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Abstract

Events such as landslides and slope failures happen suddenly and can be catastrophic. To predict the
onset of such events, as well as the flow and final deposition of the material, engineers make use of
numerical modeling techniques. These events are associated with large deformation and mesh-based
methods, such as the finite element method, are not capable of modeling them due to mesh distortion.
The material point method (MPM) is a particle-based continuum method capable of modeling large
deformation and material flow. In this paper, MPM is used to model the sudden and dynamic flow of
material by modeling the collapse and runout of a non-cohesive sand column. The results from two-
and three-dimensional models are compared to experiments, showing that MPM accurately predicts
the free-surface profile of the material during collapse. Furthermore, the model accurately predicts the
runout distance with an error of less than 5 %.

Keywords: material point method; sand; column collapse; runout

1. Introduction

A landslide is the sudden movement of rock, soil, and /or debris down a slope, often triggered
by heavy rainfall, earthquakes, or human activity. Similar events include slope failures, avalanches,
and debris flows. These events are dangerous because they can happen quickly and without much
warning, destroying homes, roads, and infrastructure in the flow path. To support risk assessment,
develop mitigation measures and strategies, engineers turn to numerical modeling to forecast the
occurrence and extent of damage associated with such events.

Mesh-based continuum methods, such as the finite element method (FEM), are often used to
predict the onset of slope failure. Such methods have limited ability to predict post-failure material flow,
though, due to mesh distortion. Meshless or particle-based continuum methods, on the other hand, can
model large deformation and the very large-strain material flow, predicting the end result of an event
such as a slope failure or landslide. The material point method (MPM), first introduced by Sulsky et al.
[1-3], is such a particle-based method, using material points as a spatial discretization of the material in
conjunction with a fixed background grid composed of nodes. This strategy allows for Lagrangian-type
tracking of material deformation while the Eulerian background grid is convenient for calculating
gradients and solving the equation of motion. Unlike some other particle-based methods (e.g., smooth
particle hydrodynamics), no neighbor searching is needed. MPM does require the projection of mass,
momentum, and force from material points to grid nodes, where the momentum equation is solved; the
updated velocity is subsequently projected back to the material points and, as a result, the background
grid does not deform. All state variables including mass, velocity, momentum, strain, and stress are
defined at the material points. MPM is commonly used to model various geotechnical applications,
including slope failure [4-13].

It is of vital importance to validate all numerical models, the gold standard being to compare
numerical results with experimental outcomes. Granular column collapse is a well established experi-
ment where a column of granular material is suddenly released on a flat surface, resulting in a collapse
of the column and the runout of material. This sudden and highly dynamic event is representative of a
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slope failure or landslide, and suitable to validate the accuracy with which numerical methods can
predict the flow of material.

Various studies have used MPM to model granular column collapse, for example [14-21]. How-
ever, all of these studies use two-dimensional models, and not all of them validate their results against
experiments. Lube et al. [22,23] performed a series of well-documented experiments under two-
dimensional conditions, using a range of column aspect ratios (initial height to width). Sotowski
and Sloan [24,25] and Hamad et al. [26], modeled one of these experiments to validate their two-
dimensional MPM models. Lube et al. [27] performed a similar series of laboratory experiments
for three-dimensional axis-symmetric columns which have yet to be modeled. According to the
authors” knowledge, this is the first study to simulate column collapse using both two- and three-
dimensional MPM models over a large range of column aspect ratios, comparing the numerical results
with experimental measurements.

2. Materials and Methods
2.1. The Material Point Method

The are a number of MPM implementation options and combinations, such as the updated
Lagrangian or total Lagrangian approaches, the update-stress first (USF) or update-stress-last (USL)
schemes, the use of a fluid-implicit-particle (FLIP) or particle-in-cell (PIC) velocity update, and various
choices of interpolation (basis) functions, among others. In this work the updated Lagrangian formula-
tion is used with explicit time integration and the USL scheme. Quadratic B-spline basis functions
are used with Taylor particle-in-cell velocity projection (TPIC). To avoid any confusion, the specific
implementation used in this work is presented below.

