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Objects such as cars and shelters are often transported and buried by flow-type landslides, including granular
flows and debris avalanches. To predict the travelling distance and buried location of these non-spherical objects,
this study develops a coupled MPM-SDEM framework that integrates a sphero-polyhedron DEM for object
modelling with the material point method for flow-type landslides. Validations against theoretical and experi-
mental benchmarks confirm its robustness in predicting object travelling distance and impact force. A com-
parison between MPM-SDEM and MPM-LSDEM demonstrates that MPM-SDEM outperforms MPM-LSDEM, with
efficiency improved by 97% and accuracy enhanced by 63%. A parametric study using the calibrated MPM-
SDEM solver is conducted to investigate the effects of the initial column height and the block-to-column dis-
tance. Simulation results reveal the positive dependence of maximum impact force, normalized by static force, on
the Froude number. A modified Froude number is proposed that incorporates the block-to-column distance as the
macroscopic characteristic scale instead of flow depth, significantly enhancing displacement predictions. The
MPM-SDEM framework offers an efficient and robust tool for flow-structure simulations, with strong potential for
search and rescue applications.

1. Introduction

The Intergovernmental Panel on Climate Change reported that the
number of rainfall-induced landslides is expected to increase owing to
climate change. Among these landslide types, the flow-type ones, which
transport large volumes of sediments downslope under the influence of
gravity, are the most dangerous. One of the most significant hazards
posed by flow-type landslides is when they displace and bury objects
with victims trapped inside. Displaced objects from their original loca-
tions make rescue efforts considerably more challenging. In the Shui-
cheng, China, in 2009, sediments displaced objects by up to 500 m
downstream from their original locations (Zhao et al., 2020). Further
compounding the challenges of search and rescue, sediment deposits can
cover massive areas. For example, the debris from the 2016 Guinsaugon,
Philippines, event covered an area 1.52 km by 4.1 km (Lagmay et al.,
2008). Even with ground penetration radar and canine units, with
limited detection depths, search and rescue operations were ineffective
without clear search areas to focus on. It is often reported after a

* Corresponding authors.

landslide that given the scale and lack of information (e.g., subsurface
soil properties and conditions), rescue efforts are wasted during the most
critical first few days. For example, rescuers tragically wasted the first
six days excavating in the wrong location in Guinsaugon, Philippines, in
2006, because the entire village was displaced 600 m downstream.
Evidently, the existing understanding of the transport and burial
mechanisms of objects is extremely limited.

To simulate the transport of objects by flowing sediments, different
numerical solvers have been used. Current numerical approaches for
flow-structure interaction can be broadly divided into discrete method
(e.g. Discrete element method (DEM), Salciarini et al., 2010; Zhao et al.,
2017), particle-based continuum methods (e.g., Smoothed Particle Hy-
drodynamics (SPH), Dai et al., 2017; Zhang et al., 2024; Material Point
Method (MPM), Liang et al., 2023; Liu et al., 2024), and hybrid methods
(e.g., Trujillo-Vela et al., 2020; Ren et al., 2022; Shi et al., 2024).
Discrete methods explicitly track individual particles and resolve their
contact interactions (Wang et al., 2025). For example, DEM has been
applied to study flow-type landslide-block interactions by adjusting the
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particle size of the discrete elements (Su et al., 2019 & 2021). However,
the need to track every particle makes DEM computationally expensive,
particularly for large-scale systems involving millions of particles
(Donev et al., 2005; Feng et al., 2014).

In contrast, particle-based continuum methods exhibit better
computational performance for simulating flow material (Augarde et al.,
2021; Wang et al., 2025; Kim et al., 2025; Troncone et al., 2025). The
continuum models treat the material as a continuous medium, described
by averaged properties (e.g., density, velocity, stress) using partial dif-
ferential equations, such as the Navier-Stokes equations for fluids or
elastoplastic constitutive equations for solids (Liang et al., 2023).
Instead of tracking individual particles, continuum methods solve for
field variables over a discretized grid (de Vaucorbeil et al., 2020).
Nevertheless, the inherent grid dependence of continuum models im-
poses certain limitations. For example, Liu et al. (2018) used the MPM to
simulate sand flow impacting a non-spherical block, where both the
sand flow and the block were modelled within the MPM framework. In
MPM approach, momentum exchange is conducted on a fixed Eulerian
background grid, which remains unchanged in size and position over
time. Without both explicit surface contact representation and native
support for rigid kinematics, this method struggles to prevent inter-
penetration reliably and to handle stiffness contrasts in rigid blocks,
thereby making accurate enforcement of rigid body constraints and
rotational motion capture challenging (Acosta et al., 2021; Bird et al.,
2025).

To combine the strengths of continuum and discrete approaches,
hybrid methods have been developed (Liang et al., 2023; Jiang et al.,
2022), whereby incoming flowing sediments are modelled using the
continuum method, while non-spherical blocks are represented with
discrete techniques. Usually, a sphere-cluster method (Sveinsson et al.,
2020; Shi et al., 2024) refers to a rigid assembly of spherical particles to
approximate block-shaped particles, also known as a clump. Although
the sphere-cluster method has been widely used in the DEM model, there
are two limitations: (1) It typically requires a large number of sub-
particles to accurately represent non-spherical shapes, substantially
increasing particle number and thus computational cost for field-scale
simulations (Giannis et al., 2023); (2) It can introduce errors in tem-
poral changes of contact forces, particle interlocking, and shear
behavior, especially in multi-contact scenarios (Berry et al., 2023). An
alternative is the node-to-surface approach, which discretizes the sur-
face of each particle into a set of nodes. This technique has been suc-
cessfully implemented in the level-set-based DEM (LSDEM) method to
capture arbitrary surface geometries (Zhao et al., 2023; Choi, 2024).
However, the heavy reliance of LSDEM on nodes reduces its efficiency in
simulating multi-block systems. In contrast, the mesh-based Sphero-
polyhedron Discrete Element Method (SDEM) strikes an optimal balance
between accuracy and computational efficiency (Jiang et al., 2020; Ren
et al., 2022). Unlike the sphere-cluster and node-to-surface approaches,
SDEM represents non-spherical particles using sphero-polyhedron,
where edges of geometric features are smoothed via Minkowski sum
with spheres in three dimensions (Zhao et al., 2023; Galindo-Torres,
2013). This method efficiently eliminates sharp-corner singularities by
transforming singular vertex-edge-face contacts into smooth, continuous
primitive interactions. As a result, force discontinuities, particle locking,
and numerical instabilities are avoided (Galindo-Torres, 2013; Hohner
et al., 2014). Additionally, mesh-based sphero-polyhedron has the po-
tential to achieve close geometric approximation by the controlled
dilation of surface triangulation, accurately capturing concave features
and sharp edges without the surface bumps or volume errors typical of
multi-sphere approximations (Galindo-Torres & Pedroso, 2010; Wang
et al., 2025). Furthermore, SDEM is well-suited for robust coupling with
continuum solvers, such as the Material Point Method (MPM), thereby
providing a powerful platform for multi-scale simulations (Ren et al.,
2022).

In this study, we develop an MPM-SDEM method to achieve a reliable
balance of geometric accuracy, contact stability, and computational
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efficiency for modeling the dynamic impact of flow-type landslide on
non-spherical objects. The proposed solver is validated by a theoretical
solution and two physical experiments. In addition, the proposed solver
is compared with the existing MPM-LSDEM method. Finally, the well-
calibrated MPM-SDEM is applied to provide insights into the transport
and burial mechanisms of non-spherical objects from flow-type
landslides.

2. Coupled MPM-SDEM Methodology

We conduct the numerical simulations by developing an MPM-SDEM
framework here. It can reproduce the flow-type landslide down an in-
clined channel impacting the block by treating the continuous fluid and
discrete particles with MPM and SDEM, respectively. The motions of
particles in SDEM are assumed to be governed by Newton's equations
and the continuous material in MPM is described by the momentum
equations. The interaction between flow-type landslide and object is
achieved by exchanging contact force information at every timestep.

