Simulation-Based Engineering Lab
University of Wisconsin–Madison

Technical Report TR-2016-07

Wheeled vehicle mobility studies in Chrono: Nonlinear finite
element tires operating on granular terrain

Antonio Recuero, Radu Serban, Bryan Peterson, Hiroyuki
Sugiyama, Dan Negrut

September 9, 2016

Abstract
Assessing the mobility of off-road vehicles is a complex task that most often falls
back on semi-empirical approaches to quantifying the tire–terrain interaction. Herein,
for wheeled vehicles, we concentrate on physics-based methodologies that factor in both
the tire flexibility and terrain deformation. We represent the tire using a nonlinear
finite element approach that involves layered, orthotropic shell elements constrained
to the wheel rim; the soil is modeled as a collection of rigid elements that mutually
interact through contact, friction, and cohesive forces. The system has several million
degrees of freedom and is solved using Chrono, an open source co-simulation framework
that relies on parallel computing. We present sensitivity studies on available drawbar
pull, terrain resistance, and thrust with respect to parameters such as tire internal
pressure and soil cohesion. The simulation results are consistent with experimental
results. For a system of this complexity, Chrono currently requires six to twelve hours
of run time for one second of simulation. It relies on the use of multiple computer
nodes via the Message Passing Interface (MPI) to simultaneously handle the terrain and
tire dynamics, a process that requires a one-per-time-step tire–terrain synchronization
handshake. Chrono embeds a second level of parallelism when two separate batches of
threads, each managed via OpenMP, are used to handle independently the terrain and
tire dynamics.
Keywords: Mobility, off-road vehicle dynamics, nonlinear finite element, granular
terrain, discrete element method, Chrono, co-simulation, high-performance computing
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Introduction: Computational approaches to wheeled
vehicle mobility analysis

Traditional frameworks for the modeling and simulation of vehicle dynamics on deformable
soil rely on semi-empirical approaches. A great of deal of these studies have shed light on
vehicle–tire–terrain interaction phenomena, including available drawbar pull, tire inflation
pressure, and soil characteristics, among many others. Some crucial references in this field
are due to Wong [24–26]. Wong postulated that tire mobility depends on its mode of
operation: Being rigid if the sum of the inflation and carcass pressure is larger than the
maximum pressure than the terrain can support, and elastic otherwise. Semi-empirical
approaches have also been the basis for computational, systematic analysis of vehicle mobility.
Senatore and Sandu [20] developed a computational tool for predicting mobility in vehicle
dynamics simulation with a focus on multipass effects, which included a wheel model that
incorporated tire size, construction, and inflation in the form of an experimentally-obtained
parameter. Along these lines, soft soil contact models were proposed in the literature to
integrate semi-empirical approaches in multibody simulations in a computationally efficient
manner [11].
Experiments on pneumatic tire–deformable soil interaction have demonstrated the effects
of parameter variation on mobility metrics for a single tire: Normalized drawbar pull coefficient
increases with terrain compaction, but become lower for larger tire inflation pressure and
larger normal loads, see [12]. Experimental results and simulations on granular terrain have
also shown that the normalized drawbar pull coefficient peaks at a larger longitudinal slip
compared to tires on rigid ground [9]. These complex interaction effects between tires and
soil may be studied from a higher-fidelity perspective, which usually involve the use of finite
element models for tires and continuum-based or discrete approaches for soil modeling.
Even though qualitative classification of the modes of operation of vehicles and soil
empirical models have largely contributed to gain insight into the mobility features of mobility
scenarios, higher-fidelity models aim at capturing the physics of vehicle–terrain interaction
minimizing the assumptions involved in the setting-up of the problem and enabling the use of
physically meaning parameters. Recently, there has been efforts to validate high-fidelity soil
models based on discrete elements [22] and Lagrangian solid finite elements [27]. Detailed
finite element models of tires have been developed for mobility purposes [21]. Additionally,
small deformation formulations for the simulation of finite element tires in vehicle dynamics
have been developed by Kazemi et al [10]. Other multibody approaches involving finite strain
shell elements have recently been proposed in the literature, including those based on the
absolute nodal coordinate formulation (ANCF) [28] and geometrically exact shell theory [17].
Likewise, monolithic single tire–soil models involving finite elements have been presented in
the literature [4, 16].
The push for high-fidelity vehicle mobility simulations seems to have been limited to
single tire and a high level of detail in the tire or the soil, but not both of them. This work
presents a nouvelle computational approach that integrates layered, orthotropic nonlinear
finite element models of tires with granular soil, which is captured using the discrete element
3

