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Fig. 1. Left: Overtopping flow induces the dam breach. Middle: The pouring water destructs bunny soil-
structure. Right: The flood breaks through a dam placed in the valley.

This paper introduces a method for simulating soil-structure coupling with water, which involves a series
of visual effects, including wet granular materials, seepage flows, capillary action between grains, and dam
breaking simulation. We develop a seepage flow based SPH-DEM framework to handle soil and water particles
interactions through a momentum exchange term. In this framework, water is seen as a seepage flow through
porous media by Darcy’s law; the seepage rate and the soil permeability are manipulated according to drag
coefficient and soil porosity. A water saturation-based capillary model is used to capture various soil behaviors
such as sandy soil and clay soil. Furthermore, the capillary model can dynamically adjust liquid bridge forces
induced by surface tension between soil particles. The adhesion model describes the attraction ability between
soil surfaces and water particles to achieve various visual effects for soil and water. Lastly, this framework can
capture the complicated dam-breaking scenarios caused by overtopping flow or internal seepage erosion that
are challenging to simulate.

CCS Concepts: » Computing methodologies — Physical simulation.

Additional Key Words and Phrases: Seepage Flow, Smoothed Particle Hydrodynamics, Discrete Element
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1 INTRODUCTION

Realistic visual simulation of natural disasters such as debris flows and landslides usually leaves
people a deep impression. Over the past decades, simulations focused on interactions of multi-phase
and multi-material have received much attention in computer graphics.

Previous works have developed physically-based simulation techniques using diversified particle-
based, grid-based, or hybrid-based frameworks. The unified Lagrangian approach for fluid-solid
interactions [Keiser et al. 2005; Solenthaler et al. 2007] relies on the smoothed particle hydro-
dynamics method (SPH) [Monaghan 1992]. A Real-time sand-water interaction framework has
been achieved within the SPH and discrete element method (DEM) [Rungjiratananon et al. 2008].
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Fig. 2. Soil pouring. (a) The sand-like soil presents its loose features, which enables it to move through the
funnel very quickly; () The soil with low viscosity has large friction forces between particles and the surface.
Some soil particles will attach to the surface of the funnel; (¢) The clay-like soil performs a vital cohesiveness
characteristic. The large quantity of the soil particles gathers together forming a massive clay, which makes
it difficult to pass through the funnel.

Moreover, a porous flow-based approach simulates the interaction between fluids and deformable
porous media or granular materials [Lenaerts et al. 2008; Lenaerts and Dutré 2009].

Recent research on intricate interactions between fluids and solids can be divided into two main
categories: one is volume fraction based simulations of multi-phase and multi-material flows [Ren
et al. 2018], the other is material point method (MPM) based simulations of a mixture of sand and
water [Sulsky et al. 1995]. The volume fraction concept was first introduced into the computer
graphics community by Miiller et al. [2005]. The multiple-fluid framework was proposed by Ren
et al. [2014] and Yang et al. [2015] to achieve versatile visual effects based on the mixture model
and Helmholtz free energy. Within a few years, Yan et al. [2016] and Yang et al. [2017] extended
the multiple-fluid framework to a unified particle system framework that can handle fluid-solid
interactions.

In other cases, the MPM has been demonstrated to make realistic visual effects for sand simu-
lations. Tampubolon et al. [2017] achieved the porous sand-water mixture simulation by a semi-
implicit two grid MPM, a particle-laden flow simulation solved by a mixed explicit and semi-implicit
MPM [Gao et al. 2018]. Simultaneously, the proposed techniques for physically-based simulation of
fluids and solids are mainly based on the SPH approach [Koschier et al. 2020], such as snow [Gissler
et al. 2020], rigid solids [Gissler et al. 2019], ferrofluids [Huang et al. 2019], viscous fluids [Peer
et al. 2015], and elastic solids [Peer et al. 2018]. Although many existing works successfully fulfilled
the complicated interactions between multi-phase and multi-material and high degree-of-freedom
transitions between sand-like or clay-like soil behaviors and human-made soil structure(e.g., dams,
dikes, and embankments) scenarios, failure simulations are seldom seen. In other words, dam
breaking similar to disasters caused by overtopping flows or internal seepage erosion is challenging
to simulate.
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Fig. 3. Sandy chess piece flooded with water. Water pours into a cup and destructs the sandy chess,
presenting the effects of our adhesion model. Top row: Without adhesion model the water particles cannot
adhere to soil surface, thereby forming sediment due to the capillary forces. Bottom row: With adhesion
forces it makes water particles easier adhere to soil particles, reducing their capillary forces.