2.1. Governing equations for the particles in MPM

In MPM, the material is discretized into Lagrangian particles, which
are also called material point (MP), carrying key properties such as mass,
velocity, position, and deformation information (de Vaucorbeil et al.,
2020). These material points move through a fixed Eulerian background
grid, which serves as a computational framework for solving momentum
equations, as follows:

Dv
Ppr=Veotrgtf. @

where p is the bulk density, v is the velocity vector, ¢ is the Cauchy stress
tensor, and g is the gravity vector. f. is the volume-averaged force
density, which is derived from contact force between MPM and SDEM.
The Dirichlet boundary condition is used here, as detailed in Appendix
A.

As shown in Fig. 1, the MPM procedure in each time step consists of
four key stages. First (Fig. 1a), the kinematics of the MPs, including
mass, momentum and stress, are extrapolated to the nodes utilizing
quadratic B splines (Jiang et al., 2016), which is often called as particle-
to-grid mapping (P2G). The quadratic B spline is defined as:
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The next stage (Fig. 1b), the node momentum is updated through an
explicit time integration, as follows:

ijVIj)t+1 = Alflj 3)

where the subscript I means variable on background node, and j is the j
th node, my; is mass, At is timestep, and flj is force on node, which in-
cludes internal particle force, coupling force, and gravity.

Following the G2G stage, updated node quantities in the grid are
then mapped back to MPs, referred to as grid-to-particle mapping (G2P)
stage (Fig. 1c). In the third computational step, the updated variables
include stress tensor, velocity, and deformation gradient.

The stress tensor o is calculated using a constitutive model to capture
flow phase transition. Following Dunatunga & Kamrin (2015), a
hyperelastic-plastic constitutive model with gasification treatment is
adopted. When intense shearing triggers volumetric expansion and
particle contacts are largely lost, the material is developed into the
gasified regime (Faug 2015), where the smooth transition between
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Fig. 1. The procedure of MPM: (a) particle-to-grid mapping (P2G); (b) grid-to-grid mapping (G2G); (c) grid-to-particle mapping (G2P); (d) particle-to-particle

mapping (P2P).

dense and dilute states is captured using the trans-phase constitutive
framework proposed by Dunatunga & Kamrin (2015). In the gasified
regime, where p is smaller than a critical threshold p., a stress-free
regime is assumed and stress ¢ is considered as zero. This assumption
has been demonstrated and used for column collapse (Dunatunga and
Kamrin, 2015). In this study, p. is assumed to be the initial density of
material point (Dunatunga & Kamrin, 2015). In contrast, when p > p,
the flow material would be treated as a continuum body. The Drucker-
Prager yield criterion is employed to distinguish between hyperelastic
and plastic states (Dunatunga and Kamrin 2015). More details can be
found in Appendix B.

In the last stage (Fig. 1d), the MPs are updated with respect to their
position and state variables, which is usually referred to as the particle-
to-particle mapping (P2P). At this stage, the particle velocity is updated
based on node velocities. Here the combination of the fluid-implicit-
particle (FLIP) method and the particle-in-cell (PIC) method has been
adopted by introducing the blending ratio of FLIP and PIC, a € [0, 1]
(Stomakhin et al., 2013). The formulation for velocity update scheme for
material point is given as follows:

N e . N
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where vj; is the i th nodal velocity.

The FLIP-PIC blending ratio controls the trade-off between energy
dissipation and stability, which has been extensively examined (Jiang
et al., 2022; Blatny et al., 2025). FLIP has much less energy dissipation
than PIC but is more unstable. A small PIC blending (1%-5%, i.e., a =
0.95-0.99) significantly enhances stability without notably affecting
impact forces or deposition patterns. However, when the blending of PIC
is larger than 10% (i.e., @ < 0.9), increased dissipation can reduce peak
velocity by 10%-15%. The most common scheme in MPM is FLIP (with a
little blending with PIC for stability) for the velocity update. Blatny et al.
(2025) reported that o« = 0.99 provides optimal balance, reducing
pressure oscillations and improving particle distribution uniformity
while preserving stress—strain convergence and bulk modulus accuracy.
Based on these findings, we adopt @ = 0.99 in this study.

2.2. Governing equations for the blocks in SDEM

The sphero-polyhedron DEM is capable of representing a wide range
of particle shapes, and is used here to reproduce the non-spherical
particle. A sphero-polygon is defined as the Minkowski sum of a poly-
hedron to represent the irregular shape of near-rigid object and a sphere
of radius R, which forms an elastic layer to calculate the contact forces
among particles. Taking a sphero-cube particle as an example, as illus-
trated in Fig. 2, the generation process involves two steps: (1) Initially
cube P with side length h; is shrunk by a distance equal to the sphere
radius, R, resulting in a smaller cube S with side length of hy —2R; and
(2) The shrunken cubic is then dilated by using the same sphere, which is
equivalent to positioning the center of the hemisphere in close confor-
mance with the surface of the eroded cube, thereby achieving

P SP
' Shrinkage Expansion
\ hz}y /h\’
hb b

Fig. 2. Schematic diagram showing shrinkage and expansion procedures for a
typical sphero-cube.

comprehensive coverage. The cube ends up having rounded corners and
edges. In this framework, the spheropolyhedral representation is derived
from Minkowski summation of a polyhedron and sphere. This repre-
sentation streamlines contact detection by reducing interactions to
efficient distance computations between skeletal polyhedra, adjusted for
the sweeping radius. This mitigates numerical challenges associated
with sharp edges, including contact multiplicity and instability, while
enabling simulations of complex particle shapes with reduced compu-
tational overhead.

It is assumed that the translational and rotational motions of SDEM
particle are solved by Newton's second law, which can be written as:

dei ny p
Mpr- g = ;FijJngJr ;Fc,p ©)
PR S PP, 6
LT 71:21 ij + M. (6)

where mp; and Ip; are the mass and moment of inertial of a single SDEM
particle i, respectively. vp; and wp; are the translational and rotational
velocity of particle i, respectively. n; is the total contact number of SDEM
particle for particle i. My and M. is the resistant moments acting on
particle i by particle j and by MPs, respectively. Fj; is the contact force on
particle i by particle j. Fy is the gravitational force. F. ; is the contact
force on particle i by p-th MP. n,, is the total contact number of MP for
particle i.

An important advantage of the sphero-polyhedron technique is its
ability to enable a straightforward and efficient definition of contact
laws between particles, which is accomplished by smoothing the edges
of all geometric features with spheres in three dimensions. To simulate
the contact between two sphero-polyhedron particles, each particle is
decomposed into a set of geometric features, including edges, faces and
vertices. Fig. 3 shows the possible contacts that are considered in the
method between vertex and face, edge and edge, and vertex and edge.
Based on these definitions, the face-face and face-edge interactions are
not needed (Galindo-Torres, 2013). This is because that edge-face con-
tact is equivalently treated as the face interacting with the two endpoints
of the edge, and the face-face contact is represented as a face interacting
with the vertices of the opposing face (Neto et al., 2022) These equiv-
alent treatments ensure conservation of the net contact forces and
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Fig. 3. The potential contacts between two sphero-polyhedron particles: (al-
a2) vertex-face contact; (b1-b2) edge-edge contact; (c1-c2) vertex-edge contact
(SP: Sphero-polyhedron particle; R: Sphere radius in SDEM; d: distance between
two particles; §(i,j): overlapping between SDEM particle i and SDEM particle j;
Fjj: contact force between SDEM particle i and SDEM particle j, where n is
normal force and s is shear force).

moments, thereby preserving the mechanical response identical to that
derived from explicit edge-face or face-face contact algorithms. This
strategy improves computational efficiency by reducing the number of
distinct contact modes.