method (DEM), by using a co-simulation strategy within the multiphysics, open-source
software Chrono. This framework allows for the use of large deformation, detailed tire models
on multi-million degree-of-freedom soils and extract mobility measures of practical use, such
as sinkage, drawbar pull, terrain resistance and tractive effort. Additionally, we present
and extension of this high-fidelity approach to a high-mobility multipurpose wheeled vehicle
(HMMWV). The framework used in this paper makes use of high-performance computing
(HPC) techniques on various levels: Several Message Passing Interface (MPI) nodes coordinate
the communication between tires, soil, and vehicle. Intensive computations on the terrain and
tire nodes, which include particle collision detection and nonlinear material internal forces,
respectively, are parallelized in shared memory using OpenMP directives. Finally, single
instruction multiple data (SIMD) architecture is leveraged in matrix multiplication using
advanced vector extensions (AVX). The entire framework is intended to provide a solution to
the problem of high-fidelity wheeled-vehicle mobility simulations.
The dynamic formulations used for modeling the tire and the soil are explained in Section 2.
Section 3 focuses on the explicit cosimulation framework devised for the numerical experiments
in the tire test rig. Key mobility measures are obtained in Section 4 using the high-fidelity
framework, with a special focus on key mobility parameters, such as tire inflation pressure
and soil cohesion. Section 5 presents a 3-way co-simulation framework for the simulation
of an HMMWV with four ANCF tires running on granular terrain and demonstrates its
feasibility. Finally, conclusions and future research directions are outlined in Section 6.

2

Models

This section outlines the main features of the dynamic formulations used to model the tire,
granular terrain, and vehicle.

2.1

ANCF tire

The nonlinear finite element tire is modeled with volumetric shell finite elements using an
ANCF approach, which describes translations, rotations, and deformation using Lagrangian
coordinates referred to an inertial frame [7]. The shell element used is four-node, bilinear
and continuum mechanics-based, which was recently developed in [30] and validated for tire
dynamics applications in [29]. The shell element geometry is described by the position of its
four nodes and a position vector gradient defined to be normal to the shell surface. The basic
kinematics of the ANCF shell finite element is shown in Fig.1. An arbitrary point in the shell
element is defined as a function of the global position of the nodes, ri , and its transverse
∂ri
i i
gradient vector riz = ∂z
i (x , y ) which describes shear deformation.
The position and cross section orientation of an element i is expressed in terms of the
∂ri
i i
position of its mid plane, rim , and its normal gradient defining shear deformation, ∂z
i (x , y ).
i
i
Vectors ep and eg gather element’s i position and gradient coordinates, which yield the
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position and orientation of an arbitrary point (xi , y i ) as follows:
∂ri i i
=
(x , y ) = Sim (xi , y i )eig ,
(1)
i
∂z
where xi and y i refer to element i ’s local coordinates in the parametric space, Sim =
[S1i I S2i I S3i I S4i I] is a shape function matrix.
The position of an arbitrary point in the shell may be described as
rim (xi , y i )

Sim (xi , y i )eip ,

ri (xi , y i , z i ) = Si (xi , y i , z i )ei ,

(2)

where the resulting shape function matrix is given by Si = [Sim z i Sim ]. The final coordinate
vector of element i is defined as follows ei = [(eip )T (eig )T ]T . Using said element kinematics,

r4
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Figure 1: ANCF shell element’s kinematic description. Vector n defines the orientation of a
normal shell fiber via interpolation of the gradient vector rz


