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ABSTRACT

The objective of this study is to develop a high-fidelity physics-based flexible tire
model that can be fully integrated into multibody dynamics computer algorithms for use
in on-road and off-road vehicle dynamics simulation without ad-hoc co-simulation
techniques. Despite the fact detailed finite element tire models using explicit finite
element software have been widely utilized for structural design of tires by tire
manufactures, it is recognized in the tire industry that existing state-of-the-art explicit
finite element tire models are not capable of predicting the transient tire force
characteristics accurately under severe vehicle maneuvering conditions due to the
numerical instability that is essentially inevitable for explicit finite element procedures
for severe loading scenarios and the lack of transient (dynamic) tire friction model suited
for FE tire models. Furthermore, to integrate the deformable tire models into multibody
full vehicle simulation, co-simulation technique could be an option for commercial
software. However, there exist various challenges in co-simulation for the transient
vehicle maneuvering simulation in terms of numerical stability and computational
efficiency. The transient tire dynamics involves rapid changes in contact forces due to the
abrupt braking and steering input, thus use of co-simulation requires very small step size
to ensure the numerical stability and energy balance between two separate simulation
using different solvers.

In order to address these essential and challenging issues on the high-fidelity
flexible tire model suited for multibody vehicle dynamics simulation, a physics-based tire
model using the flexible multibody dynamics approach is proposed in this study. To this
end, a continuum mechanics based shear deformable laminated composite shell element
is developed based on the finite element absolute nodal coordinate formulation for
modeling the complex fiber reinforced rubber tire structure. The assumed natural strain
(ANS) and enhanced assumed strain (EAS) approaches are introduced for alleviating
element lockings exhibited in the element. Use of the concept of the absolute nodal
coordinate formulation leads to various advantages for tire dynamics simulation in that
(1) constant mass matrix can be obtained for fully nonlinear dynamics simulation; (2)

exact modeling of rigid body motion is ensured when strains are zero; and (3) non-
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incremental solution procedure utilized in the general multibody dynamics computer
algorithm can be directly applied without specialized updating schemes for finite
rotations. Using the proposed shear deformable laminated composite shell element, a
physics-based flexible tire model is developed. To account for the transient tire friction
characteristics including the friction-induced hysteresis that appears in severe
maneuvering conditions, the distributed parameter LuGre tire friction model is integrated
into the flexible tire model. To this end, the contact patch predicted by the structural tire
model is discretized into small strips across the tire width, and then each strip is further
discretized into small elements to convert the partial differential equations of the LuGre
tire friction model to the set of first-order ordinary differential equations. By doing so, the
structural deformation of the flexible tire model and the LuGre tire friction force model
are dynamically coupled in the final form of the equations, and these equations are
integrated simultaneously forward in time at every time step.

Furthermore, a systematic and automated procedure for parameter identification
of LuGre tire friction model is developed. Since several fitting parameters are introduced
to account for the nonlinear friction characteristics, the correlation of the model
parameters with physical quantities are not clear, making the parameter identification of
the LuGre tire friction model difficult. In the procedure developed in this study, friction
parameters in terms of slip-dependent friction characteristics and adhesion parameter are
estimated separately, and then all the parameters are identified using the nonlinear least
squares fitting. Furthermore, the modified friction characteristic curve function is
proposed for wet road conditions, in which the linear decay in friction is exhibited in the
large slip velocity range. It is shown that use of the proposed numerical procedure leads
to an accurate prediction of the LuGre model parameters for measured tire force
characteristics under various loading and speed conditions. Furthermore, the fundamental
tire properties including the load-deflection curve, the contact patch lengths, contact
pressure distributions, and natural frequencies are validated against the test data. Several
numerical examples for hard braking and cornering simulation are presented to
demonstrate capabilities of the physics-based flexible tire model developed in this study.

Finally, the physics-based flexible tire model is further extended for application to

off-road mobility simulation. To this end, a locking-free 9-node brick element with the
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curvature coordinates at the center node is developed and justified for use in modeling a
continuum soil with the capped Drucker-Prager failure criterion. Multiplicative finite
strain plasticity theory is utilized to consider the large soil deformation exhibited in the
tire/soil interaction simulation. In order to identify soil parameters including cohesion and
friction angle, the triaxial soil test is conducted. Using the soil parameters identified
including the plastic hardening parameters by the compression soil test, the continuum
soil model developed is validated against the test data. Use of the high-fidelity physics-
based tire/soil simulation model in off-road mobility simulation, however, leads to a very
large computational model to consider a wide area of terrains. Thus, the computational
cost dramatically increases as the size of the soil model increases. To address this issue,
the component soil model is proposed such that soil elements far behind the tire can be
removed from the equations of motion sequentially, and then new soil elements are added
to the portion that the tire is heading to. That is, the soil behavior only in the vicinity of
the rolling tire is solved in order to reduce the overall model dimensionality associated
with the finite element soil model. It is shown that use of the component soil model leads
to a significant reduction in computational time while ensuring the accuracy, making the
use of the physics-based deformable tire/soil simulation capability feasible in off-road

mobility simulation.
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PUBLIC ABSTRACT

