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Abstract

In this report, I talk about my work on fluid simulation and erosion simulation. First some background knowledge
about both fluid and hydraulic erosion simulation is discussed and then some technical details about a levee ero-
sion simulator is presented. Some implementation results of the system are also presented and discussed. Finally,
I will also discuss the difficulties I faced when doing the project and some work that can be done in the fuure to

improve the system.

1. Motivation

Levee failure can lead to great disasters to human beings,
especially when it happens in some areas with large pop-
ulation, such as New Orleans. As a result, more and more
study need to be done on analysing the erosion of levees
by flood. A research project about simulating levee erosion
is currently going on in the Computer Graphics Group of
RPI. As a member of the group, I am enrolled in the project.
That’s reason why I have chosen to do something about sim-
ulating levee erosion. In this report, I will present my work
on fluid simulation and erosion simulation.

2. Previous Work

The work presented in this report is primarily based on pre-
vious work in the areas of fluid simulation and hydraulic ero-
sion simulation, which are presented respectively as follows.

2.1. Fluid Simulation

Fluid simulation has been an active research field for a long
time. Many researchers have done a lot of work on simu-
lating water and smoke. Harlow [HW65] is the first one who
uses numerical methods to solve the Navier-Stokes Equation
and simulate fluid based on that. In his paper, he describes
a numerical investigation of time-dependent flow of imcom-
pressible fluid, where the full 2D Navier-Stokes Equations
are written in finite-difference form and are solved by dis-
cretizing both spatially and temporally. Based on the work
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of Harlow, Foster [FM96] presents a method that creates
fluid-like animations by solving Navier-Stokes Equations in
3D. Many effects such as swirling motions and flow past
objects can be obtained automatically by this method. One
advantage of Foster’s method is that it is easy to code be-
cause it is based on a finite differencing of the Navier-Stokes.
That makes Foster’s paper one of the most popular paper
in the field of fluid simulation and a lot of work has been
done based on it. But one disadvantage of it is that the time
step used for the simulation must be small enough to avoid
"blow-up". Such an disadvantage limits the speed of the sim-
ulation and thus makes it not suitable for real-time applica-
tions. In a later paper [FFO1], Foster presents some work that
can be done to make the simulation more stable and practi-
cal.

To produce real-time simulation, Stam [Sta99] introduced
a semi-Lagrangian method that allows large time steps in the
simulation by solving the Navier-Stokes Equations implic-
itly. Stam’s algorithm is fast because it only needs to solve
a large sparse system of equations that takes only O(n) time.
But one disadvantage of it is that it suffers from too much
numerical dissipation and would not be accurate enough for
most engineering applications.

2.2. Hydraulic Erosion simulation

Mei et al. [XMHO7] presents a efficient method to model
hydraulic erosion phenomenon. Their method is based on
the velocity field of running water, which is created with an
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efficient shallow-water fluid model. The calculated velocity
field is used to compute the amount of eroded and deposed
soil. The model of erosion calculation in this paper is used
in my project.

Based on some results from [ XMHO07], Stava et al. [OS08]
presents a method of simulating the erosion of soil by flows.
Their simulation is based on height field and pipe-model and
four different types of erosion are simulated to generate real-
istic results. Previous to that paper, the authors present a sim-
ilar method [BB06] based on voxel grid and Navier-Stokes
Equations.

3. Fluid Simulation

In my project, my codes of fluid simulation are primarily
based on the codes of the second course project, which is an
implementation of the method introduced in Foster’s paper
[FMO96].

3.1. Navier-Stokes Equations

Navier-Stokes Equations are a set of equations that com-
pletely descibe the motion of a fluid at any point within
incompressible flow such as water. In three-dimension,
Navier-Stokes Equations can be written as follows:
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Here v, ¢, p, p and 1 stand for velocity, time, pressure, den-
sity and viscosity, respectively. The left part of Equation(1)
is the acceleration of the particle. On the right hand side,
the gradient of pressure represents the force between par-
ticles in normal direction while 1V?y stands for the force
between particles in tangent direction (force caused by vis-
cosity). Furthermore, Equation(2) comes from the fact that
the density is constant at any point in incompressible fluid.

Following the way described in Foster’s paper, we first
need to discretize the Navier-Stokes Equations using finite
difference approximation before solving it. And then we can
use the discretize equations to calculate the velocity field
in the next step based on that calculated in the previous
step. With respect to Equation(2), a relaxation method is em-
ployed to iteratively update the velocity field for a sufficient
large number of times in each time step.

3.2. Fluid Tracking

To track the position of the fluid, the Marker Particles
method is introduced. A number of massless particles are

convected in the fluid with local fluid velocity. The veloc-
ity at the location of a particle is calculated using an area
weighting interpolation over the four nearest cell velocities,
and then the resultant velocity is multiplied by the time step
to get the new position of the particle. According the po-
sitions of the particles, we then labled each cell with as
EMPTY, SURFACE or FULL as described in Foster’s pa-
per.