To determine whether the contact between sphero-polyhedron i and
sphero-polyhedron j is built, a distance function d(V;, f;) must be defined
to calculate the overlapping distance §(i,j) (Fig. 3). The distance be-
tween two vertices is calculated as the distance between two points in
three-dimensional space. The distance between vertex and an edge is
determined as the distance from the vertex to the point where a ray,
passing through the vertex and perpendicular to the edge, intersects the
edge. And the distance between a vertex and a face is the distance from
the vertex to a point on the face connected by a line perpendicular to the
plane of a face. The overlapping distance §(i,j) can be calculated as
follows:

8(i, j) = R+ Ry — d(Vy, ) )

where d(V;,fj) is the Euclidean distance between particles i and j. R; and
R; are the radius of spheres used to shrink and expand sphero-
polyhedron i and sphero-polyhedron j, respectively. Since both sphero-
polyhedron i and sphero-polyhedron j are expanded by spheres with
radii of R; and Rj, respectively, there is complete contact when the
distance between i and j is less than the sum of R; and R;, where 5(i,j) >
0.

Thereafter, the contact force can be calculated following the contact
law in the conventional DEM code (Zhou et al., 2019; Descantes et al.,
2019; Quet al., 2019). The normal elastic force Fg is calculated based on
Hooke's law and the shear force Fj; is determined based on Coulomb
friction law (Ren et al., 2022), as following:

Fj = Kq6(i.j) ®
F; = min{y,Fjj, —Ki& — coni} ©

where ¢ the cumulative tangential displacement before sliding occurs. v;
is the tangential relative velocity, c; is the damping coefficient. K;, and K¢
are the normal contact stiffness and tangent contact stiffness, respec-
tively, expressed by the equation (Zhao et al., 2022; Liu et al., 2018) as
following:

R—-9¢ R
K, = —kC5|:21I1< R )—m-i’l] (10)
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where k. is barrier stiffness parameter from energetic barrier method
(Zhao et al., 2022). v is Poisson's ratio.

2.3. Coupling between MPM and SDEM

Fig. 4 illustrates the flow chart of the coupled MPM-SDEM algorithm.
The interactions between MPM and SDEM can be separated into MP-face
and MP-edge interactions, which are modeled as vertex-face and vertex-
edge contact, respectively, as illustrated in Fig. 3. With these definitions,
the MP-vertex interaction is treated as the MP-edge interaction. The
simplification of treating MP-vertex contacts as MP-edge contacts is
supported by the geometric and computational equivalence in sphero-
polyhedra contact mechanics. Since a vertex can be regarded as the
endpoint of a block edge, a unified edge-based contact algorithm can
handle both edge and vertex interactions without separate computations
(Galindo-Torres, 2013). This reduces algorithmic complexity and elim-
inates potential singularities in force calculations at point contacts.

To reliably define the contact between each possible pair, it is critical
to determine the overlapping distance §. Similar with Eq. (7), the
overlapping distance Syp_spem is expressed as following:

Omp-spEM = Rg +R; —d(MP,S) 12)

where d(MP, S) is the distance from the MP to the nearest point on the
sphero-polyhedron surface, and Rg is the initial radius of MP | calculated
as follows:

RY = (3Ax* /ny/(4m))"/° 13)

where Ax is the grid size, and ny is the MP number per grid cell in the
initial configuration. Rg remains constant in the gasification state, where
MP is treated as a disconnected, stress-free media with no tensile
deformation and a dilation angle of 0 degrees (Dunatunga et al., 2015).
In the dense state, strain of dry granular flows is less than 0.01, indi-
cating that resulting radius change (< 0.3%) can be negligible
(Holtzman et al., 2009).

Once contact is identified, the coupling contact force F. ,, is calcu-
lated following the contact law from conventional DEM (see section
2.2). The obtained F , is mapped to SDEM and MPM, respectively. In
SDEM, the contact force F. , is applied to the nearest contact point. The
coordinate and rotation angle of the SDEM particle is updated based on
Newton’s second law. In MPM, opposite F. , acting on the MPs is
considered as external force exerted by SDEM particle and is mapped to
the neighbouring grid nodes according to their respective weights to
update f. (Eq. (1), as follows:

p
Fop = wiFe, a4
P
p
Vi=> wV, 15s)
p
fe=F/Vy (16)

where V, is moJ;,/py, wy is the weight of I-th node calculated by Eq.
(2), F. ;, is coupling force F. on p-th MP, V, is volume of p-th MP, F; is
contact force mapped to grid node. V; is the volume of i-th node. J;, is
Jacobi of p-th MP, my: mass of MP, p, is density of MP.

ny np
ZFC.I :ZFc,p-, (17)
I=1 p=1

Regarding momentum conservation, the nodal weights w; satisfy the
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Fig. 4. Flow chart showing the MPM cycle, the SDEM cycle and the coupling between them at each timestep.

partition of unity property > w; =1 for each MP. This property is
fundamental to the MPM shape functions and ensures that the total
mapped contact force over all grid nodes is exactly equal to the sum of
the original contact forces acting on the MPs:

n n_ Tp np n np
ZFC‘I = Z ZWIFc,p = ZFc,pZWI = ZFc,p
=1 1 p P =1 p

(18)

=

In the MPM-SDEM context, the contact force F. is computed via DEM
contact law at the MP-DEM particle interfaces. The force on the MP side
is equal in magnitude and opposite in direction to that on the DEM side.
Thus, the total impulse imparted to the MPM domain via the grid update
(AtY Fep = AtZPFC_P) balances the opposing impulse on the DEM
domain (7AtZPFc,p), ensuring global linear momentum conservation
for the coupled system.

The force-mapping operation is a linear interpolation that neither
artificially amplifies nor dissipates energy. Any energy dissipation
observed in the coupled MPM-SDEM framework originates solely from
the physical contact model, such as frictional sliding or damping dissi-
pation. These mechanisms represent realistic interface behavior rather
than an artifact of the mapping.

3. MPM-SDEM validations

The MPM solver employed in this study has been extensively vali-
dated in previous works (Dunatunga et al., 2015; Jiang et al., 2022). In
the present work, we focus on validating the newly developed coupling
framework between MPM and SDEM, as well as the accuracy of non-
spherical object representation. The validation is performed through
three independent benchmarks: a theoretical solution for a block sliding
along a flume bed and experimental evidence of granular flows
impacting single and multiple blocks. These tests specifically assess the
robustness of the contact detection and force transmission at the MPM-
SDEM interface. All simulations were run on a single NVIDIA RTX 3090
GPU (24 GB VRAM) using the Taichi programming language, which is
optimized for high-performance numerical computations (Hu, 2018).
Taichi can automatically parallelize outermost for-loops in kernels,
enabling efficient execution on target architectures.

3.1. Validation of SDEM: A theoretical solution for single block sliding
along a flume bed

The SDEM is used to simulate a rigid block sliding along a flume. The
block is a cube with a side length of 0.1 m, generated in SDEM using a

sphere of radius 0.005 m (see section 2.2). The flume bed, measuring 20
m in length, 1 m in width, and 1 m in thickness, is similarly constructed
in SDEM with the same sphere radius of 0.005 m. Different basal friction
coefficients (4, = 0 and 0.1) and slope angles (¢ = 10°, 20°, 30°, and 40°)
are examined. The density is adopted as 3000 kg/m®, and the barrier
stiffness is set as 10000 N/m. The simulation duration is 2 s with a
timestep of 5 x 10’ s. The analytical solution for predicting travelling
distance Sy (t) of the block at any given time t can be calculated based on
the Newtonian laws:
e, .

Sp(t) = 3 (gsin® — ugcost) 19
Fig. 5a and Fig. 5b show the comparison between the calculated and
computed travelling distances temporally of a block on a channel with
up = 0 and yy = 0.1, respectively. The close agreement demonstrates the
ability of proposed SDEM for accurately simulating block sliding along
the flume bed.

3.2. Validation of MPM-SDEM: flow-type landslide impacting the single
block

3.2.1. Flume experiment

A physical experiment is carried out here using a flume (Fig. 6) with a
length of 1.8 m and width of 0.2 m. The flume is widely used for
modelling flow-type landslides (Fang et al., 2022 & 2023). A storage
container at the upstream end of the flume is filled to form an initial
column with length L; = 0.3 m and height H; = 0.2 m. The flume is in-
clined to 10°. A mass of 19 kg of glass spheres with a particle size of
0.002 m and a bulk density of 1600 kg/m? is used to simulate the flow-
type landslide. The material in the storage container was released using
a pneumatically controlled gate. A copper cube with a side length of
0.02 m was placed Ly = 0.21 m downstream of the column. The friction
coefficient between the flume and block is 0.67. A camera (model no.:
GoPro HERO 11) that captures images at a frame rate of 60 frames per
second was installed at the side of flume to record the flow kinematics
and the position of the block through a transparent acrylic sidewall.