T
the Green-Lagrange strain tensor may be obtained as Ei = 12 (Fi ) Fi − I , where Fi is
the deformation gradient matrix defined as the current configuration, r, over the reference
configuration, X. Using
 the current absolute nodal coordinates, this matrix may be defined
i

i

i

−1

∂r
∂r
∂X
as Fi = ∂X
, where the initial configuration of the tire profile, xi , is considered
i = ∂xi
∂xi
as undeformed. Numerical techniques are used to alleviate shear and thickness lockings in
the element. Namely, assumed natural strain and enhanced strain formulations, which find
justification in the mixed variational principle by Hu–Washizu [3], are added to guarantee
accuracy. The computer implementation of this element allows defining an arbitrary number
of layers of orthotropic materials. For the numerical results presented in this investigation,
the composition of the tire sections and its orthotropic elastic constants are shown in Tables 2
and 3 of Appendix 7. Lumping of orthotropic layers is sometimes used [5, 6] to reduce the
computational cost of the tire material forces, but it has limitations as to the description of
transverse shear properties [2]. Details on this element’s software implementation in Chrono
and its verification may be consulted in [14, 15].
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2.2

Granular soil

Granular soil is modeled using spherical rigid bodies whose orientation is captured by Euler
parameters. An adaptive grid-based broad phase reduces the computational burden of
ascertaining which particles may be into contact. The narrow phase calculates inter-particle
normal contact forces by allowing small interpenetration, that is, a penalty method for DEM
–DEM-P– is used. The normal contact force is based on the Hertz law, whereas friction forces
are calculated using the Coulomb limit (see Fig. 2 for details). Soil cohesion is modeled by
adding a constant, attractive inter-particle normal force which is scaled on the square of
particle radius [13].

Figure 2: Spherical rigid bodies into contact using a penalty approach. The normal force
vector magnitude is obtained as Fn = kn δn1.5 , where kn is the contact stiffness. Tangential
force vectors are calculated using the Coulomb limit: Ft = −µFn vt /vt , where µ is the friction
coefficient and vt the relative tangential velocity vector. A constant attractive force models
cohesion, as follows: Fc = πrp2 ct , where rp is the particle radius and, ct , the terrain cohesion.

2.3

High-mobility multipurpose wheeled vehicle

The HMMWV model used in this work is implemented in the Chrono::Vehicle API via
templatized classes which model the behavior of driver, powertrain, driveline, and tires.

3

Co-Simulation framework for single tire rig

The co-simulation approach to the computation of the dynamic interaction between a nonlinear
finite element tire and deformable, granular terrain is tackled from a hybrid HPC perspective.
The scheme consists of two message processing interface (MPI) nodes, namely:
• Rig node. This node integrates numerically a detailed model of an ANCF shell tire
mounted in a test rig composed of mechanical joints and velocity constraints. The
rig node sends information on the location of tire nodes to the terrain node at each
time step, while receiving nodal contact forces stemming from the interaction of its
corresponding “virtual” tire mesh and the granular material from the terrain node.
6

• Terrain node. The granular material is integrated forward in time on the terrain
node, which uses a semi-implicit Euler integrator. A virtual mesh of the tire composed
of rigid triangular bodies is included in the collision detection algorithm which yields
contact forces at the nodes that are passed back to the rig node.
The co-simulation strategy is detailed in Fig. 3 and commented on further below.

MPI

RIG node

Tire contact material properties

Creation
rig mechanism + tire

TERRAIN node
Creation
container + (granular material)

Settling phase
(granular material)

Simulation
loop

Terrain initial (settled) height
Initialization
Initialize tire above terrain

Initialization
Create proxy bodies
Tire contact surface specification
Mesh vertex positions and velocities

