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ABSTRACT

A high-fidelity computational terrain dynamics model plays a crucial role in accurate vehicle
mobility performance prediction under various maneuvering scenarios on deformable terrain.
Although many computational models have been proposed using either finite element (FE) or
discrete element (DE) approaches, phenomenological constitutive assumptions in FE soil models
make the modeling of complex granular terrain behavior very difficult and DE soil models are
computationally expensive, especially when considering a wide range of terrain. To address the
limitations of exiting deformable terrain models, this paper presents a hierarchical FE-DE
multiscale tire-soil interaction simulation capability that can be integrated in the monolithic
multibody dynamics solver for high-fidelity off-road mobility simulation using high-
performance computing techniques. It is demonstrated that computational cost is substantially
lowered by the multiscale soil model as compared to the corresponding pure DE model while
maintaining the same accuracy. The multiscale tire-soil interaction model is validated against the
soil bin mobility test data under various wheel load and tire inflation pressure conditions, thereby
demonstrating the potential of the proposed method for resolving challenging vehicle-terrain
interaction problems.

Keywords: Tire-soil interaction, off-road mobility simulation. multibody dynamics, multiscale
methods, finite element methods, discrete element methods.
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1. INTRODUCTION

A high-fidelity computational terrain dynamics model is essential for physics-based off-road
mobility simulations in achieving accurate mobility performance prediction under various
vehicle maneuvering scenarios on deformable terrain [1]. Granular terrain dynamics is complex,
involving highly nonlinear anisotropy of strength and strain localization. Most computational soil
models currently in use utilize either the finite element (FE) approach [2-6] or the discrete
element (DE) approach [7-12]. In the FE model, soil is approximated as a continuum and its
failure behavior including soil hardening characteristics is described by phenomenological
constitutive equations such as the Mohr-Coulomb and the capped Drucker-Prager failure criteria
[2]. While cohesive soil behavior is well predicted using continuum FE models, use of
phenomenological constitutive assumptions makes accurate modeling of complex granular
material behavior and its parameter identification very difficult.

DE models, therefore, have gained acceptance in modeling the grain-scale granular
material behavior. Since the material behavior is modeled by discrete particles with frictional
contact, complex granular soil behavior including history-dependent strain localization can be
predicted in a relatively straightforward manner. Thus, DE approach has been widely utilized for
the analysis of various geotechnical applications [8]. Critical challenges still lie in high
computational intensity in application to off-road mobility simulation since a wide range of
terrain needs to be modeled in vehicle maneuvering simulations, resulting in large-dimensional
DE models. Various attempts, therefore, have been pursued from the computational and
modeling perspectives, including use of high-performance computing (HPC) capabilities with
Graphic Processor Unit (GPU) [13,14] and complementarity rigid contact approach in place of

the compliant contact approach [15], etc.
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In order to exploit advantages of both the FE and DE soil models, a coupled FE-DE soil
model is proposed for tire-soil interaction simulations [16]. In this model, the DE model is used
to describe the surface layers of terrain to model the dynamic interaction between soil and a
rolling tire, while the FE model is utilized to describe the subsurface layers to reduce the overall
model dimensionality. The coupled FE and DE simulation is also referred as concurrent
multiscale simulation in the field of computational geomechanics, in which DE models are
introduced to a macroscale continuum FE soil model to predict the localized grain-scale granular
material behavior with contact and impact [17,18]. To couple the FE and DE models in the
interface region, either kinematic constraint or contact condition needs to be imposed, and
special care needs to be exercised to ensure that mechanical properties of the DE and FE soil
models are consistent in the interface region. In contrast, the hierarchical multiscale method for
geomaterials utilizes the FE model to predict macroscale deformation of geomaterials as a
continuum, while the phenomenological constitutive relation, such as the capped Drucker-Prager
failure model, is replaced by the physical response of grain-scale DE model defined using the
representative volume element (RVE) [19-22]. In other words, the stress response at the FE
quadrature point is obtained directly from the DE model without resorting to the
phenomenological constitutive model. The DE particles do not occupy the entire model space,
but only multiple RVEs are defined at FE quadrature points. Thus, the DE model size can be
substantially decreased as compared to the pure DE models [21,22]. Furthermore, boundary
conditions for granular materials can be imposed in a straightforward manner using FE meshes.