This paper develops a soil-water coupling method for multi visual effects such as gravity-driven
landslides, debris flow, and dam breaking simulations with seepage flows. Also, we use a capillary
model to capture various kinds of soil features, e.g., sand-like soils and clay-like soils. Moreover,
we resolve the soil particle transitions from dry to wet as water saturation increases. As a result,
whether the water smoothly seeps into the soil structures relies on its permeability computed by
soil structures’ porosity.

The contributions of this paper can be summarized as follows:

o A versatile seepage model is introduced to simulate the effect of water flowing into the soil
structure. It is capable of capturing the structural failure phenomena due to the overtopping
flow or internal seepage erosion.

e A capillary model for altering the soil behavior can transition sand-like soils to clay-like soils
and vice versa, making it easier to keep in a user-specified shape.

o A degree of saturation-based model for soil-water interaction is established: the coefficients
of capillary and adhesion base on water saturation, which produce various visual effects for
the mixture of soil and water.

2 RELATED WORK

With the rapid development of physical-based simulations, some work adopts the concept of
volume fraction to present a mixture of solids and fluids, while others use the MPM to handle the
interactions between these two substances. The latter one has recently gained more attention due
to its capability of encouraging results. Our work proposes a Lagrangian-Lagrangian framework to
reproduce complex internal erosion phenomena based on the seepage flow model. We summarize
the previous works related to these topics and briefly introduce some works related to our method.
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Fig. 4. Destruction of sandy and clay soil structures. Water is poured in from a pipe and destructs the
different types of Bunny soil-structure. As water seeps into the soil-structure, its capillary forces decrease. (a):
Sand-like soil fails to stay in the shape of Bunny due to their non-cohesiveness behavior. (b): While the soil
with a low coefficient of the capillary cannot support the Bunny’s shape’s integrity, it can retain its outline.
(c): Thanks to our capillary model, the clay-like soil can entirely stay the shapes of Bunny.

Volume Fraction Based Approaches. To simulate various phenomena of fluid-fluid interactions,
a dynamic phase transitions model was proposed by Miiller et al. [2005]. Nielsen and @sterby [2013]
utilized the air-water volume fraction model to simulate phase transitions, making water spray
simulation possible. Ren et al. [2014] extended the two-phase flow model to a multiple fluid mixture
model. An energy-based fast multiple fluid model is presented by Yang et al. [2015]. Additionally,
the volume fraction model can also be implemented in the MPM [Yan et al. 2018] framework and
implicit incompressible SPH [Jiang et al. 2020] framework to simulate the miscible and immiscible
fluids. As for the interactions between solid and liquid, Yan et al. [2016] extended the mixture model
introduced by Ren et al. [2014], improving the phase transitions between solids and fluids. Yang
et al. [2017] introduced a unified particle system framework, which can simulate the multi-phase
and multi-material visual effects. Although these approaches well achieved multi-material visual
effects and the mixture of granular materials and water, they took no account of internal erosion
phenomena, which is reconsidered in our seepage flow model.

MPM for Sand-Water Mixture. Recently, the development of MPM has been advanced due
to its visual plausibility on elastoplastic and granular materials simulations [Fu et al. 2017; Hu
et al. 2018; Jiang et al. 2017, 2015, 2016]. Previous works have also solved the interactions between
granular materials and water. A sand-water mixture framework is implemented by the semi-implicit
two grid MPM [Tampubolon et al. 2017]. Besides, a mixed explicit and semi-implicit MPM solver
has been proposed to simulate the particle-laden flow [Gao et al. 2018]. Concretely, Tampubolon
et al. [2017] focused on the landslides and debris flows that are similar to our simulation scenarios.
The model they adopted can simulate internal seepage erosion and achieve the overtopping flow
scenarios mild extension. However, they used the MPM approach, whereas we use a particle-based
SPH-DEM system for soil-structure destruction visual simulation. Unlike particle-laden flow by Gao
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Fig. 5. Cross section of dam breaking in Figure 9.

et al. [2018], which can simulate sediment transport, sedimentation, our model focus on different
types of soil-structure destruction due to internal seepage erosion.

