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Abstract

The simulation of soil deformation in real-time is a challenging task. Realizing the strengths and weaknesses of
particle and mesh-based approaches we propose a hybrid model that combines both. Together with an adaptive
sampling method, which effectively reduces the number of particles in the simulation, and a selective update tech-
nique our method is applicable in real-time VR environments. Furthermore, in order to account for the high degree
of dynamics in soil behavior we consider soil as non-homogeneous and account for its degree of compaction. By
incorporating soil mechanical formulations in our model and considering several physically plausible parameters
the presented method allows for the simulation of soil as the material empirically investigated by civil engineers
and soil mechanicians for decades.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Virtual reality 1.3.5 [Computer Graphics]: Computational Geometry and Object

Modeling—Physically based modeling

1. Introduction

Soil exhibits a multitude of different behaviours depending
on material properties, soil formations and interactions with
the medium. The many phenomena of soil dynamics and
their great impact can be observed in everyday life. When
the foundation of roads or runways are prepared, soil com-
paction is used as a means to strengthen the soil in order
to make it more resistant to stress. Moreover, during trench-
ing in compacted soil, the side walls of the excavated trench
remain stable even in rather steep slope formations, while
the removed and dumped soil rests in a conical heap lim-
ited by a fixed angle, the soil’s angle of repose o [LH93].
The reason for this is that the removed part enters a loosely
packed state once escaping the confining pressure applied
by the surrounding soil area, as opposed to the trench’s side
walls which remain in their initial compacted state. On the
other hand, the same operation in dry, loose sand will result
in immediate collapse of the side walls as soon as the angle
of the sides exceeds a critical angle. After this small-scale
avalanche the soil will come to rest in a formation which
then again is subject to the angle of repose. The simulation
of these dynamic phenomena is of great interest in the field
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of operator training. The demands of real-time simulator en-
vironments are rather high concerning both realistic visual-
ization and physical correctness. Real life scenarios have to
be displayed with sufficient accuracy. Therefore, in Virtual
Reality (VR) training simulators for bulldozers, excavators
but also planetary rovers a balance has to be found between
interactivity and physical correctness of soil behavior. On
one hand real-time performance is inevitable. On the other
hand, also the highly dynamic effects of soil behavior have
to be taken into account since this is what makes dealing
with soil so challenging. Our main contributions are

e A new hybrid approach for the real-time simulation of soil
deformations based on a particle- and grid-based repre-
sentation of soil.

e The consideration of the soil’s degree of compaction for
the physically-plausible simulation of soil compaction
and soil erosion.

After a brief overview of the recent developments in soil
simulation in the following section, we will give some soil
mechanics basics. Then we describe our proposed method,
followed by a short outline of the applied real-time simu-
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lation techniques. We conclude with the presentation of re-
sults, future work and give a conclusion.

2. Related work

In this section we will review a selection of works that ad-
dress the problem of soil modeling in the field of Virtual
Reality and Graphics. The approaches can be divided into
mesh-based and particle-based methods.

Several of the mesh-based approaches use a heightfield
data structure, not only for visual representation but also as
underlying data structure of the soil simulated, one of which
is [SOH99]. The authors present a soil propagation approach
that is tailored to the animation of objects moving on ground.
As in our approach, the deformable ground is modelled
as rectangular soil columns represented by a uniform 2D
grid. By detecting object ground intersections the amount
of displaced ground is identified and propagated to the out-
side of the object’s contour. Several non-physical parameters
are provided that influence the appearance of the so-created
mound of material in space and time, e.g. the mound’s slope
or the material’s speed of propagation. A similar method is
proposed by Onoue and Nishita in [ONO3], who extend the
approach in [SOH99] by representing both ground and ob-
jects by height spans, therefore allowing for some 3D effects.
As in [SOH99] physical interaction between object and ter-
rain is not taken into account. In the earlier work of Chan-
clou et al., [CLH96], the authors choose a physically plau-
sible model. They consider loose soil as grains of sand in
collision and use an ideal elasto-plastic model for its sim-
ulation. By linking point masses in a finite element fash-
ion with plastic interactions even irreversible plastic defor-
mations can be simulated. Additionally a refinement model
is proposed to account for small-scale phenomena such as
slipping of material. Also in [LM93] soil is considered as
being subject to physical and mechanical laws. The authors
Li et al. regard soil as a homogeneous medium and do not
consider soil compaction. They choose a classical soil me-
chanics formulation, the Mohr-Coulomb criterion, as basis
for their model. A 2D view of soil is discretized as an ar-
ray of vertical slices where soil slippage occurs between two
neighboring slices if shear stress exceeds soil strength along
a possible failure plane. The exchange of soil matter on slip-
page is obtained locally for each pair of slices which leads
to a linear equation system that describes the global flow of
mass. The size of the system of equations depends on the
number of soil slices simulated. By arranging 2D models in
a hexagonal fashion the approach can be extended to 3D. The
soil physical properties cohesion, and internal friction angle
serve as parameters in the simulation. A 3D grid-based ap-
proach is presented in [RSJR09] for the simulation of bulk
solids. The authors propose a 3D cellular automaton with
each cell corresponding to a fixed volume of granular mate-
rial. The method supports two-way coupling of bulk solids
and rigid bodies.