Fig. 7 shows the observed impact kinematics at four typical times.
The flow direction is from the left to the right. It can be seen that after
dam-break, the flow-type landslide accelerates under the influence of
gravity and impacts the cube at t = 0.3 s. The flow-type landslide moves
around the sides of the block and eventually exerts enough momentum
to move the block. In addition to sliding, rotation is observed as well.
The change in the travelling distance and velocity is shown in Fig. 8.
Eventually the flow and block come to rest. These results can be used to
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Fig. 5. Comparison of computed and calculated travelling distances for different basal friction coefficients: (a) 4, = 0; and (b) y;, = 0.1.

Fig. 6. Experiment setup for simulating a flow-type landslide impacting the
single block.

Numerical results
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Experimental results
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flow kinematics

Fig. 7. Comparison of
computed results.

benchmark the reliability of the coupled MPM-SDEM.

3.2.2. Comparison between calculated and measured results

The simulation setup modelled by MPM-SDEM are identical to those
in the flume tests. For particle—particle interactions in MPM, the Young's
modulus and Poisson's ratio in the calculation are E=1 M Pa and v =
0.3, respectively (Ng et al., 2020). In addition, the internal friction
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Fig. 8. Comparison of travelling distance and travelling velocity between
measured and computed results.

coefficient is set as 0.24, basal friction coefficeint is used as 0.21, the
dynamic friction coefficient is set as 0.65, and the bulk density is 1600
kg/m®, according to the properties of the glass spheres. The copper cube
modelled using SDEM has the same properties as that used in the flume
experiments with friction coefficient of 0.67 and density of 8900 kg/m?>.
Parameters related to the mechanical and contact behavior of the flow-
block interaction are summarised in Table 1. To obtain high-fidelity
input parameters of basal friction coefficient and maximum dynamic
friction, the genetic algorithm (GA) is used. The procedure of the
adopted GA is detailed in Appendix C. And a sensitivity analysis about
the sphere radius in SDEM particle has been discussed in Appendix D.
Consistent with the flume experiments, the glass spheres are

Table 1

Summary of input material parameters: flow-type landslide impacting block.
Parameter Value Source
Particle density 1600 kg/m* Measured
Internal friction coefficient of particles 0.24 Measured
Basal friction coefficient of particles 0.21 Calibrated
Gravitational acceleration 9.81 m/s? Ng et al., 2020
Maximum dynamic friction coefficient 0.65 Calibrated
Young’s modulus 1 MPa Ng et al., 2020
Poisson ratio 0.3 Ng et al., 2020
Blending ratio 0.99 Stomakhin et al., 2013
Block density 8900 kg/m® Measured
Basal friction coefficient of block 0.67 Measured
Barrier stiffness 10000 N/m Jiang et al., 2022
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generated in the storage container by MPM. The background grid is
composed of cubic cells with a side length of 0.01 m, each containing 8
material points, resulting in a total of 96,000 material points. The block
and flume bed are modelled as SDEM. A gravitational acceleration of
9.81 m/s? is applied to the entire computational domain and elements.

Fig. 7 shows a comparison between the measured and computed flow
kinematics. The MPM-SDEM model captures the entire process of the
flow impacting the block, reproducing the rotation of the cube as well. In
addition, the measured and computed travelling distance and velocity
with time are shown in Fig. 8. It is evident from Fig. 8 that the computed
travelling distance of the block by MPM-SDEM shows close agreement
with experimental results, with the difference of terminal travelling
distance less than 0.8%. The close agreement between the numerical and
experimental results underscores the capability of the newly-proposed
MPM-SDEM method to accurately capture the flow-block interactions,
providing the valuable predictions into flow-type landslide hazards. It is
worth noting that uncertainties in measured travelling distance, arising
from Camera distortion and manually controlled dam-break initiation,
may affect the agreement between computed and measured travelling
distance.

3.2.3. Impact force exerted on block

The total impact force F; originates from the flow-type landslide
impacting the edge of a block F, and its face F¢, as shown in Fig. 9.
Overall, the total impact force F; first exhibits a rapid increase to a peak,
then reduces to 0.32 N around 0.4 s. After that, it fluctuates around 0.20
N with multiple spikes before being stable. The evolution of impact force
Fy is closely consistent with that of the total impact force F;. Compared
with Ft, the impact force on the edge F, exhibits smaller variations in
amplitude over time due to less efficiency in bearing impact from
flowing material. The decomposition of impact force provides potential
to enhance understanding of localized impact force distributions during
flow-structure interactions. By separately analyzing forces on different
parts of the block, it allows more precise identification of vulnerable
zones, which can inform reinforcement strategies in protective struc-
tures for landslide-prone areas.

The ratio F¢/F; is shown in Fig. 9, which quantifies the contributions
of the block face to the total force. At the initial impact (t = 0.25 s), Fs/F;
reaches its maximum value of 0.8, corresponding to the face being
perpendicular to the flow direction (see Inset d1). As block rotates, the
decreases is observed in F¢/F;. When the block rotation reaches 45° at t
= 0.72 s, the minimum F¢/F, is recorded (see Inset d2). With continued
rotation, the edge of block deviates from the frontal normal impact,
enabling face of block to undergo more flowing impact. This geometric
switching drives a marked increase in in F¢ /F; (see Inset d3). Specifically,

Computers and Geotechnics 196 (2026) 108163

when the block’s face is perpendicular to flow direction (Inset d1), it
bears approximately 82% of the total impact force. In contrast, when
block is rotated to 45° (see Inset d2), the face contribution decreases to
65%. It is evident that impact force distribution is strongly controlled by
block’s orientation. In addition, block shape should be a main consid-
eration in determining F;/F;, which warrants further studies.

To evaluate the impact force exerted on the structures, the hydro-
dynamic model was proposed (Hungr et al., 1984; Johannesson et al.,
2009; Song et al., 2022). It is assumed that the impact force is related to
the impact area A, flow density p;, flow velocity v¢, and flow depth h, as
following:

F, = agpevi®A (20)
where af is the dynamic pressure coefficient, which is empirically found
to be the function of Froude number Fr: af = 10.8 Fr''*3 (Thibert et al.,
2008). Fr quantitatively characterizes the flow regimes: Fr = v;/+/ghs.
The computed impact force on the block is validated based on the hy-
drodynamic model, as shown in Fig. 9. The calculated total impact force
exhibits consistency with that computed: rapidly rise to the peak in the
initial phase, followed by a sharp decline with oscillations gradually
stabilizing, reflecting the dynamic process of flow-type landslide
impacting a block. The theoretical value consistently exceeds the
computed F;, serving as a conservative upper bound. The computed
impact force agrees reasonably well with the calculated, with peak po-
sitions coinciding and decay curves morphologically akin. This dem-
onstrates the reliability of the proposed MPM-SDEM model in this study
for the flow-type landslide impacting the single block.

3.3. Validation of MPM-SDEM: flow-type landslide impacting the
multiple blocks

3.3.1. Numerical model validation

The MPM-SDEM is further validated by the results of flume test by
Liu et al. (2018), which investigated a granular flow impacting the three
stacked wooden blocks. All the geometries simulated in MPM-SDEM are
consistent with those in the flume test, as detailed by Liu et al. (2018).
The experimental flume consists of a Plexiglas tank, measuring 600 mm
long, 200 mm wide, and 300 mm high. The incoming granular is
confined at the top of the flume to form a region of 100 x 200 x 200
mm?. Three identical wooden blocks with 20 x 198 x 18 mm are
stacked and positioned 200 mm downstream of the deposited granular
material. The bottom block is glued to the channel bed to prevent mo-
tion. Parameters related to the mechanical and contact behavior of the
flow-block interactions are summarised in Table 2.