Simulation
loop

Synchronize

Synchronize
Vertex indices and contact forces

Advance

Simulation
loop

Advance

Figure 3: Cosimulation framework
On the terrain node, after the creation of granular material, the particles are settled
dynamically for a period of time before the dual rig-terrain numerical integration is initialized.
This guarantees that the tire comes into contact with terrain at rest. As a first step during
initialization, the maximum height of the terrain is passed to the rig node so as to initialize
the tire at a height similar to that of the terrain but avoiding initial interpenetration. After
the tire is created on the rig node, the virtual mesh state (position and velocities)is passed
to the terrain node in order to include the tire in the contact detection algorithm. Two
independent simulation loops, on the terrain and rig sides, respectively, are then started and
consist of two phases: Synchronize and advance. The synchronize stage sends nodal contact
forces from the terrain to the rig node computed at the previous time step; additionally, an
updated state of the tire mesh is sent from the rig node to the terrain node to duplicate the
state of the mesh on the terrain node. Finally, both systems are advanced one time step.
Note that this scheme allows for choosing two different time steps on the terrain side and the
test rig side and exchange data at the lowest rate.
In addition, each node is further parallelized on shared memory using OpenMP directives,
in a hybrid –MPI plus OpenMP- HPC approach (see Fig. 4). On the tire node, parallelization
7

on shared memory is used to speed up computation of finite element internal forces and their
Jacobian. Additionally, OpenMP directives parallelize the solution of the system’s linear
system of equations in Pardiso MKL. Single Instruction Multiple Data (SIMD) is leveraged
through AVX to speed up key computation of dense matrix multiplications for the calculation
of generalized material forces. On the terrain side, OpenMP directives parallelize various
phases of the granular material numerical integration, including broad phase and narrow
phase collision detection, and the solver.
Multi‐core + vectorized FEA simulation

SIMD
Thread 1
Co‐simulation

SIMD

OpenMP
Thread 2

Rig + Tire

SIMD

OpenMP
Thread 3

MPI
SIMD

Multi‐core + vectorized multibody simulation
(rigid terrain or granular terrain)

Thread 1
SIMD

OpenMP
Terrain

Thread 2
SIMD

OpenMP
Thread 3

3

Figure 4: Parallelization of cosimulation framework

4

Numerical results of tire rig

4.1

Tire Rig Mechanism

The test rig mechanism used for this co-simulation framework allows for imposing a prescribed,
time-dependent toe angular and a longitudinal slip. A prismatic joint links the chassis with
the ground along the forward direction. This prismatic joint is actuated to move at a
prescribed velocity. Simultaneously, the angular velocity of the tire is enforced through an
angular velocity constraint. As a result, the user can prescribe a longitudinal slip and forward
velocity to simulate a variety of scenarios and analyze mobility measures. A similar test
rig mechanism had already been developed in Chrono [23]. The mechanism consists of the
following components:
• Ground. Linked to chassis to only allow forward motion –along positive X axis.
8

• Chassis. The body “set toe” is constrained to the chassis to allow for rotation about
the vertical, Z, axis. A kinematically imposed angle on the set toe body leads to
controlled changes in the tire’s slip angle.
• Wheel carrier. The rim is connected to the wheel carrier through an actuated revolute
joint. Mass of this body is used to increase the vertical load acting on the tire.
• Rim. The finite element model of the tire is fully constrained to rim at the inner
circumference.
revolute joint

chassis body
set toe body
wheel carrier
body

prismatic joint:
linear velocity

prismatic joint
angular velocity
constraint

Figure 5: Scheme of test rig mechanism for nonlinear finite element tire

4.1.1

ANCF Tire Model

The HMMWV tire is slick (no tread) and is modeled by a mesh of 90×24 layered, orthotropic
shell elements [30]. The tire’s internal pressure is 200 kPa and the section geometry is created
by splines. The tire’s input data is parameterized by using the JavaScript Object Notation,
JSON, file [1]. This human-readable input file includes key parameters, such as tire profile,
inflation pressure, contact stiffness, and damping parameters, number and thickness of
orthotropic material layers and their elastic material properties, which are spelled out in
Appendix 7.
4.1.2

Parameters

Masses of chassis and set toe bodies are, respectively, 1 kg. The rim body and the wheel
carrier masses are 15 kg and 450 kg, respectively. The wheel carrier is therefore responsible
for most of the vertical weight acting on the pneumatic tire. The contact stiffness for the tire
surface on the terrain node is KNt = 2.0 · 106 N/m. The angular velocity imposed on the tire
9

rim –which is constrained to the bead section of the tire– is ω = vl /rtire , where vl = 4.0 m/s
and rtire = 0.4673 m. The longitudinal slip is enforced by modifying the constrained linear
velocity of the set toe mass vlconst = vl · (1 − slip), where slip = 0.0, ..., +1.0 takes prescribed
values.