Sand-Fluid Interaction. Rungjiratananon et al. [2008] introduced the SPH-DEM coupling
framework to simulate the sand with wetting effects. Their wetness propagating method uses
isotropic diffusion to realize the wetness values transferred between sands by absorbing water
particles. In contrast, we develop a seepage model that considers sand particles’ void ratio as a
significant factor for anisotropic diffusion between sands. While the granular materials as the porous
flow [Lenaerts and Dutré 2009] can easily simulate the dry sand to mud behavior, the granular
particles’ permeability is neither easily controlled nor suitable for overtopping flow simulations.

Multi-Scale Model. Fei et al. [2017] proposed a multi-scale model-based framework for liquid-
hair, liquid-fabric [Fei et al. 2018], and shear-dependent liquids-strands simulation [Fei et al. 2019].
Their works adopted an empirically validated drag model and a surface tension-induced cohesion
model for simulating the interactives between materials with surrounding fluid volume, which are
similar to our seepage model and capillary model. However, our framework can compute the drag
forces between the fluid particles and surrounding soil particles and allow fluid particles to seepage
into soil structures for observing the infiltration situation. As for our capillary model, extra fluid
particles will not be configured in soil structures. Instead, we assume that there is a small fixed
volume of liquid bridge between soil particles. Only when the actual fluid particles seepage into
soil structures can cohesion forces between the soil particles dynamically change.

SPH-DEM Coupling. SPH-DEM coupling method is commonly used in engineering literature
works for fluid-solid interaction(FSI), such as seepage flows [Harasaki and Asai 2016], landslide and
surge waves [Tan and Chen 2017], and granular flows [Daviet and Bertails-Descoubes 2017] simu-
lations. Other engineering literature works utilized the seepage force for coupled flow deformation
analysis [Bui and Nguyen 2017] or fluid-granular interaction analysis [Xu et al. 2019]. Several
attempts have been made to simulate the solids, such as coupling discrete elements and then couple
them with liquid computed by the drag force(seepage force)[Sun et al. 2013; Zhou et al. 2010].
On this basis, a non-spherical DEM particulate system for particle-fluid flow was developed by
Zhong et al. [2016]. A computational fluid dynamics solver for internal seepage erosion simulation
was proposed by Xiao and Wang [2020]. In contrast to these approaches, which mainly focus
on numerical precision and analysis, our work brings up a novel SPH-DEM visual simulation
framework with a water saturation-based capillary model and adhesion model to capture the wide
range of soil-water mixture phenomena.
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Fig. 6. Liquid bridge between two soil particles.
3 SOIL MATERIAL SIMULATION

In this section, we describe a capillary model based on the DEM method. It is capable of simulating
sand-like or clay-like soil behavior materials. The clay-like material plays an essential role in
affecting structural failure, which is hard to deal with the standard DEM. In describing the physical
models, our notation uses subscripts i, j to indicate the fluid particles related to the seepage flow
model and k for soil particles related to our capillary model.

3.1 Discrete Element Model

DEM is a Lagrangian-based simulation model for granular medium, widely used in soil mechanics-
related fields [Cundall and Strack 1979]. Each particle k in the DEM system is a rigid body with
position x; and radius ;. When the distance d = [|xk i, || < 1%, + rx, between particle k; and k;
(two DEM particles collide penetrate with each other), the normal force F} and tangential force F},
acting on particle k, define as [Hentz et al. 2004]:

Xkik
FZ:KN(rk1+rk2—d) 1=
[ETA
Xkik,
fi = -Kr(ik, — Okk, - 7
k R A
[IFZ |ltan ¢
o T LI > (IR ang)?)
—_ 2
f,tc2 (otherwise)

where Ky is the normal stiffness coefficient related to Young’s modulus Y, K7 is the tangent stiffness
coefficient related to the Poisson’s ratio v, ¢ is the friction angle, and xy,x, = xk, — Xk,, Vk,k, =
Ok, — Uk,

3.2 Capillary Action

Capillary action, enabling the soil to retain a small amount of water, is more commonly seen in
the porous media. From a microscopic point of view, water between soil particles forms a liquid
bridge due to the surface tension of the liquid. As a result, the liquid bridge induces attractive forces
between soil particles, which play a vital role in representing the behavior of natural or human-
made soil structures. Rungjiratananon et al. [2008] computed the wetness of granular materials by
the liquid bridge based on the amount of wetness stored in the sand particles to compute the liquid
bridge forces. In contrast, we adopt a total energy theory [Rabinovich et al. 2005] to capture the
capillary action between the soil particles, which aims to keep soil structures stable without any
actual water particles.