Despite the unique features and the potential of the hierarchical FE-DE multiscale
approach for modeling complex soil behavior which the use of assumed phenomenological

constitutive models can result in inaccurate prediction, the hierarchical multiscale modeling for
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vehicle-terrain interaction has not been addressed due to the complexity in integrating the FE and
DE models in general multibody dynamics computer algorithm required for physics-based off-
road vehicle mobility simulations. It is, therefore, the objective of this study to develop a
hierarchical multiscale tire-soil interaction simulation capability that can be integrated in the
monolithic multibody dynamics solver for high-fidelity off-road mobility simulation using high-
performance computing techniques. For this purpose, the FE-based flexible multibody dynamics
tire-soil interaction simulation solver developed in the authors’ previous study [6] is generalized
for a hierarchical multiscale terrain dynamics model as shown in Fig. 1 in this study. In particular,
a scale-bridging algorithm between the upper-scale FE terrain model in the multibody dynamics
solver and lower-scale RVE models in the DE solve is developed to establish new multiscale oft-
road mobility simulation capability, considering multibody vehicle components with nonlinear
FE tires. Furthermore, to enable parallelized DE simulations for multiple RVEs, a distributed-
memory parallel computing algorithm is developed for the lower-scale models using Message
Passing Interface (MPI), while the share-memory parallel computing is used for solving the
multibody dynamics equations with the upper-scale soil models with OpenMP. Accuracy and
computational efficiency of the multiscale terrain dynamics models are assessed by comparison
with the pure DE model as well as the test data for the triaxial soil compression test and the soil
bin mobility test scenarios. The moving soil patch algorithm [6,11] is also generalized to the
multiscale terrain dynamics model such that the multiscale soil model is considered only in the
vicinity of the rolling tire to reduce the overall model dimensionality for off-road mobility

simulation.
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2. HIERARCHICAL FE-DE MULTISCALE MODELING
2.1 Upper-Scale Finite-Element Model

The upper-scale continuum model is developed using the nonlinear finite element method. A
brick element integrated in the monolithic multibody dynamics solver is generalized to account
for the grain-scale granular material behavior using the lower-scale DE model at the quadrature
points within the element. The global position vector of an arbitrary point in the element is

defined by
r=N(&,n.0)e (1)
where N is the shape function matrix and e is the nodal coordinate vector. & 7, {are the

element natural coordinates. The Green-Lagrange strain tensor is given by [23]
1
E-= 5 (F'F-I) (2)

where F is the global position vector gradient tensor defined by

or = _ |
F_a_X_J(J) 3)

and J = or/ox and J =0X/0x. The vector X defines the global position vector at an arbitrary

reference configuration. The generalized internal force Q_ can then be obtained as

Q=] (aa—f) sav, 4)

where E is a vector of the Green-Lagrange strain tensor obtained from Eq. 2, while S is a
vector of the second Piola—Kirchhoff (PK) stresses and dV; is the infinitesimal volume at the

reference configuration. Using the principle of virtual work in dynamics, the equations of motion

of the element can be obtained as [6]
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Mé=Q, +Q, )
where M is the constant generalized mass matrix and Q, is the generalized external force vector

that can include the contact forces with the rolling tire.
2.2 Lower-Scale Discrete-Element Model

To define the stress response at a quadrature point within the element, the representative volume
element (RVE) is defined using the DE approach as shown in Fig. 1. The RVE is subjected to
spatial periodic boundaries to predict homogenized stress responses of granular material at the
material point within the element. In the DE simulation, the Hertzian compliant normal contact

force model is used as [8]
2F
F=——-ro -0 6
n 3(1_‘/2) e n n ( )

where E, v, r,, and J, are, respectively, Young’s modulus, Poisson’s ratio, equivalent particle

radius, and assumed penetration between two particles in contact. A Mindlin-type tangential
force model is used to define the state of sticking, while the Coulomb friction model is used in

the sliding state as [8]

4G ro, -0, --- sticking
F =4 2-v (7)
uF, .-+ sliding

where p and o, are, respectively, the friction coefficient and tangential deformation between two

particles in contact. The rolling resistance moment is also considered to describe moments

exerted on non-spherical particles in contact as [24]

K r’n*-0. - sticki
Mr:{ﬂ gm0 sticking )

nkr, .-+ sliding
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where f and 7 are rolling resistance parameters, while €. is torsional deflection between two

particles.