We will begin the discussion of particle-based approaches
with the work of Zhu and Bridson in [ZB05]. The authors
combine and adapt the particle-based methods particle-in-
cell (PIC) and fluid-implicit-particle (FLIP) to simulate sand
in motion regarded as a fluid. By using a weighted average
of the particle velocities obtained by both methods, PIC and
FLIP, fine-grained parameterization of the material’s viscos-
ity is possible. The interaction of sand and water is addressed
by the authors of [RSKNO8], who use the Discrete Element
Method (DEM) for the representation of granular particles
and Smoothed Particle Hydrodynamics (SPH) for represent-
ing fluids. On collision between a granular and a fluid parti-
cle, the fluid particle is absorbed by the granular one and a
so-called wetness value of the granular particle increases ac-
cordingly. The absorbed fluid is propagated between neigh-
boring granular particles. In order to simulate the dynam-
ics of wet granular material resulting from the formation of
liquid bridges between solid grains, the amount of particle
wetness is taken into account in the DEM part of the simula-
tion. Also Bell et al. use a DEM approach to model the flow
of granular material [BYMOS]. They simulate angularity of
granular particles by modelling a grain as a bulk of con-
strained spherical rigid bodies. In order to allow for granular
material/rigid body interaction objects are covered with par-
ticles and included in the DEM simulation process. Bui et.
al note the advantages of particle-based approaches over the
conventional finite element method (FEM) when it comes to
large soil deformation and failure [BFSWO08]. They present
the strength of their SPH-based elasto plastic soil model with
the simulation of a slope failure scenario which includes in-
teraction of soil with earth retaining structures.

Even though grids, especially heightfields, can be an ef-
ficient choice for soil simulation, because of the highly-
plastic nature of soils, purely grid-based approaches are ev-
idently not a good choice for their simulation. On the other
hand, mesh-free methods like SPH or DEM are naturally
well-suited when it comes to large displacements in a body.
Unfortunately the strength of particle-based approaches to
model both small-scale and large-scale phenomena comes
with a weakness: the simulation of large deformable bodies
requires a very high number of elements in order to achieve
sufficient detail locally. This problem was addressed by Des-
brun and Cani in [DC99], and Adams et al. in [APKGO07].
Both works propose an adaptive sampling mechanism for
particle-based fluid simulations with the goal to use a higher
number of particles where necessary and to reduce the num-
ber of particles elsewhere.

3. Basics

In section 1 we mentioned the many effects of highly dy-
namic soil behavior and its impact on everyday life. How can
we explain these phenomena? Soils consist of a soil skeleton
formed by solid particles, e.g. quartz grains, and a consider-
able large part of voids, i.e. air and water. Thus, the total
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volume of soil is defined as Vr = Vg + Vyy where Vg corre-
sponds to the volume of solids and Vy to the volume of voids.
When a given soil mass is subject to compressive stress, the
soil grains approach and air and water are forced out of the
soil skeleton, which decreases the ratio of volume of voids
Vy to volume of solids Vg, called void ratio. The void ra-
tio e is a measure for the compaction of soil and it is de-
fined as e = Vi /V where a lower void ratio corresponds to a
higher compaction. The Mohr-Coulomb criterion describes
the shear strength of soil, i.e. its resistence to shear stress,
with given internal friction angle ¢, cohesion ¢ and under ap-
plied stress ¢ normal to the failure plane. Soil failure occurs
if at some point the shear stress applied to the soil exceeds
the shear strength. Therefore, this criterion can be applied to
determine the slope angle at which a terrain formation be-
comes unstable and hence slips. It is given by

s=c+o tand (D

with s denoting the soil’s shear strength. The quantities 5,0
and ¢ have dimensions of force per unit area. The internal
friction angle ¢ is a measure for the friction which acts inside
a soil mass. As mentioned in [Das83] the angle of internal
friction of granular soils is influenced by two factors which
both contribute to its magnitude: the constant angle of slid-
ing friction between the soil particles’ surfaces, ¢, and the
effect of particle interlocking, expressed as angle B, which
increases with particle angularity. We obtain the formulation
¢ = 0y + P for the angle of internal friction. It is a known
fact in the field of soil mechanics that the internal friction
angle of granular soils is directly related to the packing of
the particles, i.e. the degree of soil compaction. A denser
packing, i.e. a more compact soil formation, yields higher
internal friction. Since ¢, is a constant, B must increase ac-
cordingly. In other words: the denser the packing, the higher
the interlocking effect and hence, the more shear stress has
to be applied to overcome this effect [Das83]. Note that in
our model we ignore the small volume changes, called dila-
tency, as a result of the voids which emerge when the par-
ticles are lifted out of their locked positions. Returning to
the Mohr-Coulomb criterion given in equation 1, we see that
with higher soil compaction the shear strength of soil, s, in-
creases due to a greater ¢. When modeling terrain deforma-
tion, this highly dynamic behavior has to be accounted for.
The compaction of soil itself can be observed, e.g., during
traffic, which is a research interest in agricultural science.
The area of terramechanics concentrates on investigating the
behavior of wheeled or tracked vehicles performing on vari-
ous types of soil surfaces [Won08]. In both fields, the effect
of stress on the surface and its propagation in a soil mass are
of interest. Various formulations exist that define stress dis-
tributions in soil subject to point loads, circular shaped loads
or due to strip loads, so-called pressure bulbs [Won08].