3.2.1 Total energy based capillary force. A liquid bridge is usually formed on the solid surface,
which is induced by the surrounding vapor; it can spontaneously condense to the liquid and
attach to the surface of the solid. As for estimating the capillary forces between two solid surfaces,
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Fig. 7. (a) Compaction curve and zero air voids curve illustrated from laboratory data [Kaliakin 2017].
(b) Composite Bézier curve.A composite Bézier curve for optimum moisture content based function T'(-).
In this example, we set yp = 0.8, Spe = 0.1, yme = 1.0 and ysqr = 0.1.

Rabinovich et al. [2005] considered that not only the energy of the solid surface under the liquid
bridge is indispensable, the energy of the liquid bridge itself (meniscus energy term) should also
be taken into account. Moreover, they provide experimental measurements that have verified this
method’s effectiveness by atomic force microscope (AFM). Therefore, we extend this method to
the DEM and use the optimum moisture content curve to manipulate the effect of capillary forces.
Notably, the total energy theory can only be established when the liquid bridge volume V};, is of a
low constant value. The dimensionless capillary force between two spherical particles is given by
Rabinovich et al. [2005]:

FCP — fCP,Sf +f(;p,m8n (1)
fcp,sf _ 2myr cos(6) @)

T 14 H

1+ _H+\/@
PN = _2yr sin(g) sin(g +0) ®

In this equation, the meniscus energy term f°’™" represents the vertical component of the
liquid bridge surface tension [De Lazzer et al. 1999]. And surface energy term 75/ can be derived
by the energy of the solid surface under the liquid bridge [Israelachvili 2011], and we provide the
detailed derivation in Appendix A.1:

E = —2myr’$? cos(0) (4)

where y is the surface tension, r is the particle radius, 0 is the contact angle. H is the distance
between two soil particles. And ¢ is the half-filling angle as shown in Fig 6 which can be computed
by:

H Vi
== [-1+4/1+
9 r ( nrH?

Liquid bridge volume Vj;, is 0.1% of the fluid particle volume. Figure 6 illustrates the liquid bridge
between two soil particles.

®)
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3.2.2 Compaction curve based capillary model. In order to achieve the stable human-made
soil-structure simulation, we assume that there is a virtual small fixed volume of liquid bridge
between soil particles. Since the soil particles do not interact with actual fluid particles, we assign
the liquid bridge volume to a fixed small value when computing the capillary forces between soil
particles in Equation 1. As for soil particles interacting with actual fluid particles, despite the volume
of fluid-particle V; > Vj;,, we regard the soil-fluid interaction as a compactive-effort-like behavior,
which can reproduce the soil-structure destruction scenarios. Since soil compaction plays a vital
role in human-made structures construction, either lower water contents or higher water contents
will cause the destruction of structures [Yusoff et al. 2017]. Thus, we take the compaction curve
into our capillary model, which means that the stability of soil structures can only be maintained
at the optimum moisture content point(maximum capillary force). The relationship between the
moisture content and dry unit weight is illustrated in Fig.7a by laboratory data [Kaliakin 2017],
compared with the zero air voids curve and the compaction curve. In order to adjust the visual effect
of soil-structure destruction, we propose a composite Bézier function I'(-)(Fig.7b) to dynamically
adjust the coefficient based on the optimum moisture content curve. Additionally, one should
consider that when the distance between two soil particles exceeds rupture distance d;.,, the
liquid bridge will be stretched to break in apart. With respect to the separation distance, Lian et al.
[1993] discovered the property that the rupture distance is proportional to the cube root of the
liquid bridge volume. Following this phenomenon, Willett et al. [2000] proposed a more precise
approximation formula for determining the rupture distance in liquid bridges between particles of
different size. Since our framework only supports equal particle radii, we use a revised equation of
the rupture distance [Willett et al. 2000] to constrain the capillary model, as follows:
1 2

drup = (1+0.50)(V,; +0.1V,}) (6)
As for implementing the capillary model in our framework, only if the distance d between two
particles is less than the d,,;, and does not penetrate with each other, the capillary forces can be
accounted into our framework. Combined with the concept of rupture distance d,,,; our compaction
curve based capillary model is defined as:

cp
Fk

[EZA

B {—r(s,;)( fepmen g fepsfy Zak 0 < H < dpyp -

0 (otherwise)

where S_is the saturation degree of particle k, I'(-) is the optimum moisture content based function

