
S
ince their origin over three

millennia ago, wheeled vehi-

cles in transportation have

become indisputably significant,

with their presence ubiquitous all

over the world. Volumes of empir-

ical data based on carefully de-

signed experiments and sophisti-

cated theories have led to enor-

mous improvements towards safe,

comfortable, and easy operation of

a variety of wheeled vehicles and

machinery. Likewise, road engi-

neering has advanced tremendous-

ly and better road surfaces are

constantly being developed to ac-

cept increased vehicle speed and

weight.

Beyond the realm of pavements,

a particular area of continuous re-

search interest is the interaction of

a vehicle’s rotating wheels and the

unimproved, natural earth surface.

In the 1960s this field of study ac-

quired the name Terramechanics,

as it deals with the mechanical be-

havior of the earth surface subject-

ed to vehicle and machinery loads.

In most cases the natural surface is

soil, although vehicle movement

over snow cover or ice also falls

into this area.

In Terramechanics, empirically

derived concepts thrive and they

are rightly well-respected. There

appear to be cases, however,

where empiricism encounters great

obstacles, an example being the

operation of wheeled planetary

Understanding and Predicting
Properties of Nanostructures  .5

MSI at SC09  . . . . . . . . . . . . . . .8

Arlington HS Visit  . . . . . . . . . . .9

Research Reports  . . . . . . . . . . .10

Email Notification Signup
Instructions  . . . . . . . . . . . . . .24

Supercomputing Institute
for Advanced Computational Research

Department of Civil Engineering

Modeling a Rolling Wheel on Soil

Volume 26, Number 1

Also in This Issue

Spring 2010 Research Bulletin

a unit of the Office of the Vice President for Research

continued on page 2

Figure 1. Deformed configuration at end of rolling wheel simulation. One half of the full problem is modeled by utilizing

the plane of symmetry of the wheel midplane, and contours are of maximum shear stress.
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rovers. Indeed, one of the Martian

surveyors is no longer traveling

because its wheels sank excessive-

ly in granular soil. A viable alter-

native to empiricism is analytical

or numerical mechanics-based

analysis of the interaction between

the wheels and supporting soil or

snow.

A narrow wheel rolling over

permanently deforming soil be-

longs to a challenging class of

problems involving three-dimen-

sional geometry and physically

non-linear phenomena. Analytical

methods are difficult to formulate

for such problems, making numer-

ical simulation one of the only vi-

able means for rigorous and accu-

rate analysis. Continuum-based

computations using the Finite Ele-

ment Method (FEM) are a particu-

larly powerful and effective tool

for predicting the large, permanent

deformations involved in soil-

wheel interaction.

Using the finite element code

ABAQUS/Explicit available at the

Minnesota Supercomputing Insti-

tute, Professor Andrew Drescher,

Department of Civil Engineering

and MSI Associate Fellow, and

Ph.D. student Jim Hambleton have

performed extensive simulations to

investigate how wheel-induced

soil deformation is influenced by

material type, layering, wheel

geometry, loading, and interface

friction at the soil-wheel interface.

Elastic-plastic non-linear constitu-

tive models were postulated to

capture basic mechanical response

of the soil, considering models

representative of both clayey and

sandy soil types. The Arbitrary La-

grangian-Eulerian (ALE) remesh-

ing option was used to allow for

accurate computations in the pres-

ence of large deformations, which

are manifested as deep ruts, a front

lip, and side berms formed during

initial and steady rolling of the

wheel (Figure 1).

The relationship between the

rolling distance and the penetra-

tion of a narrow wheel subjected

to various vertical forces (weight)

is depicted in Figure 2a. The

wheel is torque free (i.e., towed or

pushed) and operates on clay-type

material. In the figure, the follow-

ing dimensionless variables are

employed:

where d denotes wheel penetra-

tion, r is wheel radius, b is wheel

width, u is translational displace-

ment of the wheel, W is applied

weight, H is the horizontal reac-

tion force, and k is cohesion, or

shear strength, of the soil. If the

vertical load is not excessive, upon

initial sinking the wheel typically

undergoes small upward move-

ment, eventually reaching a steady

state of travel at a constant pene-

tration. Also the corresponding

horizontal force developing during

rolling reaches a constant value

(Figure 2b). 