Realizing the relation between degree of soil compaction
and strength of soil and the resulting effects on soil behavior
we see it as inevitable to consider soil as non-homogeneous

(© The Eurographics Association 2009.

material with different compaction degrees in the presented
approach. We figured that maintaining and evolving the lo-
cal compaction levels throughout the simulation is a requi-
site for simulating the dynamics of soil behavior described
above.

Figure 1: Model of a continuous soil body as 2-dimensional
array of rectangular soil columns and its visualization and
data representation by a heightfield.

4. Method

We propose a hybrid model for soil simulation which com-
bines grid-based and particle-based methods, hence allowing
us to take advantage of the strengths of both. Our approach
is motivated by the occurrence of soil in nature: in equi-
librium and not disturbed by outer forces soils remain in a
static state, not showing any movement, while once exposed
to a sufficiently high stress they show high plasticity. With a
mesh-free particle-based approach the soil can evolve freely
and unbound and therefore highly dynamic phenomena of
soil behavior can be simulated. On the other hand choosing
a heightfield as representation of soil in static state allows
for fast collision detection and easy visualization. We con-
sider the simulated soil as non-homogeneous by accounting
for the soil’s degree of compaction at each position.

In our approach we couple a heightfield for the representa-
tion of soil in its static state as in [SOH99], the soil grid rep-
resentation, with a DEM-based simulation of soil in its loose,
dynamic state, the soil particle representation. The soil grid
is shown in figure 1. A continuous body of soil is approx-
imated as an array of rectangular soil columns, each repre-
sented by a height value stored in a 2-dimensional grid struc-
ture. Note that we refer to the center located on top of such a
soil column by the term heightfield vertex. The main idea of
the presented model is to adaptively introduce deformability
of a possibly large soil-covered area by replacing portions
of the soil grid with soil particles. This enables the soil to
displace freely in areas which undergo deformation. Once
the soil particles settle and reach equilibrium, they will be
merged back to the soil grid in a volume preserving manner.
This greatly reduces the number of particles needed through-
out the simulation and makes the method real-time capable.
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We furthermore apply a physics-based adaptive soil sam-
pling approach to reduce the number of particles in the sim-
ulation even more in order to meet the requirements of real-
time applications. Since the method is intended for use in
simulator environments where interaction between the soil
and the rest of the scene is mandatory, we decided to base our
simulation on a physics engine. This facilitates integration of
the soil simulation module in an existing physics-based sim-
ulation since no particular care needs to be taken in order to
realize the force exchange with other objects like machinery
or humanoids. For implementation we chose the physics en-
gine Vortex developed by CMLabs, which provides fast and
accurate Newtonian physics simulation.

The method’s framework architecture and its work flow
is depicted in figure 2. The framework consists of a set of
modules which together simulate the terrain in its different
states of deformation. They are

e Soil particle generation (cf. section 4.1)

e Soil particle merging (cf. section 4.2)

e Soil grid compaction (cf. section 4.4)

e Soil grid erosion (cf. section 4.5).

For each rigid body colliding with the soil grid we perform
soil grid compaction and soil particle generation. Informa-
tion obtained from these stages are used to update a so-called
active vertices list. This list serves for efficient processing in
the soil grid erosion stage. Then soil particles in equilibrium
are permanently merged with the soil grid by the soil parti-
cle merging module, which again updates the list of active
vertices. Finally the soil grid erosion mechanism simulates
propagation of soil in the soil grid caused by slip effects at
unstable slopes.
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Figure 2: Architecture and work flow of the proposed soil
simulation framework.