2.1.1. Conservation Equations

The strong form of the governing equations include the conservation of mass,

9 _
m +poV-v=0 (1)
and the conservation of momentum,
0
pa—‘t, =V.o+pb ()

where p(x, t) is the density field at the material position x and time ¢, V is the divergence operator, v(x, t)
is the velocity field, o(x, t) is the stress field, and b(x, t) is the body force vector due to gravitational
acceleration. Furthermore, the rate of deformation tensor D(x, t) (strain rate tensor ¢) is related to the
velocity,

¢=D= %[(VV) + (VV)T] @3)

Using a Lagrangian approach with the material points having constant mass automatically satisfies
conservation of mass. Assuming an isothermal system, the energy equation is also not solved. The
weak form of the momentum equation is obtained by multiplying Equation 2 by a test function t(x)
(virtual displacement field), integrating over the volume of the current configuration , and using
integration by parts,

/pt~adQ:—/ pO'S:thQ+/t-rdF+/ ot-bdQ @)
(@) (@) r Q

where a(x,t) = aa—‘t' is the acceleration field, 0° = % is the specific Cauchy stress tensor, and T is the
traction vector acting on the boundary I'.
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2.1.2. Spatial Discretization

The material domain € is discretized by a set of material points. Each material point has a
sub-domain Q) as shown in Figure 1. The whole mass of the sub-domain m, is concentrated at the
material point position, and the density field can be written as,

p(xt) =Y mpé(x—xp) (5)

where 7, is the total number of material points and 4(x) is the Dirac delta function [28]. Substituting
Equation 5 into Equation 4, and ignoring traction for the moment, transforms the continuous integrals
to discrete summation over the material points,

Zy mpt(xp) - a(xp) = — Zp mye®(xp) : Vi(x) + Zp mpt(xp) - b(xp) (6)
p=1 p=1 X=Xp p=1

MPM grid / cell
L I:I grid / ce

QP
Material point domain
]_
O Node

@ Material point

@ Material domain

]_

B
Figure 1. MPM double-discretization using material points and a computational grid.

To interpolate spatially-varying fields and approximate their spatial gradients, a background grid
or mesh is introduced, Figure 1. The mesh with 1, nodes has a basis or interpolation function N;(x)
associated with each node i. When the position corresponds to that of a material point, x = x,, the
following shorthand notation is used to define the interpolation weight,

wip = Ni(xp) (7)

and similarly the weight gradients are given by,

le'p = VNZ'(X) (8)

X:Xp

The virtual displacement field at the material point position t(x; ), for example, can be interpolated
from the nodal virtual displacements t;,

t(xp) = Enwipti )
i1
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with the spatial derivative given by the tensor,
Nn
Vi(xp) = )t ®@ Vw;, (10)
i=1

where @ denotes the outer product. Using Equation 9 and Equation 10 and recognising that any
arbitrary virtual displacement can be used, Equation 6 can be written as,
Ny )
) mija; = £ + £ (1)
j=1

where the consistent mass matrix is given by,

p
mi]- = Z mpwipwjp (12)
p=1
and the internal force vector is given by,
. np
f}“t =— Z Vpop - Vwi, (13)
p=1

where V), = 21—; is the volume of the material point and 0, := o(xp). The external force vector is given
by,

np
£ =Y " wi,mpb, (14)
p=1

where b, := b(x;) is the body force due to gravity. In MPM, it is customary to replace the consistent
mass matrix m;; with the diagonal lumped mass matrix m;,

Ny np
m; = Z Tl’lij = Z mpwip (15)
j=1 p=1

The momentum equation (Equation 11) then becomes a system of uncoupled equations,
m;a; = fth + f}nt (16)