3.3. Boundary Settings

In order to make the implemenation complete, we need to set
up the boundary conditions. For rigid boundaries, we need
to have v- e, = 0 in the Navier-Stokes Equations. In other
words, in the cells ajacent to the boundaries, the velocity per-
pendicular to the boundary should be set to zero. And if the
boundary is non-slip, the tangential velocity at the boundary
is set to zero. Otherwise, the boundary velocity should be
set so as not to affect the tangential velocity at the boundary.
Furthermore, the pressure in boundary cell is set to be equal
to the ajacent full cell.

The cells representing the levee is generally treated as the
boundary cells. But note that the setting in the levee cells
should be slightly different from that in the boundary cells.
The reason is that each boundary cell can only be ajacent to
one non-boundary cell, while each levee cell can be ajacent
to as many as five. So in order to make the levee as slip-
boundary, we can not simply set the tangential velocity at the
levee cells as we do at the boundary cells. What I do here is
to make the tangential velocity identical to the velocity of its
ajacent full cell whenever it is used for calculation. Finally,
inflow and outflow need to introduced into the system. The
inflow cells are fixed on the left boundary and the number of
the inflow cells is adaptive to the current height of the water.
Furthermore, the velocity at the inflow cells are fixed. The
velocity at the outflow cells are set to be the same as that in
the ajacent cells so that the fluid can flow out of the syste so
that it does not cause upstrean artifacts.

3.4. Simulation Results

Some screen shots of fluid simulation are shown in Fig.1.
The resolution measured in number of cells is 30 * 12 * 1, the
size of each cell is 0.1 0.1 %0.1 and the time step is 0.005
second.

4. Erosion Simulation

To specify the existence of the levee, I add one more sta-
tus for the cells, namely LEVEE. For each cell with LEVEE
status, I associate it with a certain amount of soil at the be-
ginning. As we know, levee failure results from the accu-
mulation of levee erosion. When water flows over the levee,
some soil will be eroded and transported by the water. This
process is primarily determined by the transport capacity of
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Figure 1: Screen shots of fluid simulation.

the flow [JS85]. As in [?], we employ the following equation
to calculate the transport capacity:

C =K, -sino.- v, 3)

where K. is a sediment capacity constant, ¢ is the local tilt
angle and v is the component of the velocity parallel to the
eroded surface. Note that we have ignored the sediment here
because it has little effect on the levee erosion. According to
the equation, for the very flat terrains where the o value ap-
proaches zero, C will be very small, meaning that the water
flow would pick up very little soil and the erosion effect is
indistinctive. Therefore we need to limit the value of o by a
pre-specified minimum threshold.

With the transport capacity calculated, the amount of soil
eroded in a single time step can be calculated as follows:

S=C-T, 4

where T is the length of the time step. And then in each time
step, we subtract the eroded amount from the eroded cells.
When the soild amount of a cell reduces to zero, its status is
changed from LEVEE to FULL.

5. Implementation Results

A series of images illustrating the process of levee erosion
are shown in Fig.2. The resolution of the simulation is 60 x
24 x 1, the size of each cell is 0.1 % 0.1 x0.1 and the time
step is 0.005 second. The simulation, performed on a laptop
computer with 1.73 GHz dual-core CPU and 1.00 GB RAM,
took approximately 7 minutes. In the simulation, the water
comes from the left boundary and overtops the levee as water
level rises. The base of the levee on the other side of the
water source is the portion being eroded first because the
water over it is runs with high velocity. Almost the whole
levee has been eroded at the end of the simulation.

6. Difficulties, Shortcomings and Future Work

One primary difficulty of the project is to make the fluid sim-
ulation stable. The codes are not easy to debug and there are
a lot of small details that need to be taken care of. The first
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thing is that the time step must be small enough. According
to Foster’s paper, in order to make the system stable, the re-
lationship between the time step and the spatial resolution
should at least satisfy the following constrain:
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So in order to make the simulation system, we need to in-
crease the computational cost, namely reducing time step or
increasing the size of the cells. But in actual cases, the sys-
tem still crashes even we use small time steps, because the
velocity can sometimes become quite large. Another thing
we need to take care of is the value of the erosion constant in
Equation(3). To make the erosion realistic, we need to give a
correct value to that constant and thus take properties of the
soil into consideration.

There are several problems in the current version of the
simulator and thus a lot of work needs to be done in the
future. First of all, the system is not so stable. It sometime
crashes even with small time step (see the Fig.3). There can
various reasons for that, thus it will take sometime to debug
the codes. Second, now the model of the levee can not be
loaded into the system automatically, so some work needs
to be done on that. Third, both the model of erosion now
used in the system and the configuration of the constants
may be inacurate, more consideration is needed for that. Fi-
nally, we may try some other methods of fluid simulation,
such as Smoothed Particle Hydrodynamics [DG96], and see
if that attains better results.

7. Conclusion

In this report, I have presented the work I have been doing on
fluid simulation and erosion simulation. A system that sim-
ulates levee erosion is presented and some implementation
results are discussed. Furthermore, some background knowl-
edge for the proposed system is also discussed. Since the
system is quite far from perfect, much improvement needs
to be done in the future. By doing this project, I have learned
quite a bit about the theories and implementation of fluid
simulation.
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Figure 2: Screen shots levee erosion simulation.
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Figure 3: The system crashes when & = 0.001 and dx = 3y = 6z =0.2.
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