An important aspect of numeri-

cal simulation of the rolling

process was discovered when at-

tempting to model the problem as

two-dimensional (plane strain).

Plane-strain modeling has been

widely used in numerous solid me-

chanics problems, and geomechan-

ics problems in particular, because

it greatly simplifies and speeds up

computations. When modeling

plane-strain rolling of a wheel

over clay it became evident that no

rut is formed behind the wheel,

which in the steady state travels

essentially at ground level. An in-

crease in the weight of wheel only

Figure 2. Normalized (a) wheel penetration and (b) horizontal force as functions of normalized rolling distance in clay-type

material for varying applied weights.
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produces an enlarged lip in front

of the wheel (Figure 3). This phe-

nomenon indicates that plane-

strain analyses may not be capable

of reproducing the actual three-di-

mensional features of the rolling

process and may lead to physically

erroneous conclusions.

In addition to numerical simula-

tions, the authors have proposed a

simplified, approximate analytic

approach based on the fundamen-

tal solution of rigid punch indenta-

tion into a plastic half-space. With

proper account for geometry

changes during the indentation and

rolling phases, the process can be

modeled as a sequence of incipient

plastic flow problems. This ap-

proximate approach agrees reason-

ably well with the more accurate

numerical simulations and yields

formulas that are amenable for

usage in practice.

The numerical simulations and

approximate analytic solutions

also have been validated with re-

sults of small-scale experiments

performed in the laboratory on

clay and sand. Experimental tech-

niques include the use of Particle

Image Velocimetry (PIV), which

allows for comparison between the

real and predicted deformation

fields at the wheel midplane. Satis-

factory agreement between the

theory and experiments has been

demonstrated.

One novel application of the

models described above originates

from cooperation with the Min-

nesota Department of Transporta-

tion to evaluate the so-called “test

rolling” procedure used for assess-

ing the quality of subgrade com-

paction. Based on this work, the

researchers have proposed using

measurement of the permanent

ruts left by wheels as a means for

in situ evaluation of soil strength

parameters. In essence, this is a

non-linear inverse problem, and

when resolved it provides a con-

tinuous log of strength properties

over some distance. This feature of

testing via a rolling wheel offers

an attractive alternative to local

strength measurements utilizing

the variety of indenters and pen-

etrometers presently dominating

practice. Useful graphs have been

constructed that relate the internal

friction angle and cohesion, the

two most important soil strength

parameters, to steady-state wheel

penetration.

Results of numerical and ana-

lytical analysis of wheel-soil inter-

action may also find application in

assessing and preventing damage

to land caused by off-road vehicles

(ORVs). When used carelessly,

ORVs such as ATVs, dirt bikes,

and hauling trucks cause detrimen-

tal changes in deserts, forests, and

tundra, thereby reducing the eco-

nomic and societal value of the

land. The main cause is the strip-

ping of organic matter and vegeta-

tion, characterized by formation of

permanent ruts created by rolling

and spinning wheels (Figure 4).

Vegetation provides strengthening

(reinforcement) of the top layer of

soil, and its disappearance exposes

the soil to wind and water erosion.

In open and arid regions, ruts

channel water during spring run-

offs and increase flow velocity and

soil erosion. In forests, ruts expose

tree roots, collect water, and make

logging and recreational roads im-

passable. The negative impact of

ORVs has been long recognized,

and regulatory laws have been en-

acted or are being discussed. Ex-

panding the research described

above could contribute to a better

understanding of the mechanics of

rut formation, which ultimately

would allow for formulation of

Figure 3. Deformed configuration in steady state from two-dimensional (plane-strain) simulation with various applied

weights.

continued on page 4
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improved guidelines on the design

and use of ORVs.

The power of numerical simula-

tions, approximate analytic meth-

ods, and small-scale experiments

all point to new avenues of re-

search in wheel-soil interaction,

where applications range from ter-

restrial and extraterrestrial vehicle

mobility to evaluation of field

properties and land damage pre-

vention. Additional details regard-

ing this work can be found in a

number of journal articles and

conference proceedings, including:

• Hambleton, J.P., and Dresch-

er, A. (2008a). Mechanistic

approach for relating test

roller penetration to mechani-

cal properties of bases and

subgrades. Transportation

Research Board 87th Annual

Meeting Compendium of Pa-

pers, Washington, D.C.,

USA, Jan. 13–17.