This study aims to develop a high-fidelity physics-based tire model that can be
fully integrated into multibody dynamics computer algorithms for the transient on-road
and off-road vehicle dynamics simulation. Due to the essential difference in formulations
and solution procedures traditionally used in multibody dynamics and classical finite
element approaches, integration of existing finite element tire models into multibody
vehicle dynamics simulation is not straightforward and requires special treatments
including co-simulation techniques.

In the tire model proposed in this study, the detailed tire structure considering the
fiber-reinforced rubber material is modeled by the shear deformable laminated composite
shell element using the flexible multibody dynamics approach. To account for the
dynamic coupling of the structural tire deformation and the transient tire friction
behavior, spatially discretized LuGre tire friction model is integrated into the flexible tire
model. The tire model developed is validated against the test data, and numerical
examples are presented in order to demonstrate the use of the flexible tire model for the
transient braking and cornering analysis. The tire model is further extended for
application to off-road mobility simulation. The continuum soil model using the capped
Drucker-Prager failure criterion based on the multiplicative plasticity theory is developed
and validated against the triaxial soil test data. To reduce the computational time, the soil
behavior only in the vicinity of the rolling tire is solved and the moving soil patch is
updated sequentially. This allows for the use of the physics-based deformable tire/soil

simulation capability feasible for off-road mobility simulation.
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CHAPTER 1
INTRODUCTION

This study is aimed to develop a high-fidelity physics-based tire model that can be
fully integrated into multibody dynamics computer algorithms for the transient on-road
and off-road vehicle dynamics simulation. While detailed finite element tire models using
explicit finite element software have been widely used for structural design of tires by tire
manufactures, they are not suited for the analysis of transient tire dynamics under severe
vehicle maneuvers, in which the transient tire force characteristics and the interaction
with deformable terrains for off-road vehicles play a crucial role in predicting the overall
vehicle performance. Furthermore, due to the essential difference in formulations and
solution procedures traditionally used in multibody dynamics and classical finite element
approaches, integration of existing finite element tire models into multibody vehicle
dynamics simulation is not straightforward and requires special treatments including a
reliance on co-simulation techniques. Use of the co-simulation, however, leads to very
small step size to ensure the numerical stability and energy balance between two separate
simulation (i.e., finite element tire simulation and multibody vehicle simulation) in severe
vehicle maneuvering conditions. In the tire model proposed in this study, the detailed tire
structure consisting of the fiber-reinforced rubber material is modeled by the shear
deformable laminated composite shell element based on the absolute nodal coordinate
formulation developed in this study. The shell element developed allows for the use of
non-incremental solution procedures suited for general multibody dynamics computer
algorithms. Furthermore, to account for the transient tire friction characteristics including
the friction-induced hysteresis that appears in severe braking and cornering conditions,
the distributed parameter LuGre tire friction model is integrated into the flexible tire
model. By doing so, the structural deformation of the flexible tire model and the LuGre
tire friction force model are dynamically coupled in the final form of the equations.
Furthermore, using the tire model based on the flexible multibody dynamics approach, a
physics-based tire/soil interaction simulation capability is developed for prediction of off-
road mobility in various terrain condition without resorting to ad-hoc co-simulation

procedures.
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1.1 Background and Motivation