To obtain the history-dependent stress response using the RVE, incremental strain tensor
Ag at the quadrature point in the finite element is calculated at each time step and is used to
deform the corresponding RVE by changing the coordinates of the RVE planes [8]. For this, the

logarithmic strains (i.e., true strains) in reference to the current configuration is evaluated as

€= i In(4 )n, ®n, )

i=1
where /, is the i-th eigenvalue of spatial stretch tensor V given from the polar decomposition of
the displacement gradient tensor F = VR with the rotation tensor R. The vector n, is the

associated eigenvector. Having completed the DE simulation under the prescribed strain
boundary condition at each time step of the upper-scale model, the RVE particle data at the
deformed configuration is saved for use in the next time step and the homogenized Cauchy stress

tensor of the deformed RVE can then be calculated as [8]

6=LYd @f (10)
V4

where f° is the inter-particle contact force vector, while d° is the relative displacement vector
of particles in contact. V" is the volume of the deformed RVE and N: is the total number of
contact in the RVE. Furthermore, the homogenized tangent moduli tensor can be obtained as
[21]

a_cle(knnC ®dc ®nc ®dc+kttc®dc®tc®dc) (11)
oe V¥

where n° and t° are unit normal and tangent vectors of contact plane between two particles in

contact. To obtain the generalized internal force vector of the FE model in Eq. 4, the

6
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homogenized Cauchy stress tensor is converted to the second PK stress tensor as [23]:
S=JF 'oF"’ (12)
where J =det|F|. The preceding equation is used to define the internal forces of the upper-scale

FE model in Eq. 4. Accordingly, history-dependent stress responses of granular materials,
predicted by the DE models, can be incorporated in the FE model and the conventional

phenomenological constitutive assumption can be eliminated [19-22].

3. HIERARCHICAL MULTISCALE TIRE-SOIL INTERACTION MODEL

3.1 Integration of the Multiscale Terrain Model in Monolithic Off-Road Mobility Solver

The heretical multiscale soil model is incorporated into the flexible multibody dynamics solver
for off-road mobility simulation, involving interconnected vehicle components and nonlinear FE
tire models. While the DE solvers are involved in the stress calculation at quadrature points
within elements, the dynamic response of the multiscale soil model is defined by the upper-scale
FE model. Thus, the flexible multibody dynamics computational algorithm developed for the FE-
based deformable tire-soil interaction simulation [6] can be utilized as the basis for incorporating
the multiscale soil model. The following governing equations for the upper-scale models can be

obtained and integrated forward in time at each time step:

M q, + C;k =Q.(q,.e,,q,.¢,) --- Rigid vehicle components

Mg +C,2=Q,(q,.¢,.e.q,,¢, ¢ a) - Nonlinear FE tires (13)
Me =Q,(e, e ¢, e )< RVEs --+ Multiscale terrain model

C(q,.e,.t)=0 --- Joint constraints

where subscript 7, ¢ and s refer, respectively, to rigid bodies, nonlinear FE tire models, and the
multiscale soil elements. Mechanical joint constraints and prescribed motion trajectories are

imposed on the vehicle components and tires using the kinematic constraint equations,