4.1. Soil particle generation

In order to simulate soil deformation on soil grid/tool inter-
actions, e.g. a bucket digging or a wheel passing, we take
a closer look at the area of contact, i.e. the vertices of the

heightfield which intersect with the rigid body. We iden-
tify these by performing ray casts from below the terrain
on all vertices which overlap or lie below the object’s axis
aligned bounding box and check for intersection. Deforma-
tion at these points might be due to soil failure for horizontal
interaction and/or soil compaction for vertical interaction.
Here we will discuss soil failure, simulated by the soil par-
ticle generation mechanism. We model soil failure by re-
placing a corresponding portion of the static soil column
by soil particles and lowering the heightfield accordingly.
For more details on the soil particle representation see sec-
tion 4.3. Soil compaction yields the column to be lowered
depending on the applied stress. See section 4.4 for more
details. A basic approach would be to replace the part of
the soil column which overlaps the object, identified as de-
scribed. However, in the case of an object carving over the
terrain, e.g. travelling from one grid vertex to a neighboring
one, this technique is evidently subject to aliasing artifacts.
If static soil were replaced by particles only as soon as ob-
ject/soil column overlaps are detected the soil particle cre-
ation would depend on the object’s speed, the timestep and
the heightfield resolution. This might create sudden gener-
ation of a possibly large amount of particles as soon as the
object reaches the next grid vertex, leading to physical and
visual artifacts. We propose an anti-aliased carving method
that operates velocity-based and identifies the area of soil
that lies in front of the traveling object, e.g. the cutting blade.
Ray casts along heightfield edges at the object’s front are
performed to identify the relative position of the front inbe-
tween two neighboring heightfield vertices. Also an approx-
imation of the object’s deepest penetration point p under the
front edge e is obtained by performing additional ray casts.
We obtain the linear velocity of the object at p and derive its
velocity v, on the vertical plane which goes throug the edge.
From these information we can compute the vertical velocity
vy, with which we have to lower the heightfield vertex ahead
such that the penetration point and the vertex reach a prede-
termined point s at the same time. This point is the section
emerging from the tool’s carving operation on the soil col-
umn which would appear if the tool’s speed would remain
constant. The equation describing this scenario is given as

td:th<:>d/vd:h/vh 2)

with d and & denoting the distance to the section point s from
the penetration point and the vertex respectively, and #4, 1,
being the time units necessary for traveling the correspond-
ing distances. The soil column in front of the soil deform-
ing object can hence be replaced by particles according to
the height change Ah computed each frame which results in
visually smooth deformations. The value of Ak can be ob-
tained from Ah = v, Ar with Ar corresponding to the size of
the timestep. The complete process is illustrated in figure 3.
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Figure 3: Illustration of anti-aliased soil grid deformation.
A rigid body (gray) yields displacement Ah of a heightfield
vertex. Ray casts are depicted as dotted arrows.

4.2. Soil particle merging

As soon as a soil particle in contact with the soil grid reaches
a state of equilibrium, i.e. its angular and linear velocity val-
ues are smaller than a certain threshold value, its motion has
no considerable impact anymore on the soil’s dynamic. In
this case, we remove it from the simulation and replace it
with static volume in the soil grid by increasing the height
of the corresponding soil column accordingly. We apply an
interpolated filter kernel which guarantees volume preser-
vation. More details on the applied kernel can be found in
section 5.4. This approach considerably reduces the total
number of particles in the simulation while not restricting
the soil’s dynamic behavior and therefore contributes signif-
icantly to the real-time capability of the method.

4.3. Soil particle representation

We simulate loose soil particles as spherical rigid bodies. As
stated above we are currently using a physics engine for the
particle dynamics. Therefore, the interaction between soil
particles and other objects in the scene, e.g. the cutting blade
of a bulldozer, are included in the physics engine’s simu-
lation loop. The material properties available in our sim-
ulation environment are the coefficient of sliding friction,
cohesion/adhesion, stiffness and rolling friction for spheri-
cal rigid bodies. While the first three parameters are already
provided by the physics engine, the latter one, rolling fric-
tion, is introduced manually. This measure is motivated by
the results of Zhou et al., who showed that rolling friction
plays an important role in molecular dynamics (MD) sim-
ulations of granular materials since it has a significant im-
pact on the formation of stable heaps [ZWY*99]. We use a
formulation for rolling friction on inter-particle contacts as
presented in [ZWY™*99] that simulates rolling friction as a
torque M; opposing particle i’s current angular velocity ;.
The applied contact model for the computation of M; on in-
teraction of particle i with particle j is depicted in figure 5
with the equation for M; being

M; =~y Vo3| Fen i o 3)

||

where u denotes the rolling friction coefficient and Fey ;;
corresponds to the contact normal force. The term }Vw,ij|
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describes the magnitude of relative linear velocity at the par-
ticles’ contact point caused by the angular velocites ®; and
®;, which equals |®; X R; — ®; X R;|. Here, the vectors R;
and R; point to the contact point with origin in the center
of particle 7 and j respectively. Their lengths equal the parti-
cles’ radii.

Figure 4: Soil particles with solid and void parts (dashed)
and surfaces resulting from merging with (double-stroke)
and without (dots) consideration of voids.

To achieve stable results in the simulation we take spe-
cial care in limiting the torque applied, so as not to exceed
the magnitude of the present angular velocity, which would
create an unnatural flip of the direction of rotation. In this
context we have to account for two scenarios, both of which
could result in a too high torque: high normal forces in par-
ticle/particle and particle/object interactions on one hand,
and accumulated rolling friction in one time step when it
comes to multiple interactions with the same particle on the
other hand. Our solution shows stable results that are visu-
ally comparable with the results in [ZWY*99] (cf. fig. 11).