4.2

Terrain

The terrain particles are contained in a box of dimensions 10 m x 0.6 m x 1 m. The radius of
the particles is 6 mm. Fifteen layers of particles are initially dropped in the box, totaling
382,500 granular bodies. Constant cohesive forces –equivalent to 80 kPa– are applied to
each particle pair. Density of the particles is 2500 kg/m3 and the normal contact stiffness
coefficient is KNg = 106 N/m.

Figure 6: Detail of tire deformed tire sidewall and terrain deformation. Particle velocities are
denoted by a vector scaled by its magnitude.
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Figure 7: Deformed terrain behind deformed tire

4.3

Numerical mobility measures

A snapshot of the system tire–terrain is shown in Fig. 6. The tire surface is colored with radial
strain distribution and the terrain is colored with each particle’s height over the container
bottom. A vector shows the direction and magnitude of the discrete elements in the vicinity
of the tire contact patch. Figure 7 shows the system from a perspective where the contrast
between deformed and undeformed terrain is apparent. The contact forces transmitted from
the terrain to the tire as well as the force required for the rig to move forward at the prescribed
velocity will determine important mobility measures. One very common such a measure is
the drawbar pull, which may be defined as the available force to the vehicle for pulling a
load or accelerating. Due to the tire rig mechanism setup, which imposes the tire’s forward
and angular velocity, the drawbar pull can be simply retrieved as a reaction force at the
prismatic joint. Steady state values of drawbar pull are obtained once the tire has settled on
the granular terrain.
Figures 8 and 9 show the evolution of the available drawbar pull on granular terrain.
Reference key parameters for these figures are: Inflation pressure, 200 kPa, terrain cohesion,
80 kPa, friction coefficient, 0.9. For the type of granular terrain previously described, Figure 8
shows that the drawbar pull grows steadily in the simulation with the longitudinal slip.
However, it never reaches its maximum potential value due to the displacements and dissipation
taking place in the terrain. Experiments and simulations using DEM have shown that the
drawbar peaks for larger slip values as compared to rigid ground, see [9]. For rigid ground,
the ANCF tire’s drawbar pull plateaus at low slip values (see Fig. 9). Experimental trends
reported in the literature [12] suggest that larger tire inflation and reduced terrain cohesion
lead to reduced mobility capability. That fact is consistent with the results obtained using
the ANCF tire, granular terrain, and the cosimulation framework.
Figures 10 and 11 depict the normal pressure distribution in the contact patch at two
11
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Figure 8: Drawbar pull vs slip for various key parameters

Figure 9: Drawbar pull vs slip for rigid terrain and reference parameters
stages of the dynamic simulation: When the tire undergoes the larger deflection once it
comes into contact with the terrain, in Fig. 10, and a typical distribution during steady state
motion, in Fig. 11. Indeed, Wong [26] advocates for comparing the contact patch normal
pressure with the inflation pressure so as to determine whether the tire behaves in a rigid or
elastic mode. From Figs. 10 and 11, however, it may be concluded that the mode of operation
depends on the range of dynamic loads acting on the tire. If a dynamic even happens, such
as an obstacle, the maximum contact patch contact pressure may reach 500 kPa, much larger
than inflation pressure. For steady-state rolling, the contact pressure hardly surpasses the
12

default inflation pressure of 200 kPa at any point in the contact patch.

Figure 10: Distribution of normal contact patch pressure in tire with high vertical reaction force

Figure 11: Distribution of normal contact patch pressure in tire in steady state motion
For the same set of soil and tire parameters, variations in weight can compromise the
mobility of the system. For the reference parameters: Tire internal pressure (200 kPa), terrain
cohesion (80 kPa), and slip (0.3), Fig. 12 shows that the normalized drawbar pull decreases
until becoming negative for larger weights. This result finds justification in the existence of
larger sinkages for larger vertical loads.