that created by a composite Bézier curve, which is controlled by three points Py (0, ¥o), Prmc (Smes Yime)s
and P4t (1, Ysar)- Yo presents the initial capillary coefficient at the initial degree of saturation, ysa;
is the capillary coeflicient of soil at the fully saturated situation, y,,. is a user-defined capillary
coefficient of soil at the optimum moisture content Sy,.. Specifically, yo plays an essential role in the
simulation of stable soil structures, but an excessive capillary force may trigger unnatural physical
phenomena. Thus in our work, y, varies between 0.6 to 0.9, y,. is around 0.8 to 1.0, and ys4; is
around 0.0 to 0.1 (should not exceed the value of y,). Figure 7b displays a composite Bézier curve
which is typically used in our experiments.

4 SEEPAGE FLOW SPH SIMULATION

Our seepage flow model is based on the SPH methods widely used in fluid simulation due to their
efficiency and straightforward implementation. By introducing the seepage force and buoyancy
force into the SPH momentum equation, we develop an SPH framework for simulating the effect of
water flowing into the soil structure. In this section, we will briefly introduce the foundations of
our seepage flow model.
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: SPH

! DEM
Fig. 8. Seepage flow in particle view. In our SPH-DEM framework, the water particles can smoothly
pass through the soil structures constructed by the soil particles. The blue and brown particles respectively
represent the SPH and DEM particles.
4.1 SPH fluid simulation

SPH is a Lagrangian-based simulation method that was proposed initially for astrophysics simula-
tions [Lucy 1977]. A constant property ¢(x) can be approximated by interpolating between the
respective property values around the point x [Monaghan 1992] using the following formula:

mj
p(x) = D §i—Wij(xi = xj, h)
JjEN J
where ¢; is the continuous property value at particle j, N is a set of neighboring particles, m; is
the mass of particle j, p; is its density, Wj; is a kernel function with smoothing radius h which the
2 ':—jjm ; = 1 should be satisfied. And x;, x; respectively represent the position of particle i, j.

4.2 Seepage Flow Model

The seepage flow mainly occurs in water flowing through the soil structures when there is a
difference in water levels on the two sides. The behavior of the saturated soils is determined by the
interactions between the soil structure and the water. A mixture theory for drag and buoyancy
terms was initially proposed by Anderson and Jackson [1967]. Then Bowen [1976] used momentum
exchange terms for handling the mixture of elastic fluid(gas) and porous soil media. Bui and Nguyen
[2017] adopted the momentum exchange terms for computing the force acting on the fluid phase
due to the soil structure, as follows:

yw(—ny)’
R=-22"""" (v, -05) —-nsVpy, ®)
Cknw
——
drag term buoyancy term

where y,, is the unit weight of water, n,, is the volume fraction of water, n; is the volume fraction
of soil, C, is the Kozeny—-Carman’s constant from laboratory test [Bear and Cheng 2010], v,, and
v, respectively represent the velocity of soil and water in the porous medium. In our method, we
use an average water velocity vy which is around the soil particle k to replace the computation of
V., as follows:

- 205V Wj
) ——
25 ViWej

Bui and Nguyen [2017] derived the momentum exchange term for seepage flow and came up
with a continuum theory, whereas we develop an SPH-DEM framework aiming to capture various

©)
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Cq=0.015
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Fig. 9. Dam breaking. Here we present two different destruction types of soil structures related to our
drag coefficient C4. Top row: Dam breaking scenario caused by internal seepage erosion with a low drag

coefficient. Bottom row: Based on the capillary model and a high drag coefficient, we can easily simulate the
dam breaking under the overtopping flow.

soil behaviors. Specifically, Figure 8 shows the SPH particles can smoothly pass through the soil-
structure(assembled by DEM particles), which gives drag and buoyancy force to DEM particles and
receives the symmetric forces from DEM particles. Thus, we can utilize the porosity of particles for
replacing the void fraction of water n,, in Equation(8). Despite the 3} ; V;W;; = 1 already known in
SPH approximation, the volume fraction value of water particle i can be defined as:

nj=1- Z VieWik (10)
3

where Vi is the volume of soil particle k, and n; is the volume fraction of water particle i.