Particle j

Particle i

Figure 5: Contact model as in [ZWY*99] used for the com-
putation of rolling friction for particle i modelled as torque
M;.

In the soil particle representation we account for the soil’s
compaction degree by assigning a void ratio value to free
soil particles, which is updated in each simulation step. More
details on how to obtain this measure are given in section 5.2.
In this way soil can be represented as it appears in nature:
Depending on the type of soil and its degree of compaction
a considerable amount of the soil’s overall volume is formed
by voids rather than solids. By considering the void ratio
at a soil particle’s position we are able to transfer the total
volume to the soil grid once the particle reaches equilibrium
and is merged back to the grid (cf. section 4.2). As we will
describe in section 5.4, this method has a big impact on the



26 Daniel Holz, Thomas Beer, Torsten Kuhlen / Soil Deformation Models for Real-Time Simulation: A Hybrid Approach

visual representation of the simulated soil. If only the solid
volume sampled by the soil particles would be considered
when merging them with the soil grid a mound of ground
material would appear much lower than in reality (cf. fig. 4).

4.4. Soil grid compaction

As mentioned earlier, compaction significantly changes soil
strength properties. In the proposed model we do not only
maintain a measure of the soil’s compaction level at each
location in terms of void ratio e, we furthermore simulate
compaction caused by compressive stress. The soil’s com-
paction degree, expressed as void ratio, is stored per height-
field vertex in a linked list. Each entry consists of a height
and a void ratio representing one soil layer. A linked list is a
natural choice for the representation of a soil’s layered struc-
ture since the impact of deformation, e.g. due to digging,
corresponds with the list’s traversal: starting from the top,
we move further down, with the depth in accordance to the
range of deformation. There are two types of compaction
effects supported by our method, corresponding to the two
soil representations, which are compaction of loose particles
and compaction of the static soil grid. While the former is
implicitly covered by the DEM simulation, the latter needs
special attention.

In [OHD99] a simplified compaction model is presented,
that takes as input a soil profile, given as specific volume v
against depth, and computes the profile’s compaction as an
increase in specific volume resulting from a tire rolling on
the surface. Note that specific volume and void ratio are re-
lated by the relationship e = v — 1. The model makes use
of the cam clay theory which relates specific volume to ap-
plied stress for a given type of soil. So called critical state
parameters describe a soil type’s elasto-plastic behavior in
terms of this theory. The stresses acting inside the soil below
the wheel are obtained from Froehlich’s modification of the
Boussinesq equation for stress distribution.The results pre-
sented by the authors agree well with experimental data.

We incorporate this model in our simulation environment
by computing the stresses acting inside a soil column caused
by the vertical forces applied during a soil grid/rigid body
interaction. Similar to [OHD99] we update the soil’s pro-
file, represented by a linked list of soil layers with entries for
void ratio and height. We compute the force present at a posi-
tion on the soil surface by interpolation, taking into account
the forces acting at the heightfield/rigid body contacts which
are obtained from the physics engine. We then make use of
the stress distribution equations to derive the stress below
this point, apply the above mentioned compaction model by
computing the increase in compaction degree for each layer
in terms of void ratio. The resultant non-reversible, plastic
strain is approximated by comparing the initial and the resul-
tant void ratio and updating the layer’s height accordingly.
Due to the fact that the intial compaction state, i.e. void ra-
tio, in a soil column is taken into account during this pro-

cess, compaction of an already compacted soil creates cor-
respondingly smaller strains. This is one of the effects of a
soil’s compaction degree on its behavior, which is success-
fully simulated by the presented compaction mechanism.

4.5. Soil grid erosion

Besides soil deformation resulting from direct interaction of
rigid bodies with the soil grid, there is another type of defor-
mation in grid regions which are not directly in contact with
objects. As soon as soil deformation by soil grid/tool inter-
action occurs at some point the previously untouched ter-
rain in the immediate environment is candidate for soil slip-
page. The slipping of soil is a result of shear stress caused
by the soil’s own weight. The left side of figure 6 shows a
soil slope configuration where soil slip occurs along a so-
called soil-failure plane, with an angle of inclination o. This
is due to the fact that the shear stress force T’ applied by the
soil wedge with weight W is higher than the shear strength
force s’ that keeps the wedge from sliding. One way of sim-
ulating this scenario would be to replace the soil wedge by
particles and let the system evolve freely. However, in order
to avoid unnecessary computational overhead we decided to
apply a soil erosion approach without particle generation. A
slope stability simulation recognizes soil slip by examining
the geometrical configuration of neighboring soil columns
in our soil grid representation. The described algorithm is
based on the work presented in [LM93], where the authors
approach the simulation of soil slippage and manipulation
by using the Mohr-Coulomb criterion given in equation 1.
The factor of safety, F, gives a measure for the likelihood of
soil slip for a slope configuration as shown on the left side
of figure 6. It is defined as

s’ c-L+W-cos(a)-tan(9)