Fig. 10 shows the comparison of flow kinematics observed from
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Fig. 9. The impact force-time history.
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Table 2

Summary of input parameters for flow-type landslide impacting multiple blocks.
Parameter Value Source
Flow density 1300 kg/m® Liu et al., 2018
Internal friction angle 22 Liu et al., 2018
Basal friction coefficient 0.13 Calibrated
Gravitational acceleration 9.81 m/s? Ng et al., 2020
Maximum dynamic friction 0.60 Calibrated
Young’s modulus 50 kPa Liu et al., 2018
Poisson ratio 0.40 Liu et al., 2018
Blending ratio 0.99 Blatny et al., (2025)
Density of block 500 kg/m® Liu et al., 2018
Basal friction coefficient of block 0.60 Liu et al., 2018
Barrier stiffness 10000 N/m Jiang et al., 2022

Velocity (m/s)

Fig. 10. Flow kinematics of flow-type landslide impacting the multiple blocks:
(a) Experimental study (Liu et al., 2018); (b): MPM simulation (Liu et al., 2018);
(c) MPM-SDEM simulation.

experimental measurements, and numerical simulations by the MPM-
SDEM solver in this study. The incoming granular material impacts
the block at t = 0. 25 s, causing the upper two blocks to rotate around the
bottom one. At t = 0. 40 s, the middle block falls onto the flume bed,
followed by the top block impacting the block at about 0.5 s. Evidently,
the entire process is well captured by MPM-SDEM model. When the flow
ceases, the differences between the measured and computed (MPM-
SDEM) travelling distances are 1.4% for the middle block and 3.9% for
the top block, respectively. For comparison, the results from MPM is also
shown in Fig. 10. Compared with MPM-SDEM, MPM provides poorer
agreement with experimental observations, especially in reproducing
the motion of the blocks, with the differences in travelling distance for
the middle and top blocks of 2.3% and 5.0%, respectively. This can be
attributed to dependence of MPM on fixed background grids for the
momentum exchange between flowing material and block, which fails to
capture the block rotation. These results highlight the robustness and
reliability of the MPM-SDEM framework in simulating complex
granular-blocks interactions.

3.3.2. The calculated impact force on the blocks

Fig. 11 shows the computed impact force on the three blocks. After
the impact of incoming granular material against the block, the impact
force is firstly detected on the bottom block, rapidly rising to a peak
value of 9.72N. Subsequently, the impact force attenuates to the static
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Fig. 11. Computed impact force-time history of three blocks.

force due to the self-weight of the granular material depositing in front
of the block. Different from the bottom block, the peak impact forces on
the middle and top blocks are significantly reduced, with the difference
up to 50% and 80%, respectively. Previous study (Yu et al., 2024) has
similarly noted that peak impact pressure is always recorded by the
sensor at the base of the dam. Another difference is that, after the peak
impact, the impact force reduces to zero. Evidently, the MPM-SDEM
effectively characterizes the impact force on the block, offering valu-
able insights for mitigating flow-type landslide hazards. For validation,
the theoretical impact force (Eq. (20) acting on the bottom block is also
calculated (black line in Fig. 11). As can be seen, the computed results by
the proposed MPM-SDEM herein show reasonable agreement with the
calculated results, with a peak impact force of 10.6 N.

4. Comparison between MPM-SDEM and MPM-LSDEM

In this section, the proposed MPM-SDEM method is compared with
the conventional MPM-LSDEM method, based on the test of a granular
flow impacting multiple blocks. In addition, the computational effi-
ciency is compared by simulating head-on collision between two blocks
and flow-type landslide-block interactions, including scenarios with a
single block and multiple blocks.

4.1. MPM-SDEM vs. MPM-LSDEM

The physical experiment, as detailed in the section entitled ‘Valida-
tion of MPM-SDEM: flow-type landslide impacting the multiple blocks’,
is also used here as a benchmark to quantify the computational accuracy
of MPM-SDEM and MPM-LSDEM. In contrast to SDEM, the surface of a
particle in LSDEM is discretized into a set of nodes, also called as node-
to-surface approach (Choi, 2024).

Fig. 12 compares the flow kinematics of physical experiment
(Fig. 12a), MPM-SDEM (Fig. 12b) and MPM-LSDEM (Fig. 12c). The clear
differences can be observed. For example, at t = 0.40 s, it is observed
from Fig. 12a2 that the middle block falls onto the flume bed. In com-
parison with MPM-LSDEM (Fig. 12c2), the result of MPM-SDME
(Fig. 12b2) provides a better approximation. In addition, at t = 0.45 s
and t = 0.50 s, the top block is adjacent to the middle block in MPM-
LSDEM (Fig. 12¢3 and Fig. 12c4), which indicates a clear discrepancy
from physical experiment (Fig. 12a3 and Fig. 12a4) and MPM-SDEM
(Fig. 12b3 and Fig. 12b4). To further evaluate the computational ac-
curacy of both numerical methods, the travelling distance of the upper
two blocks is analyzed. The difference between measured and computed
travelling distances for the top block is 10.7% for MPM-LSDEM and
4.0% for MPM-SDEM, respectively, while for the middle block, the dif-
ferences are 1.7% for MPM-LSDEM and 1.4% for MPM-SDEM, respec-
tively. Evidently, improvement in predicting travelling distance by
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Fig. 12. Flow kinematics of flow-type landslide impacting the multiple blocks: (a) Experimental study (Liu et al., 2018); (b) MPM-SDEM simulation; (c) MPM-

LSDEM simulation.

MPM-SDEM is up to 63% and 18% for top and middle blocks, respec-
tively. These findings underscore the robustness and reliability of the
MPM-SDEM framework in simulating flow-type landslide-blocks
interactions.

The abovementioned discrepancies may be attributed to the distinct
contact detection algorithms used in two numerical methods. In the
MPM-LSDEM framework, contact is detected by identifying whether
multiple surface nodes of a particle intrude into another particle (Zhao
et al., 2023). This node-based method is prone to cause chattering, force
oscillations, and incorrect force directions in multi-contact configura-
tions, particularly when nodes slide along edges or vertices (Feldfogel
et al., 2024). In contrast, in the MPM-SDEM framework, the block is
simulated as an SDEM particle with spherical surface, allowing the
adoption of a robust, exact sphere-to-sphere contact algorithms. As a
result, the resulting contact forces are smoother, better oriented, and
exhibit significantly reduced numerical noise (Galindo-Torres, 2013).
The improved contact solution for particle—particle interactions enables
MPM-SDEM to effectively replicate flow-type landslide dynamics.

4.2. Computational efficiency

Head-on collisions between two blocks with dimensions of 0.1 m and
0.3 m are simulated, respectively. All other parameters related to me-
chanical and contact behavior are kept identical. The initial distance
between their centroids is 0.4 m. A prescribed initial velocity of 1 m/s is
assigned to both blocks. The size ratio of sphere radius/node to the side
length of block is set to 1/20. The computational costs for LSDEM and
SDEM are 104 s and 87 s, respectively, indicating a 16.4% improvement
in computational efficiency for SDEM compared to LSDEM. This can be
attributed to the different contact approaches for generic irregular
shaped particles. In LSDEM, the particle surfaces are discretized into 602
nodes, requiring 174 iterations per timestep for contact detection.
However, in SDEM, each particle comprises 8 vertices, 12 edges, and 6
faces, with three contact types: vertex-face, edge-edge, and vertex-edge
(see Fig. 3). For parallel block collisions, only vertex-face contact occurs,
necessitating just four iterations at one timestep for contact calculations
in SDEM. This efficient contact detection enhances computational effi-
ciency of SDEM, which can be amplified as the number of non-spherical
particles increases.