13

0 .1 4

D r a w b a r p u ll c o e ffic ie n t

0 .1 2
0 .1 0
0 .0 8
0 .0 6
0 .0 4
0 .0 2
0 .0 0
S a m p le s fr o m

d y n a m ic s im u la tio n

-0 .0 2
1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

S y s te m

4 5 0

5 0 0

5 5 0

6 0 0

6 5 0

m a s s (k g )

Figure 12: Influence of weight on available drawbar pull

4.4

Terrain action

The action of the terrain on the tire can be classified into resistant or tractive. Resistance
forces are normal to the tire surface and oppose the motion whereas tractive forces are the
results of shear forces generated in the contact patch that drive the tire forward. In the
high-fidelity approach developed in this work, these forces are calculated as the summation
of the interacting forces of all the particles in contact with the tire.
Figure 13 shows the time evolution of the resistance forces for different values of terrain
cohesion. These forces reach steady-state values towards the end the simulation, where
normal forces have stabilized after the transient. As expected, larger terrain cohesion reduces
the terrain resistance forces due to smaller tire sinkage.
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Figure 13: Total terrain resistance over time
The longitudinal net terrain action, closely related to the drawbar pull ability, increases
until it plateaus for larger terrain cohesion values, as plotted in Fig. 14. The magnitude of
the terrain resistance forces decreases almost linearly with larger cohesion values (see Fig. 15).
Finally, tractive effort for various terrain cohesion values is depicted in Fig. 16, where it
may be observed that smaller cohesion values lead to larger tractive efforts. This behavior is
justified due to the fact that smaller cohesion values produce larger sinkages, which increase
the tire surface in contact with the terrain thereby increasing the tractive forces. However,
this phenomenon, as evidenced by Fig. 14, does not counteracts larger terrain resistance forces
for smaller terrain cohesion values. In Fig. 17, there is a reproduction of Wong’s reference
plot to assess importance of considering a flexible tire: Radius gets deformed. There, Wong
compares the tire contact patch normal pressure with the inflation pressure to determine
whether the tire runs in flexible or rigid mode. We do a numerical experiment and reduce
the wheel carrier mass to 50 kg –which makes up a total system vertical load of 640N. The
results of the drawbar pull versus slip curve for two values of inflation pressure are shown
in Fig. 18, there in it may be observed that: i) the drawbar pull curve plateaus for large
slip values, ii) the curve is not very sensitive to changes in inflation pressure. That second
conclusion is consistent with postulating that the tire runs in rigid mode for both numerical
scenarios, so flexibility is not playing a key role in the dynamics of the system.
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Figure 14: Longitudinal net force of terrain on ANCF tire
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Figure 15: Component of normal contact force that opposes linear motion of tire
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Figure 16: Component of tangential contact forces that move tire forward –Tractive effort

Figure 17: Criterion to assess tire’s deformation influence. From Wong’s book [26]

17

Figure 18: Drawbar pull trend with slip for lower vertical load and various inflation pressure values
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4.5

Multipass

Multipass effects in off-road vehicle mobility are key to making go–no–go decisions for military
convoys. The repeated loading of tires on already-deformed soil can lead to excessive sinkage
and lack of drawbar which may reduce mobility. In this subsection, the effect of multipasses of
an ANCF tire on cohesive, granular terrain is numerically assessed. This simulation uses the
same reference values as employed in previous simulations: Tire internal pressure, 200 kPa,
soil cohesion, 80 kPa, system mass, 465 kg, and longitudinal slip, 0.3. Before the first pass,
the terrain is dropped and the action of cohesion compacts it. After each of the 3 passes, the
terrain state is checkpointed; that is, the state is saved and used as initial configuration of the
next pass, where the tire is initialized right above the terrain’s upper particle layer. Figure 19
shows the tire during its second pass: Ahead, the upper layer has the height resulting from
the first pass, whereas, behind the tire, the terrain has further sinked due to the additional
pass.
Three passes are simulated within the current framework. Steady-state results are summa-