The drag term in Equation(8) relies not only on the relative velocity of water but the local density
of neighboring solid particles should also be taken into account, and the latter can be captured by
the average local voidage [Sun et al. 2013]:

2iniViWi
n =2 (11)
2 ViWik
In order to manipulate the seepage rate, we use the coefficient of drag force Cy to replace the
Kozeny—-Carman’s constant in the drag term part of Equation(8). The drag term in Equation(8) for
soil particles k can be expressed as:

2
O — Uk) (12)

According to Newton’s third law of motion, the reactions of the drag force acting on the soil
particles are defined as a portion of the drag force proportional to the weight of water particles.
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Thus the symmetric drag force from a soil particle to a water particle F¢ can be written as:

F
Fi=) —*k yvw, (13)
1 Zk: i ViWg

Notably, the average drag force for soil particle k should be computed first.
The buoyancy term in Equation(8) for soil particle k can be derived by the thermal energy, which
is similar to the Hamiltonian framework [Price 2012]:
m;
Fl ==V )" —Lp;TWy (14)
7 Pj
Similar to Equation(12), buoyancy is also an interactive force acting between solid and liquid.

Therefore, the symmetric buoyancy force of Equation(14) from a soil particle to a water particle
can be written as:

m
Fy = =220 ) ViV (15)
! k

4.3 Saturation-based Adhesion Model

While in Section 3.2, we describe a capillary model for soil particles, the assumption of total energy
theory is the volume of the liquid bridge being of a fixed constant value. That means the capillary
model is unable to achieve the molecular interaction between soil and sand particles. We adopt the
fluid-solid adhesion model proposed by Akinci et al. [2013], who use a steep parabolic function, to
produce robust and attractive forces gathering fluid particles in the SPH kernel, as follows:

Xik
llxill +n
where A(-) is a spline function that created by SPH [Akinci et al. 2013]:

Ay < 2007 {,4/_4—;f+6r—2h 2r>hAr<h
0

k3 (otherwise)

Fi=m; Z I (ng)mAix (16)
%

As for I'(+), we use a similar composite Bézier curve(Figure 7b) to replace the adhesion coefficient in
Akinci et al. [2013], but we need another set of coefficients to define the optimum moisture content
based function. ffy presents the initial adhesion coefficient at the initial degree of saturation, fs4;
is the adhesion coefficient of soil at the fully saturated situation, f,. is a user-defined adhesion
coeflicient of soil at the optimum moisture content Sp,.
As for soil particles k, we use a similar strategy in Equation(12), the symmetric adhesion force
can be expressed as:
a F;
F¢ Zj: SVowe Vi W 17)

where k’ presents the the neighboring soil particles of soil particle k.

4.4 Implementation

Algorithm Framework. The implementation of our method uses weakly incompressible WC-
SPH [Becker and Teschner 2007] for liquid simulation and DEM [Cundall and Strack 1979] for
granular simulation. Since our seepage flow based SPH-DEM framework mainly focuses on han-
dling the interactions between water and soil particles, it is possible to integrate our framework
with incompressible methods directly, likes PCISPH [Solenthaler and Pajarola 2009], IISPH [Thmsen
et al. 2013], or DFSPH [Bender and Koschier 2015]. As drag term, capillary term, and adhesion term
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Fig. 10. Multiple failure modes of the dam in a valley. Here we show an example of different dam
materials resulting in different failure modes in the floods. Three individual dams with respective drag
coefficient are setted up in a valley. Right dam: An unstable structure with high permeability, which can be
easily washed away by floods; Middle dam: A stable structure with low permeability making it only broken
down by overtopping flows; Left dam: A stable structure with high permeability is finally destructed by
internal seepage erosion.

are not directly related to pressure, they can be treated as external forces, and the buoyancy term
acting on the soil particles depends on the pressure of the surrounding water particles. In the case
of method IISPH, the computation of the buoyancy term has to be performed after pressure solver.

As for the boundary handling, we use the particles obtained by sampling the surface of rigid
objects as boundary particles. To ensure that SPH particles near the boundary do not reproduce
the clustering and penetrating problems, we implemented the Akinci et al. [2012] method in our
framework. In addition, when calculating the interaction between DEM particles and boundary
particles, we only need to regard the boundary particles as DEM particles directly and without
modifying any parameters.

Moreover, our framework can be easily implemented in GPU for parallelization. For finding
neighboring particles, we employed a spatial subdivision technique described by Green [2010],
and we chose the SPH smoothing length h as 4r. It is worth noting that each particle of soil and
water should be labeled as a different group to avoid incorrect neighbor searching. For all scenes
in our experiments, water particles that have a rest density of 1000. As for soil particles, with a
rest density of 2700, Young’s modulus Y = 1e®, Poisson’s ratio v = 0.3, and friction angle ¢ = 0.5.
All algorithms, including the capillary and seepage and adhesion models, are summarized in the
supplemental document.