7
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C(q,.e,,t)=0. a is the vector of internal parameters for the composite shell element [25]. For

the multiscale terrain model, brick elements integrated in the general multibody dynamics code
[6,26] are used as the upper-scale model, while RVE models are developed using an open source
DE code, LIGGGHTS (LAMMPS Improved for General Granular and Granular Heat Transfer
Simulations) [27]. The upper-scale FE soil model in the multibody dynamics code and the lower-
scale RVE models in DE code are then interfaced through the scale-bridging algorithm as will be

discussed in Section 3.2.
3.2 Computational Algorithms

3.2.1 Scale-Bridging Algorithm In the upper-scale FE model, the incremental strain tensor at
the quadrature point is calculated using Eq. 9 at each time step, and then outputted to define the
incremental prescribed strain boundary condition imposed on the RVE model. RVE simulations
under the prescribed strain boundary conditions are run in parallel with multiple processors using
Message Passing Interface (MPI) as shown in Fig. 2. It is important to notice here that each RVE
has no physical interaction with any other RVEs, thus establishing parallel computing scheme for
multiple RVEs is more straightforward than the single-scale pure DE model, which requires
sophisticated domain decomposition techniques due to strong force coupling between DE
subdomains. Having completed the RVE simulation, the homogenized Cauchy stress tensor (Eq.
10) as well as the tangent moduli tensor (Eq. 11) are outputted and passed back to the upper-
scale finite element model to calculate the generalized internal forces using Eq. 4 and to define
the tangent moduli for the implicit time integrator. It is important to notice here that, for running
the large-scale tire-soil interaction simulation with HPC cluster, the scale-bridging algorithm
needs to be optimized for the MPI parallel computing since frequent data transfer across multiple

compute nodes imposes additional computational burdens in the HPC cluster. For this reason,
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strain tensor data from the upper-scale FE models are stored in a single file to eliminate multiple
file transfer for each RVE and then prescribed strain boundary conditions for all the RVEs are
defined directly in the DE script program to eliminate unnecessary file transfer and data
read/write processes. Furthermore, REV simulation results at each time step of the upper-scale
model are stored in each local storage of each compute node such that it can be used as the initial
condition of the RVE in the next time step without unnecessary file transfer across the nodes, as
shown in Fig. 2. The homogenized Cauchy stress and tangent moduli tensor data obtained from
all the RVEs are also collected in a single file and then passed back to the compute node for the
upper-scale model described by Eq. 13.

3.2.2 RVE Initial Packing  To run the multiscale simulation, RVEs have to be created using
the DE code such that user-defined target confining pressure as well as porosity can be achieved.
This process is called RVE initial packing, and an automated initial packing procedure is
developed using LIGGGHTS by controlling the RVE volume and inter-particle friction
coefficient. First, particles are inserted in an RVE box by specifying the number of particles and
particle radius. The particle size distribution can also be specified as needed. Second, the RVE
box is incrementally shrunk until the target confining pressure is reached. The friction coefficient
between particles is then decreased to reduce porosity of the RVE model. The confining pressure,
however, decreases and deviates from the target value due to a decrease in the friction coefficient
to lower the porosity. Thus, the RVE box is further shrunk to reach the target confining pressure
with the reduced friction coefficient. This procedure is repeated until the target porosity and
confining pressure are achieved simultaneously. Finally, the inter-particle friction coefficient is

set back to the actual value to create the initially-packed RVE model.

This material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Approved for public release; distribution is unlimited.



UNCLASSIFIED: Distribution Statement A. Approved for public release; distribution is unlimited. # QPSEC 1714

3.2.3 Moving Soil Patch Technique  In the off-road mobility simulation, a wider range of
terrain needs to be considered as the vehicle’s traveling distance increases and it results in a
large-scale computational terrain model needed in the analysis. For this reason, the moving soil
patch technique introduced for FE terrain model [6] is extended for the multiscale soil model to
reduce computational intensity as well as the soil model dimensionality. In this technique, a soil
patch is defined in the vicinity of a traveling tire such that soil elements behind the tire are
removed as the tire moves forward, while new elements are being added ahead of the tire. This
allows for maintaining the same terrain model size regardless of the traveling distance, thereby
resulting in computational time proportional to the traveling distance, as demonstrated in the
literature [6]. For the multiscale model, multiscale elements with initially packed RVEs are
added sequentially. Furthermore, since the element deformation data as well as the particle data
in RVEs are saved, the eliminated elements behind the tire can be recovered whenever the soil
patch of the other tire enter into that region. In other words, deformable terrain behavior due to

multiple tire passage can be considered without loss of generality.