This study further evaluates the computational efficiency through
flume tests of flow-type landslide impacting blocks with varying
numbers of blocks. Fig. 13 illustrates the comparison of computational
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Fig. 13. Comparison of computational cost between MPM-LSDEM and
MPM-SDEM.

cost between MPM-LSDEM and MPM-SDEM methods. With the
increasing number of the blocks, the computational efficiency is
improved from 17% to 97%. With the increasing number of the blocks,
MPM-SDEM achieves efficiency gains from 17% to 97%, consistently
outperforming MPM-LSDEM across all tests. Evidently, the advantage of
MPM-SDEM becomes more significant with increasing non-spherical
particles in terms of computational efficiency, owing to its more effi-
cient contact detection.

5. Insights on the flow-type landslide impacting block

In this section, the calibrated MPM-SDEM solver is used to investi-
gate the effects of the initial column height and initial distances between
the column and the block.

5.1. Simulation procedure

The geometries of numerical model and the parameters related to the
particle adopted in the MPM-SDEM modelling are identical to those
reported in the section titled ‘Validation of MPM-SDEM: flow-type
landslide impacting the single block’, except that a cube with height h;,
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of 0.05 m is used here. The initial granular column is characterized by
the initial aspect ratio AR = H;/L;, where H; is its initial height and L; is
its initial length along the flow direction. AR varies from 1.3 to 4.0 to
span low to tall columns, and the initial block-to-column distance Lg
from 4 hy, to 74 hy, to obtain a wide range of Froude numbers. In total, 20
simulations were carried out. Before the impact tests, the free-flow tests
without the block were conducted to calibrate the flow velocities v¢ and
flow depths h¢ (Choi et al., 2017), which serve to evaluate the flow
properties reaching the block. The Froude number was then calculated,
ranging from 1.04 to 11.82, which falls within the range of geophysical
flows in field (Hiibl et al., 2009). Based on the observed flow kinematics,
it was found that when hs < hy, the block is partially submerged, while
the block is completely buried by incoming flow when hs > hy. The
calibrated flow thickness is plotted in Fig. 14, within the full controlling
parameters investigated.

5.2. Observed kinematics

Fig. 15 shows a comparison of the computed kinematics of flow-type
landslides impacting a rigid block under different initial aspect ratios
(AR = 1.3 and 3.0) and normalized block-to-column distances (Lo /hy, =
4 and 54). For each case, top and side views are shown, with flow
moving from left to right.

For case with AR = 1.3, Lo /hy= 4 (Fig. 15a), the column collapses
under gravity and rapidly spreads along the bed. At t = 0.22 s, the flow
impacts the block, forming a localized high-pressure zone upstream the
block due to intensified collision between flowing material and block.
The flow is deflected symmetrically around the block, forming a bow
shock upstream and a granular vacuum downstream, resulting from that
the block interrupts the upstream material supply and lateral spreading
become dominant. At t = 0.50 s, flowing material overtops the block and
fills the vacuum, shrinking it progressively. Overtopping occurs once the
pile-up height exceeds the block crest, converting kinetic energy to
potential energy. The block becomes fully submerged, with a flow
thickness-to-block height ratio of about 2.31. At t = 0.50 s, both trans-
lation and rotation are evident, driven by asymmetric momentum
transfer: upstream impact force drives forward motion, while uneven
lateral frictional shear induces rotation. In contrast, for case with AR =
3.0, Lo/h, = 4 (Fig. 15b), the larger initial column height increases
potential energy, producing higher velocities and a thicker flow. Simi-
larly, the block fully immerses into flowing material. The thicker over-
lying layer enhances overtopping and overburden pressure, increasing
basal frictional resistance, which in turn inhibits block rotation. In
Fig. 15¢ (AR = 1.3, Lo /h, = 54), the extended channel allows pre-impact
spreading and thinning, forming a high-speed, shallow leading edge.
The recorded maximum pileup height remains below the block height,
preventing full overtopping and leading to only partial submersion. This
is also supported by the value ofhs/h;, = 0.31 (< 1.0). Evidently, a large
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Fig. 14. Initial aspect ratio AR and normalized block-to-column distance Lo /hy
used in simulations. Colors indicate the calibrated flow thickness, normalized
by block height hy,. Open circles indicate the block is absolutely submerged by
flow-type landslide. Closed circles indicate the block is partially submerged by
flow-type landslide.
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Lo/hy, reduces the risks of block burial. Furthermore, compared to
Fig. 15b, the block experiences greater disturbance due to the more
impact energy transferred into block with increasing Lo /hp.

5.3. Impact force on block

The impact force drives the mobility of the block. Fig. 16a shows the
evolution of normalized impact force Fpeak/Fstatic as a function of the
normalized block-to-column distance Lo /h;, for different initial aspect
ratios AR. Here Fycax and Fiaiic are the maximum impact force and static
impact force, respectively. Static force is mainly from the self-weight of
the intercepting mass resting on the block. Regardless of AR, the ratio
Fpeak /Fstatic generally exhibits a slight increase at low Lo/hy,, before
approaching an approximately constant level as Lo /h;, increases. A key
distinction emerges based on block submerge states: in completely
submerged cases (hy > hp), where the flow depth exceeds block height,
the ratio Fpeax/Fstatic i consistently smaller compared with partially
submerged scenarios (hy < hp). This can be attributed to the fact that
compared with completely submerged cases, the dynamic impact force
of partially submerged scenarios tends to be enhanced but the static
pressure is reduced due to extended channel accelerating mobility and
promoting thinning flow. Note that the ratios Fpeax /Fstatic Of partially
submerged cases only show a slight fluctuation. In other word, in this
study, increasing Lo/hy has a limited influence on the Fycak/Fstatic of
submerged cases Furthermore, Fpeai /Fstatic Shows a positive correlation
with AR, where increasing AR leads to larger Fyeak/Fstatic. This stems
from greater material supply and potential energy in taller columns,
posing greater risks to bury block.

Fig. 16b shows the effects of Froude number on the normalized
impact force Fyeak/Fstatic- A theoretical model has been developed by Ng
et al. (2021) to predict Fyeak/Fstatic for closed intercept dam, which is
shown in Fig. 16b, as following:

2
Fpeak -1 +ﬂFr2

21
F, static k ( )

In this model, it is assumed that peak impact force is calculated by the
hydrodynamic model (Eq. (20), and static impact force is given by the
hydrostatic model: 0.5kpfiA, where k is the empirical static pressure
coefficient. Both dynamic pressure coefficient ar and static pressure
coefficient k are typically used to account for the uncertainties in the
flow composition, natural environment, barrier type, and impact dy-
namics (Song et al., 2017; Poudyal et al., 2019). Their values can be
case-specific and depends on the experimental setup and controlling
parameters. A theoretical bounding reference line from Eq. (21) is pro-
vided with k = 1 (no internal shear strength) and ar = 1 (inelastic
collision). Similarly, the ratios Fpea/Fsaic for dry granular flows
impacting the closed dam in the previous literature (Caccamo et al.
2012) are also compared here. In this study, the Fyeax/Fstatic exhibits
positive correlation on Froude number, which follows the trend from the
experimental results of flows impacting the closed barrier. In contrast,
normalized impact forces exerted on block in this study are smaller than
these against the closed dam. The block can be assumed as the dam with
limited width, which is less efficient to bear the impact force compared
to the closed dam. To further quantify the linkage between Fpeax /Ftatic
and Fr, Eq. (21) is adopted to fit our force data with k = 1.6 and o =
0.18.

It can be seen that the impact force model can capture the depen-
dence of Fpeax /Fstaic 0n Froude number, but struggle to accurately pre-
dict the value of Fyeax/Fitatic- Although so, the impact force model (Eq.
(21) can still serve as a reference to predict impact loads on the block.