2.1.3. Grid and Basis Function

A Cartesian background grid with equal node spacing / in all three cardinal directions is used,
Figure 1. The original implementations of MPM used a linear basis function ([2,3,29] among many
others). However linear basis functions are known to produce the so called grid-crossing instability as
described by [30] and [31], for example. For this reason the quadratic B-spline basis functions are used
in this work, with the one-dimensional function given by [32-34],

S_pr o<l <)
2
NPy =<3G 1) 1<irl<} (17)
0 3 < |r|

where r = %(x — x;), h is the node spacing, and x; the nodal position. The stencil of the 1D basis
function has compact support over x € [x; — 3/2h, x; + 3/2h] and spans a total of 3h. The gradient of
the basis function is given by,
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—2r 0<r| < %
VN/P(r) =S (Ir] - 3)sign(r) §<|r| <3 (18)
0 3<Ir|

Two- and three-dimensional basis functions are computed by taking the product of the one-
dimensional basis functions. The support of the B-splines is larger than the node spacing #, so the
basis functions are truncated at the boundaries of the domain. This truncation results in the situation
where the parity of unity is not sustained for weights near the boundary/. The interpolation (kernel)
correction proposed by [35] is used to overcome this issue. This kernel correction is only applied when
a material point projects to a boundary node, introducing negligible computational overhead.

2.1.4. Cycling (Time Stepping)

The USL scheme is illustrated in Figure 2, where, for illustrative purposes, linear basis functions
are assumed; the principles and steps apply to any basis function, including quadratic B-splines.
Generally the following four phases can be identified: (1) the point-to-grid (P2G) projection, (2) the
grid update, (3) the grid-to-point (G2P) projection, and (4) increment time (superscript 7 is used to
denote discrete times).

Phase 1: Point-to-Grid Projection

Before the equation of motion (Equation 16) is solved at the grid nodes, the necessary information
must first be projected from the material points to the nodes. The grid is initialized by setting the

nodal positions x? and the initial nodal velocity v = 0 and mass m? = 0, Figure 2(a). At timestep n

n
4

weights wl’fp are calculated using the basis function in Equation 17 (and the definition in Equation 7).

each material point has a known position x}, and stores a constant mass 1, and a velocity v}, . The
The mass is then projected to grid node i by summing over all the materials points within the node’s
stencil (Equation 15),

p
mi =Y mpwy, (19)
p=1
The material point momentum is projected to the grid nodes,

p
pl = i = 1 my (v + Vvt —x1)) (20)
p=

where Vvy is the velocity gradient evaluated at the material point at the end of the previous timestep.

Using the velocity gradient in Equation 20, is called the Taylor transfer or Taylor particle-in-cell (TPIC)
approach [35-37]. Finally, the nodal velocity is obtained using,

v ==L (21)

to provide the nodal velocity at the start of the time step, Figure 2(b). Boundary conditions are applied
to the nodes by setting v} = 0.

Phase 2: Grid Evolution

The internal and external nodal forces are calculated using Equation 13 and Equation 14 respec-
tively, which provide a means to compute the nodal acceleration a’,

1 .
al"l — W ( f?xt,n + f;nt,n + f;iamp,n> (22)
i
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Figure 2. MPM USL time stepping showing the update of selected state variables.
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damp,n

where f; is the local non-viscous damping force given by [38],

1

fgamp,n E— (fiext,n + fint,n)sign(vln) (23)

where a; is the damping constant ranging from 0 to 1. Using explicit time integration with timestep
At, the nodal velocity is then updated, Figure 2(c),

¥ = v 4 Atal (24)

Boundary conditions are applied to the nodes by setting V”Jrl = 0, and for boundary nodes, the

acceleration is recalculated using a} = ( ;’“ —

4 ) /At. In theory the nodal position is updated,
Figure 2(d),

X =X AR (25)

For computational reasons this update is not explicitly performed.

