
The angle 6 is referred to as the flow mobility angle (see the inset of Fig. 10). The higher the flow
mobility of the flow, the smaller the angle. We introduced another mobility angle, 6', in Eq. (22) where
we normalise by the initial column radius. The angle is referred to as the modified flow mobility angle
(see the inset of Fig. 10).

tand = he /7o (21)
tand' = hy, /(1w — 1) = h*/1* (22)

It was observed that both # and 68" decreases as the aspect ratio increases, following the expected scaling
with the gravity level. However, 8 exhibits a small peak point at a = 1, which is attributed to the effect
of initial geometry. A straightforward validation, as depicted in the inset of Fig. 10(b), illustrates that
when a < 0.8, the model, dominated by friction, maintains the initial height ho. As a increases, ho

increases more rapidly than r.,, leading to an increasing trend for 8. Only when a > 0.8, h., decreases
14
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with r., resulting in a lower 6. Conversely, 8’ eliminates the effect of the initial geometry (ro), and the
curve undergoes continuous variation. As the aspect ratio increases, the initial geometry effect

diminishes, eventually causing 6’ to approach 6.
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Fig. 10. The effect of gravity levels on the flow mobility. The sketch of mobility angle 8 and 6’ are shown in the

inset. The inset also shows the validation results for model at « = 0.4 and g = 1G.

3 Discussion

Comparing experimental or simulation results with actual engineering data is essential for validating
and refining the model, as well as for understanding its applicability in real-word scenarios. As depicted
in Fig. 8, the aspect ratio of natural landslides typically falls well below 1.0 and in a much narrower
range compared to experiments. Consequently, using aspect ratio as a criterion for analysing the large-
scale landslides may not be suitable. Motivated by this, we investigated the effect of gravity level on
the relationship between the length travelled (AL) and landslide initial volume, as shown in Fig. 11. The
results suggest that the run-out distance is independent of gravity level, which is consistent for small-
scale and large-scale slides. Through regression analysis, a critical point in volume was identified,
corresponding to 1.5 < a < 2.75. This critical point closely corresponding to the transition point of 1.7
identified by Lube et al. (2004). For volumes less than this critical point, our simulation results, along
with experimental findings (Warnett et al., 2014), exhibit a linear increasing trend as volume increases.
Conversely, for volumes greater than this critical point, our small-scale results fit well with large-scale
landslide data, showing a power increase trend. This finding is consistent with previous research by
Lajeunesse et al. (2005), who suggested that in lower columns, collapse is primarily influenced by
friction, while in higher columns, it is governed by pressure gradients. The existence of this critical
point also reflects the transition phase between the influence of slide volume effects on the spreading

distance at small and large scales.
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The maximum kinetic energy (Ex) under different gravity level also scales well with a scaling factor of
N, as shown in Fig. 12. That further supports that the gravity level does not influence the deposit run-

out distance.
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Fig. 11. The travel length (AL) as a function of initial volume. Ho is the maximum initial thickness, Lo the initial
length and AL is the travel length by the front landslide. The inset figure illustrates the most frequent geometry
for natural landslides, where the dashed blue region represents the initial geometry, and the grey region represents
the deposit geometry. The volume corresponds to the aspect ratio point is depicted in the insert figure. The fitting

formula for landslide data (Lucas et al., 2014) is also shown in the inset.
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Fig. 12. The maximum of Kinetic energy Ex scaled by a factor of N at different aspect ratios.

Strom et al. (2019) also analysed the dependency of run-out distance or affected area on the product of
V X Hpax, Which is a proxy to initial potential energy. We compared our small-scale simulation results

and the experimental findings of Warnett et al. (2014) with large-scale landslide data from the Solar
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System (Lucas et al., 2014), as shown in Fig. 13. We constructed a best-fit regression line (depicted as
a black dashed line), achieving an R?value of 0.87. This highlights the consistency of small-scale results
with large-scale landslide data, emphasizing the significance of potential energy as a crucial factor

influencing deposit run-out distance.

Moreover, the obtained regression line validates that the gravity level scales according to our proposed
model scaling. Additionally, the total potential energy of our simulations aligns well with a scaling

factor N across different aspect ratios, as illustrated in the inset of Fig. 13.
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Fig. 13. Relationships between run-out distance and product of landslide volume and maximal height at different
gravity conditions. Hmax is the maximum elevation of the initial mass, Ho is the maximum initial thickness and L.,

is the total travel length of the landslide.

4  Conclusions

In this study, we use the Smoothed Particle Hydrodynamics (SPH) model and literature results to
investigate the effects of gravity conditions on gravity-driven particle column collapse. This research
explores how varying gravity levels influence collapse behaviours through a scaling analysis of non-
dimensional collapse time, deposit geometry, and energy analysis. The results are summarized as

follows:

(1) Higher gravity levels significantly shorten the collapse time of granular column while maintaining
similar deposit morphologies. This suggests that gravity levels play a significant role in the dynamics

of collapse but have no impact on the deposit morphology.

(2) To accurately predict the collapse time of granular column, two models were proposed, each

accounting for different gravity levels. Both models demonstrate a positive correlation with 1/\/—,
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represented as N2, We found that the non-dimensional collapse time (t.,/7.) is not a constant but

influenced by the initial aspect ratio. We also found that the ratio of the collapse time to the free-fall

time (t../+/2 ho/g) of a single particle decreases as the aspect ratio increases, eventually tends to a

free-fall state.