4. MULTISCALE SOIL SIMULATION AND VALIDATION
In what follows, several numerical examples are presented in order to demonstrate capabilities of

the hierarchical FE-DE multiscale soil model.
4.1 Triaxial Compression Test Simulation

In order to validate the hierarchical FE-DE multiscale soil model implemented in the multibody
dynamic computer algorithm, a triaxial compression soil test model is developed and then results
are compared with the test data as well as the pure DE simulation results. The soil specimen is
consolidated by applying a uniform confining pressure of 25 kPa and then the deviatoric stress is

applied vertically to obtain the stress and strain relationship. The volume, height, and the cross-
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section diameter of the initial specimen are 564.86 cm?, 142.27 mm, and 71.10 mm, respectively.
The water content is 11.20% and the dry density of the specimen is 1.933 g/cm® [6]. The DE
model parameters are calibrated using a pure DE model with LIGGGTHS and the following
parameters are used in this study: E=1.5x10°Pa, v=0293, 4=0452, f=225, and
171 =0.99. Numerical results obtained using a different number of particles are compared with the

test data in Fig 3. For simplicity, spherical particles are assumed with constant particle radius of
0.87 mm. It is observed from this figure that an increase in the number of particles leads to a
convergent solution and use of 160,000 particles results in good agreement with the test result.
The stress-strain curve exhibits noticeable post-failure softening behavior due to the low
confining pressure applied.

The hierarchical FE-DE multiscale model for this triaxial compression test scenario is
developed with the DE parameters used for the pure DE model. The stress-strain curves obtained
using 1 and 8 elements with 1,000 and 2,000 particles per RVE are presented in Fig. 4 and they
are compared with the pure DE and test results. It is observed from this figure that use of 1,000
and 2,000 particles per RVE leads to the solution that is in agreement with the original pure DE
model as well as the test data. Furthermore, use of single element with 8 quadrature points (i.e., 8
RVEs) is good enough to obtain accurate solution in this triaxial test condition and the result is in
good agreement with that of the 8 element model with 64 RVEs. The computation time of the
single element model with 8 RVEs with 2,000 particles is 951 sec using 8 processors, while that
of the pure DE model with 160,000 particles is 42,360 sec using 32 processors and 9,720 sec
using 512 processors. Since the DE simulation is performed only at the quadrature points using
RVEs, the model dimensionality is much smaller than the pure DE model, resulting in substantial

reduction in computational time while maintaining the same accuracy. It is also important to
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notice here that, for the multiscale model, one processor is used to run each RVE simulation due
to small number of particles (1,000 or 2,000) used in the RVE, while MPI parallelization is used
to run multiple RVE models concurrently.

While the 8-RVE model is good enough to obtain the result that agrees well with the pure
DE model, the parallel computing scalability analysis is performed for the multiscale model with
different number of elements (1, 8 and 64). 2000 particles are assumed in these models and the
results are shown in Fig. 5. Since there are 8 quadrature points per element, these models have 8§,
64, and 512 RVEs, respectively. It is observed from Fig. 5 that similar scalability characteristics
are achieved regardless of the number of elements. The RVE models in the multiscale model are
independent and there is no force coupling among them, thus good parallel computing scalability
can be achieved regardless of the number of RVEs considered in the model. Maintaining good
parallel computing scalability is critically important in this study since off-road mobility
simulation requires a large number of multiscale elements and one can then gain substantial
benefit from the high-performance computing capability of the multiscale tire-soil interaction
simulation. Furthermore, computational times of the three multiscale models obtained using their
maximum of number of processors (i.e., the number of processors = the number of RVEs) are in
the similar range. A slight increase in the computational time for larger number of elements can
be attributed to increasing computational cost for the solution process of the upper-scale model
(i.e., FE model) as well as increasing communication time between the upper and lower-scale
models. Nevertheless, the computational time is still substantially lower than that of the pure DE
model, and the higher computational efficiency of the hierarchical multiscale soil model, as

compared to the pure DE model, is clearly evident from this result.
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4.2 Shear Band Failure Simulation

In the next example, the shear band failure of biaxial compression test specimen is discussed.
This simulation is used to demonstrate soil modeling capabilities for predicting complex strain
localization behavior of geomaterials [21,22]. As shown in Fig. 6, the length, width, and
thickness of the biaxial test specimen are 80 mm, 40 mm, and 10 mm, respectively. The
confining pressure is assumed to be 200 kPa. The bottom left corner of the specimen is fixed to
the ground, while the other nodes on the bottom surface are free to move in the horizontal axis
[22]. Thus, compressing the top surface causes a diagonal failure band, called shear band failure.
The DE parameters for RVEs are assumed to be same as the previous triaxial test example and
2000 particles per RVE are considered. The deformed shape and the compressive normal strain

distribution &,, are shown in Fig. 7 for different number of elements at the axial strain of 8 %.