Phase 3: Grid-to-Point Projection

The changes to the grid nodes are projected back to material points where the velocity, position,

strain, stress, deformation gradient, volume and density are updated, Figure 2(e). The FLIP update

is used where only the change in grid velocity (¥ ( gt

f) is projected to update the material point
velocity,

n+1 n+1 n
Vp =V —i—Zw ( Vi>

= vp, + At Z wiya; (26)
i=1

A a second-order scheme [39] is used to update the material point position,

Ny
;H =xp + At Z wfpf’ﬂ APy wj,al (27)
i=1

The velocity gradient Vv(x) is calculated at material points based on Equation 10,

vyt = Zv"“ ® Vwl, (28)
i=1

The deformation gradient Fj, is then updated at the material points,

Fitl = (I LA vv"+1)1=" (29)

where I is the identity matrix. The volume V), of the material point is updated using the determinant
of the deformation gradient, J, := det(F,),

vyt = prty) (30)

and VF(,) is the point’s initial volume. Lastly, the material point’s density is updated,

pO
o = (31)
p
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The rate of deformation (based on Equation 3) at the material point then follows from,
Dn+l _ 1 anJrl + (vvn+l) T (32)
P |V P

The material constitutive model is used to calculate the increment in stress at each material point,

where the objective Jaumann stress rate, ('rZH (DZH) ,is used and the Cauchy stress at the material
point is updated,

n+l _ _n o n+1 n+1 n n n+1
o, f(rp%—At((rp +W, o, -0, W, ) (33)

where WZ“ is the spin tensor computed at the material point,
n+1 1 n+1 n+1 T
Wyt = 2 Vvt - (va ) (34)

Phase 4: Time Increment

After updating the material point state variables, the grid is reset to the same initial configuration,
Figure 2(f). Although the nodal positions are not explicitly updated, resetting the grid results in the
movement of the points relative to the nodes.

2.1.5. Timestep

The critical (stable) timestep At is calculated using the Courant-Friederichs-Lewy (CFL) condi-
tion,

h

Aferit = max(cp + HV,,H)

(35)

where & is the grid node spacing, v, is the velocity of the material point and c,, is the speed of sound in
the material,

K+ 3G
cp = *3 (36)
o
where K = 3(%21/) and G = ﬁ are the material’s bulk and shear modulus respectively, E and v the

Young’s modulus and Poisson’s ratio and p the density.

2.2. Experiments and Models

The setup of the experiments and the MPM models are discussed for the case of a two-dimensional
and a three-dimensional sand column, respectively.

2.2.1. Two-Dimensional Sand Column

Lube et al. [22,23] investigated the collapse and runout of a sand column along a horizontal
channel as illustrated in Figure 3. The side walls of the channel were constructed from Perspex spaced
200 mm apart in the out-of-plane direction, and a quick-release mechanism was used to remove the
gate, Figure 3(a). The initial aspect ratio of the column is defined as a = %i/r;, where h; is the column
height and 7; the column width. The aspect ratio was systematically varied from approximately 0.5
to 20, and the final runout distance r r measured as shown in Figure 3(b). The normalized runout is
defined as { = (rs —ri)/r,. Based on their experimental results, Lube et al. [22,23] found an empirical
relation between the normalized runout and the initial aspect ratio,

1.6a ifa <18
fay=9 " @7)
22477 ifa > 28
with is a small transition region for 1.8 < a < 2.8.
The two-dimensional model, consisting of a base and column, is shown in Figure 3(c)-(d). The
base is 20 mm high and the initial width of the column is set to r; = 90mm. A no-slip condition is
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(a)

4.00E-01
3.50E-01
3.00E-01
2.50E-01
2.00E-01
1.50E-01
1.00E-01
5.00E-02
0.00E+00

Displacement (m)

(b)

Figure 3. The two-dimensional sand column: (a)-(b) experimental setup adapted from [22] and (c)-(d) a MPM
model with a = 3 where the colors indicate the displacement magnitude.