Time Stepping. The Rayleigh criterion is implemented in our framework for determining the
time step of soil particles, which is based on the energy that cannot propagate from a particle to
its neighbors in a single time step [Tavarez and Plesha 2007]. Similar to Burns et al. [2019], the
Rayleigh timestep can be described by:

_ mmin(ry) P
Atsoil = ﬁ \/; (18)

B =0.8766 + 0.163v
As for the time step of fluid particles, we adopt the method proposed by Goswami and Batty [2014]:

A
Atfria = min {Cir,,lf o } (19)

S Fmax

Then we choose the smaller At computed from Equation(18) and Equation(19) as the final time
step for our framework.
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Table 1. Performance for our experiments

Experiment ‘ sec/step steps/frame  maxAt  max SPH particles total particles

Example 1 0.13 202 1.6x 107 0 80k
Example 2 0.14 81 4.0x 107" 200k 520k
Example 3 0.14 81 4.0x107* 140k 500k
Example 4 1.19 81 4.0x 107 300k 1.4m
Example 5 1.05 81 4.0x107* 420k 1.8m

We have implemented our framework on an NVIDIA GeForce RTX2080Ti 12GB GPU. We used
Houdini to reconstruct the fluid surface, and images were rendered with Redshift. Our experiments
in Section 5 typically run at time steps between 1x10~* and 1x 107>, Table1 records the performance
of our SPH-DEM framework for the experiments shown here.

5 RESULTS

This section briefly describes various experiments to demonstrate our framework, which captures
a wide range of phenomena for the soil-water mixture. The critical value of parameters used in our
experiments can be found in Table2.

Example 1:Soil pouring. Figure 2 demonstrates the capacity of the capillary model for capturing
the realistic sand-like and clay-like soil behaviors. In Figure 2(a), the sand-like soil presents its
loose features when poured quickly through the funnel. Whereas in Figure 2(b), we utilize the
capillary model with a low surface tension coefficient, the soil particles have a low viscosity, and
some of the soil particles attach to the surface of the funnel. As shown in Figure 2(c), the clay-like
soil performs a vital cohesiveness characteristic. As a result, the large quantity of the soil particles
gathers together to form a massive clay, making it difficult to pass through the funnel.

Example 2:Sandy chess piece flooded with water. Figure 3 simulates sandy chess piece de-
struction caused by water poured into a cup. In this example, we compare two visual effects of the
soil-water mixture under different coefficients of the adhesion model. Figure 3(Top row) shows
that the water particles cannot adhere to the soil particles’ surface without the adhesion model.
As a result, the bulk of the soil particles have large capillary forces in forming the sediments. The
adhesion model in Figure 3(Bottom row) presents that the water particles can easily adhere to soil
particles and reduce the cohesive forces.

Example 3:Destruction of sandy and clay soil structures. In Figure 4, three different types
of Bunny soil structures are destructed by the pouring water. As water seeps into the soil structure,
it decreases the capillary forces between soil particles. The top row in Figure 4 presents the sand-like
soil that cannot stay in the shape of Bunny due to its non-cohesiveness behavior. The middle row
shows the effect of soil particles with a low coefficient of surface tension. Thanks to our capillary
model, the bottom row in Figure 4 displays that the clay-like soil can entirely stay the shapes of
Bunny.

Example 4:Dam breaking. Figure 9 demonstrates different types of dam-breaking simulations.
A lower drag coeflicient in the seepage model usually leads to a higher seepage water flow rate in
soil structures, while a higher drag force can strongly resist the seepage flow. As shown by the top
row in the 9, the soil structure is steadily eroded by the water internally. The bottom row reproduces
the overtopping flow disaster. In contrast to the volume fraction-based frameworks [Yan et al. 2016;
Yang et al. 2017], our framework represents the infiltration situation of fluid in soil-structures
(Figure 5) and realizes different destruction types of granular material-based structures simulation
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(Figure 9). Unlike the dissolution process-based fluid-granular mixture effect in Yan et al. [2016];
Yang et al. [2017], we reproduce the fluid-granular mixturing scenarios through seepage process.