• Hambleton, J.P., and Dresch-

er, A. (2008b). Soil damage

models for off-road vehicles.

Proceedings of Geocongress

2008, Geosustainability and

Geohazard Mitigation, New

Orleans, USA, Mar. 9–12,

ASCE, Geotechnical Special

Publication No. 178, 562-

569.

• Hambleton, J.P., and Dresch-

er, A. (2008c). Modeling

wheel-induced rutting in

soils: Indentation. Journal of

Terramechanics, 45(6),

201–211. 

• Hambleton, J.P., and Dresch-

er, A. (2009a). Modeling

wheel-induced rutting in

soils: Rolling. Journal of Ter-

ramechanics, 46(2), 35–47. 

• Hambleton, J.P., and Dresch-

er, A. (2009b). On modeling

a rolling wheel in the pres-

ence of plastic deformation

as a three- or two-dimension-

al process. International

Journal of Mechanical Sci-

ences, 51(11-12), 84–-855.

Figure 4. Region in the Wasatch-Cache National Forest (Utah) where negative impact of ORVs is evident (Photo courtesy of

Dan Schroeder, Ogden Sierra Club).



T
ubes, rods, plates, shells,

etc., are ubiquitous engi-

neering structures, tradition-

ally imagined as continuous ob-

jects. Their mechanical behavior is

usually studied with the computa-

tional engineering tools of the con-

tinuum scale, based on the rela-

tions of macroscopic elasticity.

These methods are computational-

ly efficient, since they do not need

to track every single nucleus.

Thermodynamic quantities, such

as temperature, are represented as

fields. Behind this static elastic

continuum is the effervescent

world of mechanics—nanome-

chanics—where temperature repre-

sents the kinetic energy of the ran-

dom motion of an order of 1023

microscopic entities. This discrete

behavior shapes the experimental-

ly verifiable constitutive laws of

the continuum.   

Nano-tubes, -wires, -coils, and

-spheres are novel organizations of

matter that became possible with

recent advances in synthetic meth-

ods. For these structures, macro-

scopic mechanics breaks down and

new mechanical behavior emerges.

Understanding the new mechanics

is important both fundamentally

and practically because by capital-

izing on the science emerging

from the newly accessible size

range, engineers can develop

electromechanical devices, ma-

chines, and electronics on the nano

scale. Professor Traian Dumitrica

(Department of Mechanical Engi-

neering and MSI Associate Fel-

low) and his research group and

collaborators are using advanced

computational microscopic meth-

ods to obtain the accurate nanome-

chanical response and understand

the fascinating properties of

nanostructures directly from the

interatomic interactions and the

quantum mechanics of the elec-

trons. A few examples are dis-

cussed next.  

Mechanical Properties of

Carbon Nanotubes 

Carbon nanotubes are long, nar-

row, hollow cylinders with walls

just one atom thick. About 80,000

times smaller than a human hair,

they are about 100 times stronger

than steel at one-sixth the weight.

By comparison, Kevlar—the fiber

used in most bulletproof body

armor—is about five times

stronger than an equal weight of

steel. Finding out what makes

them break involves the study of

molecular bonds, atomic dynam-

ics, and complex quantum phe-

nomena. There are hundreds of

different kinds of nanotubes,

sometimes with radically different
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Understanding and Predicting Properties of Nano-

structures: Insights From Atomic-level Simulations

Figure 1. Carbon nanotubes can break in a brittle or plastic way, according to mi-

croscopic simulations.

continued on page 6



properties. In spite of this com-

plexity, computer simulations

showed that nanotubes break in

one of two ways: the bonds either

snap in a brittle fashion or they

stretch and deform (Figure 1).

These mechanisms are each pres-

ent at the same time and in one

particular tensile test experiment,

either type of break can occur. The

researchers were able to obtain a

pattern based on statistical proba-

bilities of what is likely to occur in

a range of conditions for the whole

catalog of nanotube species. This

result stands as an interesting ex-

ample for the predictive power of

simulations in materials science

research.