Figure 19: Snapshot of the multilayered ANCF tire on granular terrain during pass number 2
rized in Fig. 20. Therein, it is shown the evolution of terrain sinkage with the number of
passes. The terrain shows consolidation which may be influenced by the boundary conditions
selected for this problem –a rigid container. Incremental sinkage values are higher for initial
passes. In addition, it is observed that, due to the process of consolidation, the available
drawbar pull is larger once the terrain is consolidated. This result is qualitatively similar to
the one presented in [19], where a semiempirical approach was used.
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Figure 20: Evolution of steady-state values of sinkage and drawbar pull

5

Full vehicle results

This section presents some results on maneuvers of a Chrono::Vehicle HMMWV on granular
terrain. The tires are modeled with multilayered ANCF shell elements, as in the single tire
simulations. An explicit, force–displacement cosimulation framework (see [18] for details) is
used to couple six MPI nodes, including one node per tire, one for the terrain, and one for
the vehicle. Various maneuvers and the action of the terrain in the vehicle are analyzed.

5.1

Three-way cosimulation

Explicit force–displacement cosimulation strategies are used to co-simulate the four ANCF
tires, the terrain, and the vehicle. Since the time spent on the MPI communication is small,
this approach significantly speeds up the overall simulation by reducing the computer time to
the slowest of the MPI nodes. A summary of the co-simulation scheme is shown in Fig. 21.
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Figure 21: 3-way co-simulation scheme for the simulation of a HMMWV, ANCF tires, and granular
terrain. Three types of MPI nodes exist: Tire (4), terrain (1), and vehicle (1). The four ANCF tire
nodes play a central role in the co-simulation scheme; at each communication time step, each tire
node sends geometry information to the terrain node and receives the action of terrain on the tire
in the form of nodal forces. Simultaneously, the tire receives the position of the rim body and sends
an equivalent force and moment to a vehicle hub. Both tire and terrain nodes are parallelized with
OpenMP and make use of SIMD through AVX.

5.2

Straight acceleration

In this numerical scenario, the driver pushes the gas pedal gradually at 0.5 s. The vehicle
moves forward on 15 layers of granular terrain of dimensions 15 m x 3 m. The radius of
particles is 12 mm, and the soil cohesion is 100 kPa. Tires parameters are default. In reading
this subsection’s plots, three main dynamic events need to be taken into consideration: a)
during the first second of simulation the entire vehicle drops onto the deformable terrain,
causing abrupt dynamic forces; b) At around 3.4 s, the rear tires fall onto the ditch carved by
the front tires, changing the pitch angle of the vehicle; c) At 4.70 s, the vehicle switches gears
for the first time. The longitudinal and vertical position of the chassis over the simulation
may be observed in Figs. 22 and 23, respectively. The forward velocity of the chassis is plotted
in Fig. 24, wherein said dynamic events may be observed. A snapshot of the entire system’s
state toward the end of the simulation is shown in Fig. 25. Figure 26 shows the resultant
of the normal vertical forces on the two left tires. The highest jumps on the vertical forces
correspond to the fall of the rear tires on the initial front wheel sinkage and the gear shift.
Finally, the resulting terrain resistance forces and net forces on the left tires are depicted in
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Fig. 27. That figure shows how after 3.45 s the mobility of rear tires increase; this effect is
due to the consolidation of the terrain caused by the rolling of the front tires.

Figure 22: Longitudinal position of chassis

Figure 23: Vertical position of chassis
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Figure 24: Forward velocity of chassis

Figure 25: Snapshot of the entire system at t = 3 s. In this simulation, the multilayered material
has been lumped into one single orthotropic layer
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Figure 26: Vertical forces on left tires over the simulation

Figure 27: Terrain resistance and net forces on vehicle’s left tires
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5.3