The localized shear band failure is clearly observed in this figure and an increase in the number
elements results in the band width narrower. To further discuss the element convergence, the
deviatoric stress is presented as a function of the axial compressive strain in Fig. 8. It is observed
from this figure that the shear band failure is initiated around the axial strain of 5 % and use of
512 elements (16x1x32) leads to the convergent solution. This example demonstrates the
potential of the hierarchical multiscale soil model in predicting the localized failure of soil under
a rolling tire with traction, as experimentally observed by particle image velocimetry (PIV)

approach [28].
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5. MULTISCALE TIRE-SOIL INTERACTION SIMULATION
5.1 Test Condition and Simulation Model

To validate the multiscale tire-soil interaction simulation capability developed in this study, the
off-road mobility soil bin test results are used for comparison [6]. A commercial off-road tire of
235/75R15 used in the test is modeled with the nonlinear shear deformable composite shell
element based on the absolute nodal coordinate formulation and details on the modeling
procedure and validation of the tire model are found in the literature [25]. The traveling speed of
the tire is 1 m/s and the tire attached to the moving carriage is free to rotate about its spin axis
without traction. Two different wheel loads of 6 and 8 kN are considered, for which three tire
inflation pressures of 180, 230, and 280 kPa are tested. The steering angle is set to zero. The tire
forces are measured by the 3-axis tire force transducer embedded in the rim, while the soil
sinkage is measured in the middle of the rut by a depth sensor. Soil sample data was collected
from the soil bin in different test cases. The mean soil density is 1,556 kg/m?3, the mean water
content is 8.21%, and the mean void ratio, defined as a ratio of the volume of void space to the
volume of solids, is 0.893. Those values are used to determine parameters for the lower-scale DE
RVE models. The other DE parameters are assumed to be same as those of the triaxial
compression test model since the same soil is used in both tests. The running test is repeated

twice for each test scenario. The soil is not compacted by a roller in each test condition.

In the simulation model, the moving soil patch length, width and height are, respectively,

1.0 m, 0.48 m and 0.4 m. The soil patch width is selected such that the boundary effect is
negligible. The soil patch is updated and shifted forward at every traveled distance of 0.2 m of
the tire. This results in the tire-soil interaction occurring around the center of the patch and the
boundary effect can be neglected. The number of elements for the soil patch is 2,400, while the
14
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total number of RVEs is 19,200. Each RVE has 2,000 particles with the particle radius of 0.87
mm as in the triaxial soil test model. The void ratio of the RVE is set to be the same as the
measured data and the initial confining pressure is assumed to be zero since the soil is not

compacted after loosening the soil in each test scenario.

5.2 Numerical Results and Experimental Validation

The deformed shapes of the rolling tire on the multiscale soil with the moving soil patch
technique are shown in Fig. 9 along with the von Mises stress distribution under the vertical load
of 6 kN and the tire inflation pressure of 230 kPa. The deformed shapes of RVEs at different
location in the soil are also shown in Fig. 9. Compressive deformation is dominant in the RVE at
positon (a) since the soil is compacted after the tire rolls over this portion, while noticeable
compressive and shear deformation is exhibited in the RVE at position (b) under the rolling tire.
The RVE ahead of the tire at position (c) remains initially packed, while shear deformation is
observed for the RVE at position (d) around the edge of the rut. As such, use of the hierarchical
multiscale model allows for facilitating cross-scale understanding of the soil behavior resulting
from the interaction with the rolling tire. The tire forces obtained by the test and the simulation
are compared in Figs. 10 (a) and (b) for the wheel load of 6 and 8 kN, respectively. The
coefficient of friction is assumed to be 0.25. Since the vertical wheel load is regulated, the
vertical force Fz must be in good agreement. The lateral force Fy is zero due to zero steering
angle. The longitudinal force Fx represents the rolling resistance force of the tire. The larger
wheel load leads to larger longitudinal forces. The simulation and test results are in good
agreement in magnitude. To further discuss the effect of the wheel loads and tire inflation
pressure on the mobility performance, the soil sinkage is compared with the test data in Fig. 11,
while the longitudinal tire force as well as the rolling resistance coefficient are shown in Figs. 12