F:=— =
v W sin(o) '

“

where ¢ denotes cohesion and ¢ internal friction angle for the
given soil slope and L corresponds to the length of the failure
plane. Both s’ and 7’ denote magnitudes of force. If for all
possible failure planes in the slope the factor of safety is > 1,
1.e. strength force exceeds stress force, the slope is stable. On
the other hand if there exists at least one failure plane in the
soil formation for which we have F' < 1, i.e. shear stress ex-
ceeds or equals shear strength, soil failure and therefore soil
slip is inevitable. By defining the factor of safety as a func-
tion F(at), only depending on the failure plane’s inclination
to the horizon o, and by finding its local minimum for the
physically meaningful range of 0 < & < Ouuax, With Ouuax
corresponding to the slope angle, one can decide whether
soil slip occurs. That is if there exists an o with F’(ctp) = 0
and F (o) < 1. Similar to the authors of [LM93] we obtain
a formulation for F(ct) that fits our grid representation and
hence, enables us to examine our soil grid for soil slip be-
tween neighboring soil columns.

We additionally propose an extension motivated by the
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Figure 6: Soil slope with failure plane (left) and local exam-
ination of soil grid for soil slip (right).

observation described in section 3: a soil’s shear strength is
directly related to its degree of compaction. This means that
the soil strength parameters, internal friction angle and co-
hesion, are no constants for a given type of soil but rather
change with the soil’s local compaction degree. Since these
parameters directly influence the soil’s local shear strength,
as it can be seen in equation 1, they are significant for the
soil’s local slope stability, too. Soil slopes with different
compaction show completely different erosion behaviour.
We already gave an example from everyday life for this phe-
nomenon in section 1. Trenching in a certain type of soil
with low compaction might cause a collapse as soon as the
trench walls exceed a particular angle while in the same soil
with higher compaction the walls remain stable. The integra-
tion of this dynamic soil behavior is significant for a phys-
ically correct erosion simulation. Unfortunately, to the best
of our knowledge, there are no known analytical formula-
tions for the soil strength/compaction relationship. However,
many experiments investigating this effect on many different
soils have been conducted in the last decades which serve as
an excellent source of data, e.g. [LW79]. Hence, we decided
to incorporate this relation into the model as a look-up ta-
ble that matches the soil’s local compaction degree with its
strength parameters. The table contains empirically obtained
data points and linearly interpolates between them. With this
data the degree of soil compaction of each slope formation
can be taken into account when computing the soil slip that
occurs from one frame to the next and the dynamic soil be-
havior described above can successfully be simulated. Note
that there are several laboratory methods available for mea-
suring the internal friction angles and cohesion magnitudes
of a soil with different degrees of compaction, described in
void ratio, e.g. the direct shear or the triaxial compression
test [MHR96]. Once the inclination of the failure plane is de-
termined, the evolution of the system, the soil erosion, can be
computed by using an Euler integration scheme as described
in detail in [LM93].

As opposed to the algorithm given in [LM93], which takes
into account the exchange of soil mass between all neighbor-
ing soil columns in the complete grid at the same time and
each frame, our method considers the soil slip of the soil
simulated as a set of local problems. The authors of [LM93]
state that both the incoming and outgoing soil mass for each
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soil column needs to be considered in order to guarantee vol-
ume preservation. They create one linear equation describing
the soil flow per soil column and form a system of these
linear equations which equals in size the total number of
soil columns in the simulation, that can be solved by for-
ward substitution. Hence, even if no soil slip occurred for
some soil columns, computational time would still be spent
on them during the simulation each frame. This is espe-
cially costly for large soil grids. Our solution is motivated
by the fact that the biggest part of the terrain is in equi-
librium and not subject to deformations, either by soil slip
or soil/tool interactions. This means that a lot of computa-
tion time would be saved by simulating soil erosion only for
those parts where it could actually occur. A simple technique
reduces the problem of overall mass exchange by erosion to
a set of local problems: for each soil column we take a look
only at its right and upper neighbor, i.e. we examine the lo-
cal slope configuration in positive u- and v-direction respec-
tively, check each for soil slip and perform mass exchange if
necessary (cf. figure 6 (right)). If we covered the complete
soil grid with this local scheme the total soil flow by erosion
would be considered. Of course, as mentioned above, the
strength of this approach lies in the fact that we do not need
to consider the complete grid but that we are able to resolve
the soil erosion locally. Additionally the three dimensional
problem of soil slip is reduced to two dimensions.The reader
should note that a certain volume error is introduced that de-
pends on the order of processing the soil columns and the
timestep. However, with a sufficiently small timestep this er-
ror is negligible since the amount of soil mass transferred
from one column to the other is very small, and therefore
creates compared to the exact solution only small differences
in soil flow which are visually not distinguishable. By con-
struction of the scheme, the total volume is preserved never-
theless.