5.4. Energy transfer and dissipation

This section provides a new insight to understand the interactions
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Fig. 15. Typical snapshots of flow kinematics for three typical cases (a) AR = 1.3; Lo /h, = 4; (b) AR = 3.0; Lo /h, = 4; and (c) AR = 1.3; Lo /h, = 54. Yellow dash line

indicates the side contour of the block.
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between flow-type landslide and the block by examining the energy
transfer and dissipation. Fig. 17 shows the temporal evolution of
normalized energy by the initial potential energy for both flow-type
landslide and block. As shown, upon initiation, the potential energy of
flowing material is gradually converted into kinetic energy. The kinetic
energy of flowing material exhibits a characteristic rapid rise to a peak,
followed by a slight decline and subsequent moderate recovery, as evi-
denced by synchronized peaks at approximately t = 0.38 s two different
cases in Fig. 17. The post-peak decrease in kinetic energy can be
attributed to collapse kinematics, including vertical free-fall and lateral
spreading (see insets in Fig. 17b), where descending particles collide
with lower lateral spread part, dissipating energy via inelastic inter-
particle interactions and frictional shear. Dissipated energy mono-
tonically accumulates, reaching 77% in the completely submerged case
(Fig. 17a) and 73% in the partially submerged case (Fig. 17b) att =4.5s,
when the system approaches quasi-steady state. The disparity arises
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from different interactions between flow-type landslide and the block.

Due to the momentum exchange, the block can be driven by the
flowing material. The kinetic energy of block rapidly increases and de-
creases, consistently remaining a small portion of initial potential en-
ergy (<0.4%). Fig. 18 shows the B} /}5;70 for different Lo /hy, revealing
a bilinear trend: an initial decrease followed by an increase for fixed AR.
Because Larger Lo/hy facilitates enhanced momentum transfer via
higher pre-impact velocities from extended acceleration, yielding
greater block speeds. However, Ly /h;, also controls immersion state (see
Fig. 14). Complete submersion thickens the overtopping layer,
enhancing overburden stresses and frictional drag, which counteracts
translation and rotation. This competitive interplay, which is between
amplified impact momentum and increased resistance, regulates the
bilinear evolution, with minimum value of Eﬁ’max/Ef o occurring at
transitional Lo /h, where resistance dominates. Throughout, AR exerts a
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Fig. 17. Evolution of normalized energy for two different cases: (a) AR = 3.0, Ly/h,=4; (b) AR = 3.0, Lo/hy, = 24. E{,, E’,Z and E’; are the potential energy, kinetic
energy and dissipated energy of flow-type landslide, respectively. E} is the kinetic energy of the block.
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Fig. 18. Comparison of normalized maximum kinetic energy for the block
across different initial aspect ratios and initial block-to-column distances.

consistently positive influence, as higher AR enhances initial potential
energy and inertial forces, sustaining greater kinetic energy via thicker,
faster flows that overwhelm frictional losses.

5.5. Travelling distance of the block

Predicting travelling distance of the block is a main concern in
assessing flow-type landslide-induced hazards. In this section, the
attempt to relate the travelling distance of the block to flow kinematics
as quantified by Froude number, has been conducted. As shown in
Fig. 19a, travelling distance Sy, normalized by initial block-to-column
distance Lo, exhibits relatively weak correlation with the Froude num-
ber. S, /Ly can be separated into two regions based on block submersion
states. Linear regressions are fitted to the computed data. For completely
submerged cases (circles), a weak positive dependence is observed with
a Pearson correlation coefficient r = 0.02. In contrast, partially sub-
merged cases (squares) show a weak negative dependence with r =
-0.11. The overall dispersion highlights the insufficiency of the standard
Froude number in capturing block travelling distance, likely due to the
interplay of multiple flow characteristics, such as velocity and depth,
which complicate flow-block interactions.

In order to better identify the governing parameters related to block
travelling distance, it is regarded as the function of seven key variables,
as following:

Sb = f1(vs, by, Lo, ho, 8, pf, pp) 22)
where f; is an unknown function, p, is block density. By dimensional
analysis, guided by Buckingham's n theorem, the general functional
relationship can be reformulated in the dimensionless form:

Sy, Vr hf hy Pr
L Rk R 23
Lo fz(\/gLo Lo Lo py 23
(a) 40 5 : -
30 1
e s
=) b _
%20_ E_0.5Fr 16.9 |
95 r=0.02
O N
1ol O o 0 fo=01Fr+34
O r=-0.11
o BB Br----B----- g
0 3 6 9 12
Fr

Computers and Geotechnics 196 (2026) 108163

where f, is a new unknown function, and v¢//gLo represents a modified
Froude number Fr;, using the free flow length (i.e., block-to-column
distance) Ly as the macroscopic characteristic length scale instead of
flow depth h¢. Ly represents the macroscopic length over which the flow
accelerates under gravity prior to impact, encapsulating the cumulative
effects of initial potential energy conversion, flow spreading, and ve-
locity buildup. In contrast, flow thickness h¢ is a local, instantaneous
measure of flow thickness at the point of impact, which is highly sen-
sitive to transient phenomena, such as flow thinning during propaga-
tion. A larger Ly allows the flow to obtain a higher velocity and a smaller
flow thickness before impacting on the block. By incorporating Lo, Frq
implicitly accounts for these upstream dynamics. The modified Froude
number may have the potential to provide a more robust framework for
displacement predictions. Physically, Fr; can be interpreted as the ratio
of flow velocity v¢ to the gravitational wave speed along the downstream
direction /gLo, or alternatively, the ratio of the time /Lo /g for material
to move downwards under gravity to impact the block and the time
/Lo /¢ for a flow to travel flume length L, at velocity v¢. Fig. 19b shows
the influence of modified Froude number on the normalized travelling
distance, revealing the strong linear correlations for completely (r =
0.91) and partially (r = 0.83) submerged cases. Evidently, Fr;-driven
scaling law governs the impacts of flow-type landslide on the block in
both submersion regimes. This enhanced predictability suggests that the
modified Froude number may incorporate corrective factors, such as
flow thinning and velocity variability, providing a more robust frame-
work for displacement predictions.

6. Implications for flow-type landslide hazard mitigation

In this study, the SDEM particle is used to simulate non-spherical
blocks, demonstrating its potential for broader application to particles
with complex geometries. In particular, real-world flow-type landslides
and objects typically exhibit complicated behaviors. Recent researches
highlight that particle shape significantly influences the physical be-
haviors, including segregation (Ctinez et al., 2024), particle breakage
(Konrad et al., 2018; Liu et al., 2025), and rheology (Mandal et al.,
2018), but a general method to accurately capture the particle shape is
still missing. The proposed SDEM method provides a robust alternative.
In particular, compared with clump-based methods (Angelidakis et al.,
2021) and node-to-surface approaches (Lai et al., 2023), the SDEM
method provides a better computational efficiency due to efficient
contact detection algorithm.

It has been demonstrated that the proposed MPM-SDEM model can
reliably predict the travelling distance and impact force of flow-type
landslide. This capacity broadens its applicability to simulating flow-
type landslide interactions with the protective structures, such as
closed barrier, slit dam and baffle arrays (Fang et al., 2023), where
precise estimation of kinematic behavior and loading is critical for
effective interception design. Such simulations often require long-
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Fig. 19. (a) Normalized travelling distance Sy, /Lo versus Froude number Fr; (b) Normalized travelling distance Sy, /Lo versus modified Froude number Fry. Circles
indicate that the block is completely submerged. Squares indicate that the block is partially submerged.
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duration and large-scale computations, posing significant challenges to block, exhibiting the differences in term of impact forces and travelling
develop numerical methods. By coupling MPM for continuum flow and distances. Results reveal a strong positive dependence of the normalized
SDEM for rigid strucFures, .tl.1e proposed method efficiently addresses impact force Fpeak/Fitatic on the Froude number Fr (vi/+/ghs). Block
these challenges. This positions MPM-SDEM as a valuable tool for travelling distance is governed by submersion state and exhibits strong

optimizing the design of flow-type landslide mitigation structures.
Despite its strengths, the current MPM-SDEM model only focuses on
single-phase flow-type landslides, limiting its applicability to two-phase
landslides. Unlike single-phase flows, where mechanical inter-particle
interactions dominate, two-phase flows exhibit distinct behaviors due
to the presence of liquid within their pores. Solid-fluid interaction can
regulate the Coulomb friction within and at the boundary of a flow-type
landslide and thus influence its dynamics (Iverson and George, 2014). In
addition, in this work, we only focus our attention on a single, rigid
block, limiting its applicability to more realistic scenarios involving
multiple, potentially deformable objects of varying shapes and sizes. It
has been observed that interactions among diverse blocks can lead to
complex fragmentation and redistribution of forces during flow-type
landslides, thereby altering overall flow behavior and impact dy-
namics (Fang et al., 2021). Extending the model to incorporate two-
phase flow-type landslides and multiple breakable blocks with hetero-
geneous properties will broad its application in simulating real-world
geohazards, thereby providing insights in mitigation strategies.

linear correlations with the modified Froude number Fr; (v¢/ \/gTO) for
both complete and partial submersion cases. These universal scaling
laws provide a quantitative basis for predicting flow-type landslide-
block interactions and are believed to be helpful for landslide
mitigation.