applied to the boundary at the bottom of the base and, during the initial phase, a roller condition is
applied to the two vertical sides of the column. Initial stresses are first installed under gravity loading
using local damping (a; = 0.5). After static equilibrium is reached, the roller boundary condition
on the right hand side of the column is removed, simulating the quick removal of the gate in the
experiment. During the subsequent flow phase, local damping was set to a low value of a; = 0.05. Due
to the nature of MPM, no-slip contact is automatically enforced between the flowing column material
and the top of the base. This boundary condition is in agreement with experimental observations
of Lube et al. [22,27] who showed that, by using smooth and sandpaper covered basal surfaces,
that the surface roughness of the bottom boundary had no significant effect on the runout distance.
Their observations showed that a thin layer of grains always forms on the surface, independent of its
roughness, and the majority of the material flowed over it.

The sand was modeled as a Mohr-Coulomb material with a density p = 2650 kg m~3 [22,25] and
the properties calibrated by Fern and Soga [17] as listed in Table 1. The Mohr-Coulomb constitutive
model was used, with and without strain softening, and no cohesion. In the strain softening case, two
parameter sets were used, one for an initially dense and one for an initially loose sand [17]. The base

was modeled as an elastic material with the same density and elastic properties as the sand (E and v in
Table 1).

Table 1. Mohr-Coulomb and strain softening parameters [17].

Strain Softening

Parameter Symbol ;e  Dense Mohr-Coulomb
Young’s modulus E 10MPa 10MPa 10 MPa
Poisson’s ratio v 0.2 0.2 0.2
Peak friction angle Ppeak 39° 50° 33°
Residual friction angle Pres 33° 33° -
Maximum dilatancy angle  ¥peax 6° 25° 0°
Residual dilatancy angle Pres 0° 0° -

Shape function B 4 5 -

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2.2. Three-Dimensional Sand Column

Similar to the work in Section 2.2.1, Lube et al. [27] performed a series of three-dimensional
experiments with a collapsing axis-symmetric column of granular material. Various materials were
used, and the column aspect ratios varied from a = 0.2 to 35 by changing the column initial radius
r; and height h;. A Perspex cylinder was used, filled to the desired height, and the column collapse
initiated by lifting the cylinder vertically at a speed of 2ms~!, see Figure 4(a-b). The runout distance
ry and final height h; were measured and various observations regarding the flow patterns were made.
An empirical correlation was found relating the normalized runout distance { to the initial aspect ratio

a[27],
1240 ifa<17
Z(a) = s (38)
1.6a'? ifa>17
The final cone (column) height /1y was found to be,
; ifa <1
hp(riay =4 " (39)
0.88r;a'/° if1.7 < a < 10
Note the transition region 1 < a < 1.7. The normalized final height 8 = /f/n; can be written as,
1 ifa <1
pla) = (40)

0.882 /6 if1.7 <a < 10

(a) 0 ms : 4 (b) 164 ms

Quarter symmetry column

Roller boundaries

Bottom fixed
(c)

Figure 4. The three-dimensional sand column: (a-b) experimental setup adapted from [27], and (c) the MPM
model using quarter symmetry. The experiment and the model shown have an aspect ratio a = 2.75.
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For comparative purposes, a sand column with an initial radius of r; = 97 mm is modeled, and
the initial height #; is varied to produce aspect ratios ranging from a = 0.55 to 7. A quarter-symmetry
model is used and roller boundary conditions are applied to the vertical sides. The base was modeled
as 20 mm height and fixed at the bottom. The MPM grid spacing is set to 5 mm and initialized with
eight material points per cell, see Figure 4(c).

The base and the column have a density of p = 2650kgm™3 [22,25]. The base is modeled as
an elastic material with Young’s modulus E and Poisson’s ratio v given in Table 1. To initialize the
stresses in the column, it is first modeled as an elastic material with the same properties as the base.
The local damping is set to a; = 0.7 and the column simulated under gravity to static equilibrium. The
column is then assigned a Mohr-Coulomb model (without strain-softening) using the properties given
in Table 1, and the local damping set to a; = 0.05 during the collapse and runout phase.