5. Real-time simulation techniques

We propose techniques and data structures for soil simula-
tion which, first, are suitable for obtaining and storing the de-
gree of soil compaction and, second, meet the requirements
of simulating larger terrains in real-time.

5.1. Selective update

In order to efficiently simulate large terrains we address only
those regions where actual deformation takes place locally.
For this purpose we maintain a list of active heightfield ver-
tices throughout the simulation, representing soil columns
where soil deformation might occur. Figure 2 shows this list
and its role in the method’s work flow. This approach allows
us to update the soil only where necessary and effectively
avoids O(n?) time complexity for n x n heightfields. In case
a soil grid/rigid body collision is detected the heightfield ver-
tices which overlap the bounding box of the object are identi-
fied and flagged as active. Then the soil grid compaction and
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soil particle generation is computed for each vertex indepen-
dently, followed by the merging process. During this process
all soil columns where actual merging occurred are flagged
as active. The soil erosion module then processes only active
vertices and removes vertices from the list where no filtering
occurred. All processed vertices for which soil slip is per-
formed are added to the list including their neighborhood.
The list is reused in the next frame.

5.2. Spatial data structure

We apply a spatial data structure to obtain the void ratio at
each soil particle’s position using a particle-in-cell (PIC) ap-
proach [LLO3]. When in equilibrium, the particle is merged
with the heightfield and the particle’s void ratio is used to
decide whether a new soil layer is added or the top layer is
updated. In particular the spatial data structure has to be ca-
pable of efficiently organizing soil particles which might be
created everywhere on the terrain. In other words, the spatial
extent of the data structure should only be limited by the size
of the simulated terrain. We address this issue by proposing
a 3D grid data structure, which has the general properties
of a uniform 3D grid but is not limited by a given initial
size. This is achieved by creating a grid of grids: actual uni-
form 3D grids are placed in space wherever necessary and
managed in a hash grid structure. A hash function maps the
three-dimensional coordinate (x,y,z), where x,y,z € Z, as-
sociated with a sub-grid and relative to the hash grid’s origin
to an integer value. It enables even perfect hashing in a fixed
neighborhood of the origin, with the neighborhood’s extend
depending on the number of bits available to store the hash
value. The flat hierarchical organization of this structure en-
ables us to exploit both the strengths of uniform grids and
hash grids: fast access times and good cache coherency for
uniform grids and virtually unlimited spatial extent for hash
grids. Furthermore, it allows for independent parallel hash-
ing of the sub-grids.

5.3. Adaptive soil sampling

As mentioned earlier, we apply an adaptive soil sampling
approach to reduce the number of particles in the simula-
tion and, therefore, the time complexity. In case of a par-
ticle/particle collision their relative velocity at the contact
point is examined. If a fixed threshold is not exceeded, i.e.
the particles show strongly synchronized movement, the par-
ticles are locked in their relative positions and henceforth
treated as one compound particle in the simulation loop. In
order to maintain the particle’s mass we compute the com-
pound’s inertia matrix from the old inertia matrices and test
its sphericity, motivated by [DC99]. Here, the authors pro-
pose an error condition to test how close the shape of a set of
particles is to a sphere based on their inertia matrix. Their
method is based on an eigenvalue relationship but avoids
an actual eigenvalue search to save computation time. We
extend the condition by including a normalization step that

allows us to obtain a general sphericity measure regardless
of the object’s mass. If the compound’s shape deviates too
much from spherical the merge is not performed since the
compound particle would introduce a too high error. As soon
as a sufficiently high force is applied to the compound parti-
cle, e.g. on impact, all the particles are split and, in this way,
adaptively sample the soil under deformation.

5.4. Visualization

For visualization we blend particles which are directly on
the terrain with the heightfield by applying a 1D binomial
filter kernel in u- and v-direction (cf. fig. 1) respectively.
This allows us to use the heightfield’s geometry for the vi-
sualization of deforming terrain. Note that in contrast to the
permanent merging mentioned in section 4.2, this merging
process is solely graphical and does not change the rigid
body representation of the soil grid in the physics engine.
In order to address the aliasing artifacts that occur when par-
ticles travel from one vertex to the next, we compute an in-
terpolated filter obtained from two different kernel sizes, and
the particle’s position relative to the closest heightfield ver-
tex. Note that the interpolated kernel’s partition of unity is
preserved. This approach effectively eliminates the visual
artifacts while guaranteeing volume preservation once the
particle is permanently merged with the grid. Furthermore,
the consideration of the particle’s associated void ratio is of
great importance during merging. Since a considerable part
of a soil’s overall volume consists of voids as described in
section 3 their volume has to be accounted for. The total
soil volume V7, sampled by the particle, can be obtained
by adding the particle’s solid volume Vg, defined by its ra-
dius, to the void volume Vi, which can be derived from
the particle’s associated void ratio. The heightfield triangu-
lation formed by merging the particles’ total volume rather
than only their solid volume with the soil grid gives a good
approximation of the actual iso-surface of particles on the
ground (cf. figure 4). This method gives a fast and simple
solution for displaying particles in junction with the rest of
the soil and yields good visual results.