(3) Gravity levels appear to have minimal effect on deposit run-out distance and final height. The
expected scaling of 1.0 is clearly observed, suggesting that gravity level does not affect the normalized
run-out distance. This conclusion aligns with observations of natural landslides in the Solar System
over a large range of slide geometries. Moreover, the gravity level does not alter the critical aspect ratio
(a=1.7), where a shift occurs in the bilinear relationship. The rescaled final height remains consistent
across various aspect ratio ranges, supported by cross-sectional analysis of deposit profiles for a = 25.
Notably, only under high gravity condition (e.g., 10G) was a slight decrease in final height observed,

although the effect was negligible and may be due to small numerical issues.

(4) Flow mobility was used to quantitatively describe the effect of gravity levels on deposit results. A
modified mobility angle (6") was proposed to eliminate the effect of the initial geometry (ro). It was
observed that both 6 and 6’ decreases as the aspect ratio increases, following the expected scaling of
the gravity level. 6 exhibits a small peak point at a = 1, which is attributed to the effect of initial
geometry. Conversely, the curve of 8’ undergoes continuous variation. As aspect ratio increases, the

initial geometry effect diminishes, eventually causing 6’ to approach 6.

(5) Through multiscale studies exploring the genesis of collapse geometry in terms of volume or height
drop, we observed that small scale results (e.g., experiments) are in good agreement with large scale
results (e.g., landslide). Notably, under identical scaling conditions (e.g., identical density, length, etc.),
the extent of collapse appears to be independent of gravity level. Instead, it is found to depend on sample
volume and initial potential energy. The sample volume factor exhibits a clear scale effect, with the
critical point occurring at around a = 1.7. Furthermore, both gravitational potential and kinetic energies
demonstrate a good scaling relationship with N, providing additional support for the conclusions drawn

from an energy perspective.
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Appendix I: SPH artificial viscosity

The concept of artificial viscosity was first proposed in one spatial dimension by Ref. (VonNeumann
and Richtmyer, 1950) to model flows with shocks, which is nowadays widely used in wave propagation
programs. The role of the artificial viscosity is to smooth the shock over several particles. The artificial

viscosity term IT; (Monaghan and Gingold, 1983) is included in the SPH momentum equation as:

af af
D _ gy % *9) ap \ Wi | pa
Pyal j=1m]< "y +11;;6 o + bf. (23)

i

where | is the identity matrix. The most widely used form of artificial viscosity is:

—acg;pi; + BoY

_ ’ uij : xij <0
In; = pij (24)

0, ul-j . xij >0

hijvijxij citcj pitp;

.. = C. . = P
Pij |x?]+0.01n2 " 7Y 2 P 2 (25)
hi+h;j

hij :T, xi]- =xl~—xj,vij =1.7i—17]', (26)

where a and g are the problem dependent tuning parameters, and c is the sound speed. J.J.Monaghan
(1994) chose a = 0.01, g = 0 to simulate the free surface flow. Bui et al. (2007) chose o = 0.01, f =1
for water and o = 1, = 1 for soil. Here, o = 0.06 and § = 1.5 are chosen based on numerical validation
against the experimental study and direct comparison to J.J.Monaghan (1994) and Bui et al. (2007). The
speed of sound ¢ of the material is calculated according to ¢; = \/ElTpl . E is the Young’s modulus of
the material, assuming isotropic and homogeneous conditions.
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Appendix. I1: Generalized form of elastic-perfectly plastic model

Here, the general form of the elastic-perfectly plastic model is derived. The definition of total strain rate
tensor, which can be divided into elastic and plastic parts, as follows:

g =g 1 &3P, (27)
where the subscripts e and p present for elastic and plastic components, respectively.

The elastic strain rate tensor can be calculated by generalised Hooke’s law:

(2 =Sy Lgrroas, (28)

where £%F is the deviatoric stress rate tensor; G and K are the material shear and bulk modulus; §%F is
the Kronecker’s delta.

The plastic strain rate tensor can be derived from the plastic flow rule according to:

. . 0
&f ==, (29)

where A is the time rate of the plastic multiplier; g is the plastic potential function.

Substituting Egs. (29) and (30) into Eg. (28) and rearranging the obtained equation, the generic form of

the elastic-perfectly plastic is given by:

67 = 2667 + K5 — j[(K —20) 2 gmngab 4 26 22 ), (30)

37 ggmm doh

where ¢®F = g2F — ge”m“ﬁ is the deviatoric strain rate tensor; m and n are free indexes, which are

independent from « and f.
The plastic multiplier for the elastic-perfectly plastic model can be derived from the consistency
condition, which requires the following:

d
df ==2L-do =0, (31)

where f is the yield function that defines the onset of plastic deformation.

Substituting Eqg. (31) into Eq. (32), the general form of the time rate of the plastic multiplier can be

obtained as,

i m‘j—gﬁ[zcéah(x—%)éwaaﬁ]
= af 2G\_of

99 . (p_2G mn_99 _smn’
anamnaumn'(K 3/00"1”5 60’mn5

(32)
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Substituting the Mohr-Coulomb yield function f and its plastic potential function g into Equation (32),

the general form of the plastic multiplier reads the following:

i — L[2p OF vy 9f cap o OF iap) cap
A—H[3Kalle +26(a/zs e )é|, (33)

where H and t*# are defined as follows:

_oqr 999 9f 99 of 99 , 99 9f am mB can npf _
H=9K 328 +4G), 722 + 66) (612 420 613) +26 (s smBgang o
47) 2L 20
3’2/ a55075
toh = gamgmp _ 2126“5. (35)
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