3. Results

The results from the MPM models are compared to the experimental results and observations for
the case of a two- and a three-dimensional sand column respectively.

3.1. Two-Dimensional Sand Column

A convergence study is first performed using the Mohr-Coulomb model without strain softening
and a = 1. The spacing of the MPM background grid nodes is systematically reduced from 10 mm to
1 mm, with four material points per cell initially in all cases. The runout distance and the normalized
computation time are shown in Figure 5. Based on these results, a grid spacing of 2 mm is used in all
subsequent two-dimensional models.

—&6— Runout
240 | —4— Computation time b
4150
1.0 o)
©
£
220 | . =
€ 2
£ {100 £
= £
>
2 200} 1 8
] -
o 0}
N
©
150 E
L ] s}
180 S
Grid spacing = 10.0 mm
160 T L 0
102 103 104 108

Number of material points (-)

Figure 5. A grid convergence study for the two-dimensional sand column collapse problem. The grid spacing is
given for each case and the computation time normalized using the the time from the 10 mm spacing as reference.

The initial column width is kept constant at r; = 90mm and the height varied to produce
aspect ratios ranging from a = 1 to 10. The runout results are shown in Figure 6. It is evident that
the numerical model accurately predicts the experimental runout distances over the whole range,
including the transition region between a = 1.8 and 2.8. Compared to the empirical correlation given
by Equation 37, the average error in the predicted runout over the whole range is 3.6 %, 5.8 % and 8.9 %
for the Mohr-Coulomb and the strain-softening models with properties for a loose and dense sand,
respectively. For larger aspect ratios a, the Mohr-Coulomb model without strain-softening produces
results most similar to the experimental observations.
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The grid spacing is constant at 2 mm with each cell initially populated by four material points. As
reference, the number of material points 1, per aspect ratio is also indicated in Figure 6, which ranged
from approximately 8000 to 115 000.

14 T T T T T
12 np =114 632
T10r np=82248 -7 T
o o .
5 o_-~
© 8t O/ i
5 np =58 32i3 P e
® 37
N 6r 7 < 1
© -
e 7
—
O =
S .l ,/8/ np = 36 064 |
7
,’6 np = 25944 O  Strain-softening: loose
oL , { Strain-softening: dense | |
, 2 np=13984 O  Mohr-Coulomb
A np=7912 = = = Lube et al. (2005)
0 1 1 1 1 1
0 2 4 6 8 10 12

Aspect ratio, a (-)
Figure 6. The two-dimensional column collapse and runout showing the effect of the initial aspect ratio a on the

normalized runout { for various material models and properties. The number of material points is indicated by
1.
P

Lube et al. [23] further analyzed the case with an aspect ratio 2 = 7, using a high-speed camera to
accurately capture the free-surface profile of the column as it collapsed. Their data has been digitized
and plotted at discrete time increments, together with the results from a simulation using the Mohr-
Coulomb model without strain-softening. Furthermore, the offset in time between the experiment and
the simulation, as determined by [25], has been used to synchronize the results. The results are shown
in Figure 7, and the runout distance was accurately modeled during the whole collapse. The height of
the column was accurately modeled during the initial stages but was slightly lower than measured
during later times. This is similar to the results of [25,26].

3.2. Three-Dimensional Sand Column

The initial column width is kept constant with r; = 97mm and the height varied to produce
aspect ratios ranging from a = 0.55 to 7. The runout results are shown in Figure 8, demonstrating that
the three-dimensional numerical model accurately predicts the experimentally observed runout over
the entire range. Compared to the empirical correlation given by Equation 38, the average error in
the predicted runout over the whole range is 3.8 %. The maximum error of 7.8 % is for an aspect ratio
of a = 1.7, which is at the point where Lube et al. [27] observed a transition in the underlying flow
mechanism.