In order to display the soil’s particle flow we derive a
velocity field from the topmost particles traveling on the
ground and the soil erosion process which drives a texture
coordinate-based flow visualization. We achieve a good vi-
sual representation of the particles’ flow by blending an an-
imated texture, showing a rather homogeneous granular ma-
terial, with the actual heightfield texture. By avoiding the
usage of a computationally expensive texture synthesis ap-
proach we save computation time for the simulation tasks
which are more demanding.

6. Results

We show results of the method with a full physical data set
for a sandy loam soil. The presented data was obtained on
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Figure 9: Various objects and a bulldozer deforming a sandy loam soil.

Figure 7: Soil grid erosion: sandy loam soil trench (top)
and resting state after collapse with initially low (middle)
and medium (bottom) compaction degree.

Figure 8: Soil compaction caused by falling rigid bodies
each having a mass of 2000 kg.

a PC with Intel(R) Core(TM)2 Duo CPU at 1.8GHz, 4GB
RAM and a NVIDIA Geforce 8600M GT graphics adapter.
We demonstrate the dynamic behaviour of the soil grid ero-
sion module by simulating the collapse of a trench with ini-
tially low and medium compaction degree. The results are
shown in figure 7. In order to proof the physical correct-
ness of the soil particle representation we extracted the an-
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gles of repose achieved in our simulation using a Hele-Shaw
Cell which we reproduced in our simulation environment.
Figures 9 and 8 show soil deformations of a sandy loam soil
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Figure 10: Total simulation time in ms per frame used for
1000 soil particles falling into a box without (A) and with
(B) adaptive soil sampling (cf. fig. 11).

with low compaction degree caused by various rigid bodies.
All objects except the bulldozer have equal mass of 2000
kg. The objects in figure 8 were dropped from a height of 5
meters. The average framerates for the most demanding in-
teractions depicted in figure 9 were 103 fps for the left and
41 fps for the right pictures. The angle of repose is an emerg-
ing behaviour of soils directly related to several intrinsic soil
parameters. Due to the abundance of research performed in
this area and, therefore, the great wealth of experimental
data, the angle of repose serves as a good candidate for val-
idation. By appropriately setting the material properties for
particle/particle contacts, i.e. cohesion, sliding and rolling
friction, we were able to obtain angles ranging from 0° for
saturated mud over 16° for clay to about 30° for dry sand.
The angles were compared with values given in [Cai08]. We
performed timing measurements for the adaptive soil sam-
pling mechanism in a simulation of 1000 particles falling
into a box. The results are given in figure 10. For the com-
putationally expensive part starting at frame 90 we achieved
a speed-up of almost 2. Figure 11 illustrates the similarity
in physical behavior with (B) and without (A) adaptive soil
sampling.

7. Future work and conclusion

Planned but not yet established is a physically correct soil
failure model for the soil particle generation. The idea is
to use one of the 2D cutting blade/soil interaction mod-
els known in soil mechanics independently in u- and v-
direction. Our particle visualization approach does not con-
sider particles which are seperate from the soil body. One
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Figure 11: 7000 soil particles falling into a box without (A) and with (B) adaptive soil sampling. The pictures show frames 2,
50 and 160 from left to right. (A) shows mirrored version for comparison. In (B) merged particles are assigned the same color.

possible solution would be a fast screen space iso-surfacing
technique. However, since in real life soil particles appear in
one connected body close to the ground most of the time,
billboards would be an efficient and visually feasible alter-
native. In the future we would like to replace the 2.5D soil
grid with a fully 3D data grid to allow for the method’s ap-
plication for the simulation of, e.g., mining scenarios. We
are also investigating the simulation of particle interlocking
and cohesion effects by applying our adaptive soil sampling
technique for constraining compacted particles to one com-
pound.

In this work we presented a method for the real-time sim-
ulation of deformable terrain. We provided for soil com-
paction by integrating a simplified but physically plausible
compaction model and considered its result on dynamic soil
behavior by linking a soil erosion mechanism with tables
containing soil strength properties. We combined a particle-
based and a mesh-based approach which enables highly
plastic soil deformations while still permitting the method
to operate in real-time. The method’s architecture is de-
signed in a modular way. The stages are independent and
interchangeable and can therefore be replaced by more suit-
able mechanisms depending on the application’s needs. This
design approach would even allow to exchange the particle
generation and simulation mechanism, e.g., for methods as
presented in [ZB05] or [RSKNO8] in order to simulate spe-
cific problems. An anti-aliased carving technique combined
with anti-aliased kernel blending of particles with the ground
allows for smooth soil/tool interactions. We furthermore pre-
sented real-time techniques which make efficient simulation
and visualization even of large terrains feasible.
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