Overall, the MPM-SDEM method provides a powerful tool for
enhancing landslide risk assessment and optimizing emergency response
strategies through precise predictions of buried object travelling dis-
tances. Future extensions should incorporate polydisperse granular
mixtures and fluid phases to better simulate real geophysical flows.
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Appendix A:. Boundary condition

The boundary of the computational domain, denoted as I'p, is prescribed with a velocity vp. which is dynamically determined by the combined
constraint of the no-penetration and Coulomb friction. The velocity can be decomposed into normal and tangential components:

Vo = Vp-n (A.1)

V; = Vp — VN0 (A.2)

where v, is the normal velocity, n is the outward-pointing normal vector and v, is the tangential velocity. The no-penetration condition enforces zero
normal velocity at the boundary, thereby preventing any material from crossing it:

v, =0on T, (A.3)

The tangential velocity for frictional boundaries is evaluated according to the Coulomb friction law:

0 if [[ve| < [V

v, = v, T A4

. on
o el > plivall

[Ivell

Vi — Uy |Vn

where 4, is the friction coefficient of the wall.

13



J. Fang et al. Computers and Geotechnics 196 (2026) 108163
Appendix B:. Constitutive model for flow-type landslide

In the proposed MPM-SDEM framework, the constitutive model employs a hypoelastic—plastic formulation capable of capturing dense, flowing,
and gasification phases. When the material is dense (p > p., where p is the material density and p, is the critical density), an additive decomposition of
the velocity gradient into elastic and plastic parts is assumed as

L=L+I, (B.1)

where L is the velocity gradient, L° is the elastic velocity gradient, and L? is the plastic velocity gradient. The plastic part is given by L? = D’ = D” (o)
under assumptions of codirectionality and isochoric plastic deformation, where D is the plastic strain-rate tensor and ¢ is the Cauchy stress tensor.
The equivalent plastic shear strain rate 7* is defined through the Drucker-Prager friction coefficient 4 = z/p, where 7 = /(1/2)0o : 6¢ is the
equivalent shear stress, p = —(1/3)tr(o) is the pressure (positive in compression), and 6, = ¢ +pl is the deviatoric stress tensor (I denotes the identity
tensor).
The friction coefficient follows the y(I) rheology:

Ha — Hs .
Hs + ifI>0
H :ﬂ(I) = ¢ IO/I+ 1 (B.2)

< g ifI=0

where I = y?d/+/p/p; is the inertial number, d is the grain diameter, p; is the solid grain density, y, is the static friction coefficient, y, is the limiting
dynamic friction coefficient, and I is a transitional parameter. This rheology is rewritten as a rate-dependent form for the equivalent shear stress:

p<ﬂs+M> if # >0,

t=1(p,}’) = SVp /P +1 (B.3)
7 < P if y# =0,
where ¢ =1y/(d+/p,/p) is a rate parameter (adjusted for dimensional consistency).
The stress evolution is governed by the Jaumann objective rate:
6=C:(D-D")+W-0—-0-W, (B.4)

where ¢ is the objective stress rate, C is the fourth-order elastic stiffness tensor (depending on Young's modulus E and Poisson's ratio v), D is the strain-
rate tensor, and W is the spin tensor. When p < p., the material is considered disconnected and ¢ = 0.
For numerical integration in the dense regime, a trial stress is computed assuming elastic deformation:

O.tr =" +AtC: Dn+l +W"+1'0'" _o.n.wrﬁrl7 (BS)

where 6" is the trial stress tensor, At is the timestep. This yields trial invariants p"* = —(1/3)tr(¢") and 1" = /(1/2)6} : 6§, where 6§ = 6" +p"Tis the
trial deviatoric stress tensor.

If p™ < 0 or p™*! < p., 6" = 0 is set. Otherwise, the yield function f = 7' —up" is evaluated.

If f <0, the response is elastic:

o_n+1 — O'tr, (B6)

If f > 0, consistency is enforced by an implicit return mapping. Auxiliary parameters are defined as:

So = up, (B.7)
S2 = u,p",

a = EGAL/p",

B=S,+1"+a,

H = S, +Spay,

where G = E/(2(1 +v)) is the shear modulus. The quadratic equation for the updated shear stress is solved:

(1) —B* +H=0, (B.8)

with the root selected as:

2H
e (B.9)
B++vB?2—4H

The plastic shear rate is recovered as:
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Ttr _ Tn+1

» - (B.10)
The stress is updated as:

Tn+1
"l = ( p >o'° r—p"I (B.11)

Numerical stability and smooth phase transitions are ensured by this scheme (Dunatunga & Kamrin, 2015).

Appendix C:. Workflow of genetic algorithm
A detailed description of the genetic algorithm (GA) calibration process (Liang et al., 2023) can be concluded as follows:

(1) Initialization: An initial population of parameter sets was generated based on a combination of measured values from similar studies.. The basal
friction coefficient of particles was assigned within the range [0.01, 0.5], and the maximum dynamic friction coefficient was set within the
range [0.3, 0.8].

(2) Evaluation: The performance of every parameter set was assessed using a loss function that quantifies the discrepancy between the simulated
block displacement and the experimental measurements.

(3) Iteration and Termination: Iterations are conducted until a target threshold of loss function is achieved or until the iteration number reaches the
limit.

Appendix D:. Sensitivity analysis about the sphere radius in SDEM particle

The sphere radius is a critical parameter in generating SDEM particles, as it directly influences the contact mechanics and, consequently, the impact
forces acting on the SDEM particles (Eq. (10). While adopting a smaller sphere radius improves geometric approximation of the block, it requires a
smaller timestep to enforce the non-penetration constraint, thereby significantly increasing computational cost. In contrast, a larger sphere is used to
generate the SDEM particle, which deviates substantially from the true block, posing challenges in accurately predicting impact force and its travelling
distance. To quantify these effects, the influence of sphere radius on the accuracy of the MPM-SDEM model is systematically investigated. The
additional simulations, with a timestep of 5 x 10 s, are conducted considering two side lengths of block (A, = 20 mm and 40 mm) and six size ratios
(ranging from 1/200 to 1/8). Size ratio is defined as the ratio of sphere radius and the side length of the block.

Fig. Al shows the effect of size ratio on the computed travelling distance of the block. For a block with a side length of 20 mm, it can be seen that the
computed travelling distance is controlled by the adopted size ratio, achieving the closest prediction to experimental measurements when the size
ratio is 1/20. Deviations from this optimal value significantly amplify the discrepancy between measured and computed travelling distances, with a
maximum difference of 5.3% recorded. A relatively broad optimal window is observed between 1/50 to 1/10. The travelling distance for a block with
a side length of 40 mm is also presented. Although experimental data is unavailable for validation, the simulations similarly reveal a strong
dependence of traveling distance on size ratio, underscoring its critical role in model accuracy. Overall, a sphere-to-block size ratio of 1/20 is rec-
ommended here to balance the computational accuracy and computational cost. It is worthwhile to mention that the optimal ratio is problem-
dependent. For example, finer-scale dynamic simulations involving rapid deformations typically require a smaller sphere-to-block size ratio.

6 —{— Travelling distance (4, =40 mm ) 12

—O— Error (h, =20 mm )

—~ 4} 110
S
'
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Fig. Al. The effect of the size ratio on the computed travelling distance
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