15
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and 13 under various wheel load and tire inflation pressure conditions. The test results are shown
with error bars. It is observed from Fig. 11 that an increase in the wheel load causes an increase
in the soil sinkage as expected and higher inflation pressure results in larger sinkage due to
higher contact pressure developed in the contact patch. Despite the variability of the sinkage test
data due to measurement by hand, the results agree reasonably well. Furthermore, it is observed
from Fig. 12 that the longitudinal tire force increases as the wheel load and tire inflation pressure
increase. That is, large sinkage resulting from higher tire inflation pressure causes larger
resistance force exerted on the tire. This trend is well captured in the simulation model and the
tire forces are in good agreement with the test data for different wheel loads and inflation
pressures. It is also observed from Fig. 13 that the rolling resistance coefficient (Fx/Fz) increases
as the tire inflation pressure increases, while it remains almost constant and less sensitive to the
wheel loads in both simulation and test results. The parallel computing scalability is showed in
Fig. 14 for this tire-soil interaction model, where computational time per iteration is effectively
decreased as the number of processors increases, as in the triaxial compression test example.
That is, the MPI parallelization for the lower-scale RVEs as well as the OpenMP parallelization
for the upper-scale FE-based flexible multibody model models work properly. The CPU time for
the tire traveling a distance of 1.0 m is approximately 27 hours with HPC cluster, Intel Broadwell,
2.4 GHz, while use of the pure DE model with the same particle size (i.e., 0.87 mm) requires

excessively large number of particles and computational time.

While the tire traction test data is unavailable, the tire force characteristics are calculated
using the flexible tire rolling over the multiscale terrain model as shown in Fig. 15 under three
different tire inflation pressures. The slip ratio is defined by s =(R@w—V)/Rw , where R is the

effective rolling radius, w is the rim angular velocity, and V' is the forward velocity which is set
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to 1.0 m/s. In the small slip ratio range, the longitudinal force is negative since the resistance
force from the soil deformation is higher than the driving force exerted on the tire. As the slip
ratio increases, on the other hand, the longitudinal force becomes positive around the slip ratio of
18 %, i.e., the driving force exceeds the resistance force. The rate of increase changes around the
slip ratio of 40 % and the longitudinal force increase gradually as the slip increases. Furthermore,
it is observed from this result that higher inflation pressure results in lower longitudinal forces
due to larger resistance force exerted by soil resulting from higher soil sinkage, as observed in
test data [30]. This fundamental traction characteristics are captured with the proposed multiscale

tire-soil interaction simulation model.

6. SUMMARY AND CONCLUSIONS

While a wide variety of computational tire-soil interaction models have been proposed using FE
approaches, use of phenomenological constitutive assumptions in FE soil models makes the
modeling of complex granular soil behavior very difficult due to highly nonlinear anisotropy of
soil strength and strain localization exhibited in the tire-soil interaction. DE models, therefore,
has gained acceptance in predicting complex granular soil behavior. DE simulation is, however,
computational very intensive, especially when considering a wide range of deformable terrain for
off-road mobility simulation. To address the limitations of existing single-scale FE and DE
terrain models, a hierarchical FE-DE multiscale tire-soil interaction simulation capability, which
can be fully integrated in the general multibody dynamics computer algorithm, was developed in
this study for high-fidelity off-road mobility simulation. The terrain deformation is modeled by
FE meshes, while the stress response of complex granular material within the element is
predicted by physical RVE models using DE approach. For this, incremental true strains at