Nanoparticle-surface colli-

sions 

In another project, researchers

simulated the collision process of

silicon nanoparticles with a sub-

strate. In the everyday world, the

harder you throw something like a

basketball against the floor, the

higher it will bounce. In the world

of the very, very small, things

bounce differently. Recently, col-

leagues of the Dumitrica group

discovered that although silicon

nanospheres are superhard, they

stick to a substrate when colliding

at 1–2 km/s. Molecular dynamics

simulations (Figure 2) explain this

puzzling result in a surprising

way: although the contact force is

relatively low by macroscopic

standards, the impact pressure

causes the high speed particle to

change its crystalline structure and

soak up so much energy that the

particle can’t bounce away. This

understanding may help develop

wear-resistant coatings created by

many such high-speed impacts.

Manipulating the optical re-

sponse of silicon quantum

dots for energy applications 

Silicon dots can have various

sizes, shapes and core structures.

The exhibited photoluminescence

shows a tremendous potential for

applications in the area of energy.

However, an important challenge

is adjusting the optical response by

manipulating the electronic states

around the last occupied, first

empty levels. In crystals this is

usually achieved by doping but

this route proves to be difficult at

the nanoscale. Until recently, the

relationship between the intrinsic

symmetry and the optical response

of silicon quantum dots has been

overlooked. Relying on the general

concept of symmetry lowering, re-

cent calculations indicate new ef-

fective routes to modulate the opti-

cal response of these tiny struc-

tures without affecting their stabil-

ity. As in atoms, high symmetry in

silicon dots brings electronic de-

generacies and large level spac-

ings, and enforces strict selection

rules for the optical transitions be-

tween levels. Many transitions are

forbidden. For instance, the energy

spacing between last occupied,

first empty levels is generally dif-

ferent from the first possible exci-

tation. Of course no symmetry im-

plies no degeneracy and all transi-

tions would be allowed. 
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Figure 2. A nanoparticle containing some 30,000 silicon atoms and moving at

900 meters per second will bounce off a surface (left sequence), but at 2 km/s, it

sticks (right sequence). The higher-speed impact causes two sequential changes

in the crystalline structure.



The question addressed by the

team led by Professor Dumitrica

was whether it is possible to alter

the atom-like electronic levels of

such dots without considering the

unlikely endohedral doping. In

atoms, splitting the degenerate en-

ergy levels is usually accom-

plished by breaking the symmetry

with the help of an external mag-

netic field. In silicon dots, the re-

searchers demonstrated via densi-

ty-functional theory calculations

that symmetry lowering and level

splitting could be readily accom-

plished in new ways. For example,

introducing a slight structural im-

perfection vis-à-vis the spherical

shape (Figure 3) by applying me-

chanical squeezing and contami-

nating the surface with sodium

atoms.

The continual development of

nanotechnology will provide a

greater range of highly symmetri-

cal quantum dots. The uncovered

connection between symmetry and

electronic states makes these struc-

tures very exciting for both funda-

mental and applied research. In

optoelectronics, symmetry lower-

ing could become a useful strategy

for manipulating the optical re-

sponse.
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Figure 3. Two silicon dots that are similar in size (~2 nm), but slightly different

in shape (left: oblate spheroid and right: spheroid) have different responses.

Image credit: Yan Liang, University of Minnesota.



MSI attended SC09, the annual Supercomputing Conference, on November 16–20, 2009. The conference was

held in Portland, Oregon. MSI staff and researchers gave presentations on current projects using MSI resources.

Above: Dr. Ben Lynch, Lead Application Software Developer and Computational Chemistry Consultant, gives a

presentation.

Below: Dr. Shuxia Zhang, Scientific Computation Consultant, and Brian Ropers-Huilman, Director of Systems

Administration and Technical Operations, try out a three-dimensional “dancing cow” demonstration.

MSI Outreach
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MSI at SC09

photos on this page courtesy Amy Danielson, OVPR



On March 17, 2010, a group of students and teachers from the BioSMART program at Arlington High School in

St. Paul, Minnesota visited MSI to learn about using supercomputers in scientific research. Arlington is a magnet

school with a focus in science, math, and technology. The BioSMART (Biology, Science, Math, Academic Rigor,

and Technology) program introduces students to careers in biotech industries.

Above: Dr. H. Birali Runesha, MSI Director of Scientific Computing and Applications, talks with students

preparing a video in the Scientific

Development and Visualization

Laboratory.

Right: Students investigate the in-

terior of a computer.

MSI Outreach
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Arlington HS BioSMART Program Visit
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