Computer times

This subsection reports computer times for the full vehicle co-simulation framework. Since
many different simulation scenarios are presented in this report, one representative simulation
parameter set is chosen to report computer times: An HMMWV traveling on 15 layers of
spherical particles of 12 mm radius; the particle container has dimensions 15 m×3 m. The
full vehicle simulations are run on two Intel Xeon Processor E5-2650 v3 (25M Cache, 2.30
GHz) nodes. Two threads are assigned to each of the four tires which parallelize the internal
forces and the linear system for each Newton-Raphson iteration; one thread is assigned to
solving the vehicle dynamics, which is the lighter MPI node; finally, 24 threads are assigned to
solving the granular material dynamics. For stability reasons, the communication time steps
were selected to be the same as the subsystem integration time steps. Details of computer
time for the 3-way co-simulation framework with four ANCF tires and granular terrain are
given in Table 1. Therein, the slowest of the four tire MPI nodes is reported. It may be
concluded that the wall time of the tire and terrain MPI nodes is about 85% of that of the
entire simulation framework. In this sense, two aspects need to be considered: i) some wall
time is spent on communication between nodes, ii) at each time step, the slowest node may
be one of the four tires or the terrain, so it is found challenging to achieve a higher level of
overall MPI node occupancy. For the 5.2 s of simulation, a total wall time of 289200 s (∼3
days and 8 hours) is recorded.

6

Conclusions and future research directions

This work has proposed an integrated approach for the prediction of wheeled vehicle mobility
that uses high-fidelity representations of vehicle, deformable tires, and granular terrain. The
computer demands of such a detailed take has been alleviated by the use of a co-simulation
framework and HPC techniques. Even though the computer times of this approach are
far from the computational tools using semi-empirical approaches, the results show this
high-fidelity, integrated computational framework is a feasible alternative to empirical models
and capable of predicting the system’s dynamic behavior for the wider range of scenarios.
Computer times
MPI node

Degrees of freedom

Time step (s)

Node wall time (s)

Percentage (%)

HMMWV

145

3.5·10−5
6

Granular terrain

4.325·10

Tires

54,028

307

0.11

−5

3.5·10

243,710

84.27

3.5·10−5

250,100

86.50

Table 1: Computer times of a full vehicle simulation on granular terrain. Percentages are
referred to the wall time of the entire simulation, 289200 s. The simulation time is 5.2 s
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In addition, in the present approach, meaningful parameters, such as terrain cohesion, tire
internal pressure, and powertrain features are directly fed into the simulation without the
need for empirical, hard-to-get parameters which lump an array of physical behaviors.
Batches of simulation of this high-fidelity approach can characterize the mobility features
of diverse vehicles with various tire parameters on a range of terrain types. This will help
in making go–no–go decisions and advance the state of the art of current standards for the
computational prediction of mobility [8].
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Tire sections
Bead

Sidewall

Layer 1

Mat. 1, α = 90◦ , 0.5 mm Mat. 1, α = 90◦ , 0.5 mm

Layer 2

Mat. 3, α = 0◦ , 5.0 mm

Layer 3

Mat. 1, α = 90◦ , 0.5 mm Mat. 1, α = 90◦ , 0.5 mm

Layer 4

Mat. 3, α = 0◦ , 0.1 mm

–

–

Tread
Mat. 3, α = 0◦ , 1.0 mm
Mat. 2, α = −20◦ , 0.3 mm
Mat. 2, α = 20◦ , 0.3 mm
Mat. 1, α = 90◦ , 0.5 mm

Table 2: Material types, fiber angles (α), and thickness of the materials composing the bead,
sidewall, and tread of the deformable tire.
Elastic coefficients
Moduli of elasticity (Pa)

Moduli of rigidity (Pa)

Poisson ratios

E1 = 7.56 · 109 , E2 = E3 = Eref

G1 = G2 = G3 = Gref

ν1 = ν2 = ν3 = νref

M aterial 2 E1 = 1.80 · 1011 , E2 = E3 = Eref

G1 = G2 = G3 = Gref

ν1 = ν2 = ν3 = νref

M aterial 3

G1 = G2 = G3 = Gref

ν1 = ν2 = ν3 = νref

M aterial 1

E1 = E2 = E3 = Eref

Table 3: Orthotropic elastic constants of the four material types composing the deformable
tire, where typical values are Eref = 4.74 · 107 Pa, Gref = 1.63 · 107 Pa, and νref = 0.45

7

Appendix: Tire material data

Tables 2 and 3 summarize the material composition of the multilayered deformable tire used
in the simulations. While the values of the elastic coefficients have not been matched to those
of any particular tire, they have been found to yield reasonable deformation and dynamic
behavior for the scenarios run.
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