element quadrature points are converted to prescribed strain boundary conditions imposed on
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corresponding RVE models and the homogenized Cauchy stress tensor is then given back to the
upper-scale FE model for defining the generalized internal forces. Each lower-scale RVE model
is independent and there are no physical interactions with the other RVEs. Thus, multiple DE
simulations were parallelized with MPI, while the share-memory parallel computing is used for
solving the multibody dynamics equations with the upper-scale soil models with OpenMP. It was
shown that high parallel computing scalability was maintained regardless of the number of
multiscale elements considered. Using the triaxial compression test model, it was demonstrated
that computational cost can be substantially lowered by the multiscale soil model as compared to
the corresponding pure DE model while maintaining the same accuracy. This was attributed to
the smaller number of DE particles that can be used in the model and high parallel computing
scalability achieved. The multiscale tire-soil interaction model was developed using the
multibody-dynamics based multiscale computational framework developed in this study and the
moving soil patch technique was generalized for the multiscale terrain model to maintain the
terrain model dimensionality the same regardless of the traveling distance considered. The
simulation results were validated against the soil bin mobility test data for the soil sinkage,
longitudinal force, and the rolling resistance coefficient under various wheel load and tire
inflation pressure conditions, thereby demonstrating the potential of the proposed approach to
resolve challenging vehicle-terrain interaction problems. This approach is currently further
extended for full vehicle simulations with improved computational load balancing for lower

scale models [31].
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Figure 1 Hierarchical multiscale tire-soil interaction simulation model

22
This material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Approved for public release; distribution is unlimited.



UNCLASSIFIED: Distribution Statement A. Approved for public release; distribution is unlimited. # QPSEC 1714

- (Comp node 0)
g M,q, +quk =Q.(q,.e,.q,.€) <+« (1)Rigid vehicle components

Me, +C,2=Q,(q,.¢,.¢..q,.€,.€,0) «+-++++ (2)Nonlinear FE tires

C(q,.e,.0)=0 ceesesseaasesesseases (3)Joint constraints

Mé =Q,(e,.e,.¢.¢€) secseeececeseses (4) Multiscale soil model ~ OpenMP

------------------------------------- , MPI
. . |
—— Scale bridging — ~(Comp node 1)
8 @@ @ <«— Input RVE data
Incremental Prescribed /) RVE simulation |__, Oytput RVE results
strain Ag strain BC p
r(Comp node 2)
[ @ [ 8 RVE simulation |<— Input RVE data
Homogenized RVE ! — Output RVE results
stress tenor O, force (C or:np node 3)

<«— Input RVE data
— Output RVE results

‘tangent moduli data ‘ ) ’_@] @@

v RVE simulation
1

Figure 2 Parallelized scale-bridging algorithm for hierarchical multiscale tire-soil interaction

simulation capability

23

This material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Approved for public release; distribution is unlimited.



UNCLASSIFIED: Distribution Statement A. Approved for public release; distribution is unlimited. # OPSEC 1714

800
- - - -Triaxial soil test

700 - Pure DE (N8,000)
_ Pure DE (N80,000)
o 600 - Pure DE (N160,000)
X —— Pure DE (N240,000)
o 500
n
o R -
@ 400 [ e~
§ ~
= v
2 300 | "
(0] [ -~ - .
o |

200 + L

100 |

1
0 ' . .
0 5 10 15 20

Axial strain (%)

Figure 3 Stress-strain curve using pure DE soil model

24
This material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Approved for public release; distribution is unlimited.



UNCLASSIFIED: Distribution Statement A. Approved for public release; distribution is unlimited. # QPSEC 1714

800
Pure DE (N160,000)
700 | - - - Triaxial soil test
—— Multiscale (1element, N1,000/RVE)

© 600 - Multiscale (1element, N2,000/RVE)
& —— Multiscale (8elements, N1,000/RVE)
& 500 — Multiscale (8elements, N2,000/RVE)
@ 400+ |7 "~
§ S~
-% 300 | S
o

200

100

O d 1 1 1
0 5 10 15 20

Axial strain (%)

Figure 4 Stress-strain curve of multiscale soil model
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Figure 6 Biaxial compression test model
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