Example 5:Multiple failure modes of the dam in a valley. In Figure 10, different materials
of the dam result in different failure modes in the floods. The right side dam is designed to be an
unstable structure with high permeability, which floods can easily wash away; the middle one
is stable with low permeability but can be destroyed by overtopping flows; the left one has high
permeability with a stable structure that is finally destructed by internal seepage erosion.

6 DISCUSSION AND FUTURE WORK

We have developed a soil-water coupling framework to simulate the phenomena of soil-structure
destruction. A variety of experiments on destruction simulation have made it simpler and more
comfortable implementing the novel approach, which can capture multiple visual effects, including
wet granular materials, clay-like soil simulation, and soil-structures destruction, as shown in the
experiments above.

Our method uses a water saturation-based capillary model and adhesion model for resolving the
interactions between soil and water. We only need to assign an optimum moisture content curve to
compute the capillary and adhesion models’ coefficients. This approach can be implemented in
other SPH frameworks for soil-water mixture simulation. However, it does not take into account
the chemical reaction between the soil particles and water particles. As a result, it is possible to
capture the effect of water particles attached to soil particles’ surface, but the phenomena like the
dissolution of soils in Yang et al. [2017] is not included, and the non-Newtonian fluid which caused
by miscible soil-water in our framework has not been taken.

Although our capillary model can alter the behavior of soil particles, rendering the high resolution
of soil particles will reduce the maximum timestep. Thus, the computation cost and computation
time will be significantly increased and even more than the hybrid methods. Other than that, since
the capillary force model cannot detect whether the soil particles are underwater or not, an artificial
phenomenon similar to "spherical clumps" is observed in our experiment. Because the water content
of soil particles is related to the volume of surrounding water particles, especially those located
near the central part of the "spherical clumps", their water content can not be computed correctly.
We have attempted to resolve this issue using more significant adhesion coefficients as in Figure
3 (Bottom row). However, a larger selection of coefficients may cause the wet soil particles to be
uniformly distributed into the water rather than settling near the bottom. In the future, we would
like to resolve this artificial phenomenon without the requirement of parameter tuning.

The seepage flows are represented in our framework by linear drag term and buoyancy term,
which can easily control seepage rate and soil permeability. However, the porosity of particles
is inaccurate in our framework due to the unified radius particle. In the future, we prefer to use
multi-radius particles and non-spherical particles as parts of our soil structures for attaining a more
accurate porosity. While our dam breaking example presents the effectiveness of our linear drag
term, the linear drag term cannot be applied to turbulent scenarios, which need to be discussed in
further research. Furthermore, we would like to improve our framework’s performance, significantly
reducing the cost of computation dealing with the high resolution of soil particles. Lastly, we hope
to capture non-Newtonian fluid phenomena (e.g., debris flows) and chemically reaction interactions
between soil and water in our future works.
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Table 2. Table of parameters

EXPeriment ‘ YO/YmC/Ysat ﬂO /ﬁmc/ﬁsat Cd

Example 1 (0.0,0.08,0.15)/—/— - -

Example 2 0.8/1.0/0.1 (-,2.0)/(~2.2)/(~,1.0) 0.1

Example 3 | (0.0,0.08,0.8)/1.0/0.1 1.0/1.2/0.3 0.05

Example 4 0.6/1.0/0.1 1.0/1.2/0.3 (0.015, 0.05)

Example 5 0.6/1.0/0.1 1.0/1.2/0.3 (0.02,0.015, 0.05)
A APPENDIX

A.1 APPENDIX A. Derivation of Equation(2)

This appendix shows the detailed derivations of Equation(2). The adhesion force between two spher-
ical particles or two planar bodies can be computed by the Derjaguin approximation [Israelachvili
2011], which is related to the interaction free energy E(H) is given by:
dE

dH

In order to compute the surface energy term of liquid bridge, we substitute Equation(4) to Equa-
tion(20). Surface tension force between two spheres with a liquid bridge can be expressed as:

F(H) = - (20)

dE d
fCP’Sf = - = 47ryr2(;5 cos(@)% (21)

The volume of liquid bridge can be approximately computed by geometrical method [Rabinovich
et al. 2005] as follows:

1
Vip = nri®H + Enr3¢4 (22)

Despite that the volume of liquid bridge is a fixed value in total energy theory, % = 0, substituted
by Equation(22):
d 1
A (@)
3 + rg{)

Combine Equation(5), Equation(21) and Equation(23), it leads to result of the right-hand side of
Equation(2).
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