The results of the final height are also shown in Figure 8. For a < 1 (Equation 40), the height
remains unchanged from the initial height, which the model accurately predicts (normalized height,
B ~ 1). With an increase in the aspect ratio 4, the model accurately predicts the decrease in final height.
Compared to the empirical correlation given by Equation 39, the average error in the predicted final
height over the whole range is only 2.1 %, with a maximum error of 4.1 % for an aspect ratio of 2 = 0.9.

More experimental results are shown in Figure 9(a)-(b) for a = 0.55. In that case the empirical
prediction for the normalized runout is { = 1.24 - 2 = 0.68 [27]. This is equivalent to a runout distance
of 163 mm. Similarly for a = 0.90, as shown in Figure 9(e)-(f), the empirical runout distance is 205 mm.
The numerical models predict the runout as shown in Figure 9(c) and (g) respectively (not shown to
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Figure 7. The two-dimensional column showing the collapse at six discrete time intervals, with tex, the time from
the experiment [23] and #,,,4¢] the corresponding time in the simulation [25]. The experimentally observed profile
of the column is indicated in black and the material points colored according to their displacement magnitude.
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Figure 8. The three-dimensional column collapse and runout showing the effect of the initial aspect ratio a on the
normalized runout { and the normalized final height B.
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the same scale). Figure 9(d) and (h) show the two corresponding top views with the empirical runout
indicated by the white radii. The color threshold is set to 1 mm, with all material points that displaced
by more than this value colored in red, and all other material points colored in blue.

Lube et al. [27] showed that for a less than approximately one, a circular area of undisturbed
material remained preserved at the upper surface of the column, see Figure 9(b). When a > 1, the
flow eroded the entire column surface which left only a conical pile, see Figure 9(f). The numerical
model accurately predicts this behavior with the inner radius of material points remaining largely
undisturbed for a = 0.55 as shown in Figure 9(c) and (d). For a = 0.90, the upper surface of the column
is totally eroded as shown in Figure 9(g) and (h).

Aspect ratio a = 0.55 Aspect ratio a = 0.90

(c) —E I 0.070 (g)

=W 0060
L

S 0050
£ 0040
@ 0030
8 0020
S o010
ol o000

(d) (h)

Figure 9. The three-dimensional sand column collapse showing an aspect ratio 2 = 0.55 on the left, and an
aspect ratio a = 0.90 on the right. The experiment is shown at an intermediate time step (a and e), and the final
configuration (b and f) (adapted from [27]). The modeled final configuration is shown in (c) and (g) respectively
with the color contours based on the displacement magnitude. The top view of the modeled results are shown in
(d) and (h) respectively, with the experimental runout and the remaining radius at the top of the column shown
by the white radii, and material points with a displacement of more than 1 mm in red, and all other points in blue.
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The grid spacing is kept constant at 5mm, and each cell initially is populated with eight material
points. As reference, the number of material points in the column (ignoring the points in the base
layer) ranged from approximately 25000 to 322 000 for aspect ratios of a = 0.55 to 7, respectively.

4. Conclusions

Occurrences such as landslides, slope failures, and avalanches happen suddenly and often
without warning. To predict these events and the extent of damage, engineers make use of numerical
simulations. During such catastrophic events, the material experiences large deformation and flow,
and mesh-based methods such as the finite element method are not capable of modeling it.

This paper shows that the material point method, a particle-based continuum method, can model
the collapse and runout of a granular column, which is representative of an event such as a landslide.
The model results are compared to laboratory experiments and observations over a wide range of
column aspect ratios (initial height to width/radius). It is shown that the model accurately predicts
the experimentally observed runout of two- and three-dimensional columns, with error less than 5 %.

The experiments used non-cohesive sand, which has been modeled using the Mohr-Coulomb
model with zero cohesion. In the future, the accuracy of this model to predict the collapse and flow of
cohesive materials may also be investigated.
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