1.1.1 Tire Dynamics Simulation

Tire models play an essential role in virtual prototyping of ground vehicles and
they are classified according to the frequency range to be considered in the analysis [1].
The rigid ring tire model accounts for the frequency range up to approximately 80 Hz
associated with the tire sidewall stiffness, while the tire belt flexibility is assumed to be
negligible [2]. Because of the rigid tire belt assumption, the contact pressure distribution
is assumed by a prescribed function, preventing the consideration of the dynamic change
in the contact pressure distribution in the analysis. To account for more detailed
deformation modes of the complex tire structure, high-fidelity finite-element (FE) tire
models are constructed and used for design and analysis of tires [3,4]. In particular, an
accurate modeling of the complex tire geometry and the anisotropic material properties of
the tire structure is essential to the tire performance evaluation including the tire contact
pressure and the braking/traction and cornering forces. Since a tire consists of layers of
plies and steel belts embedded in rubber, the tire structure needs to be modeled by cord-
rubber composite materials and various fiber-reinforced rubber material models are
proposed for use in detailed finite element tire models. Since Young’s modulus of the
steel cord is significantly higher than that of the rubber material, mechanical property of
the fiber-reinforced rubber is highly nonlinear [5]. Furthermore, the tire cross-section
geometry and stiffness distribution are of significant importance in characterizing the
normal contact pressure distribution, and the in-plane shear deformation of the carcass
contributes to the cornering stiffness of tires. For this reason, high-fidelity finite element
tire models that account for the tire geometric and material nonlinearities have been
developed and used extensively in automotive and aerospace industry [6-9]. It is,
however, known that these computational tire models encounter difficulties in predicting
the transient tire force characteristics under severe vehicle maneuvering conditions such
as braking with antilock braking control due to the numerical instability that could occur
in the time-domain analysis and the lack of transient tire friction model fully integrated
into finite element tire models. In such transient vehicle maneuvering conditions,
structural tire deformation due to the large load transfer causes an abrupt change in

normal contact pressure and slip distribution in the contact patch, and it has a dominant
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effect on characterizing the transient braking and cornering forces including the history-
dependent friction-induced hysteresis effect. Furthermore, co-simulation techniques,
which are widely used to incorporate finite element tire models into multibody vehicle
simulation, could require very small step size to ensure the numerical stability in the
severe transient tire dynamics simulation, involving rapid changes in normal and
tangential contact forces due to the abrupt braking and steering input.

To overcome these fundamental and essential issues in the tire dynamics
simulation, various types of flexible tire models have been proposed for use in vehicle
dynamics simulation. Among others, FTire [10], CDTire [11], RMOD-K [12] are widely
used and they have an interface to various multibody dynamics software. In the FTire
model, the flexible belt is modeled using a large number of rigid segments that are
connected together by springs and dampers. Such a modeling procedure for a flexible
body is often called finite segment method in multibody dynamics community [13]. 80-
200 segments are usually used for the discretization of a flexible belt [10], and this leads
to a large number of degrees of freedom even for a single tire modeling. CDTire and
RMOD-K tire models, on the other hand, use a finite element description for modeling
the tire structure and these models are integrated into vehicle dynamics simulation
framework via co-simulation techniques. Recently, a shell element based tire model was
proposed by Roller, et al. using the geometrically exact shell formulation with
inextensible directors for multibody vehicle dynamics simulation [14,15]. The
inextensibility conditions of the directors are imposed on the nodal points to ensure zero
through-thickness strain by introducing constraint equations, and the unilateral frictional

contact model is employed in the contact patch [15].

1.1.2 Off-Road Mobility Simulation
The vehicle-terrain interaction model is essential to demonstrate vehicle mobility
capability on deformable terrains in various scenarios, and the overall vehicle
performance on sand and rough dirt roads needs to be carefully evaluated at various
design stages, including drawbar pull, tire sinkage, and rolling resistance. Over the past
decades, empirical models, analytical models based on terramechanics [16,17], and
numerical simulation models using finite element and discrete element methods [18-26]

have been proposed and utilized for modeling the vehicle and deformable terrain
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interaction. Empirical terramechanics models, for which model parameters are based on
experimental results such as the cone index to characterize the soil properties, allows for
a quick prediction of off-road mobility performance. Among others, a NATO Reference
Mobility Model (NRMM) has been used for various military scenarios. Analytical and
semi-empirical models, on the other hand, were developed by Bekker [16] and Wong
[17] to better understand the tire/soil interaction mechanics and the principles behind, and
those models are developed based on terramechanics theories. However, it is known that
empirical and analytical terramechanics models do not capture many of the soil
deformation modes that can be captured by numerical models [18].

For this reason, physics-based numerical models have been utilized to understand
more details on the tire soil interaction behavior quantitatively and many different models
with different level of fidelity have been proposed. The high-fidelity computational soil
models are classified into continuum-based finite element (FE) models and discrete
element (DE) models. In the finite element soil model, a soil is assumed to be ideal
continuum and the soil behavior is modeled by the elasto-plasticity model such as Mohr-
Coulomb or capped Drucker-Prager models. The contact between deformable tires and
soil models is defined on continuous surfaces and, therefore, the normal and tangential
contact forces can be modeled accurately using computational contact mechanics theories
[19]. Shoop [20] developed the computational model for predicting the vehicle mobility
on snow using the standard finite element approach, and the results were validated
against the test data. Xia, et al. used the tire/soil interaction model to predict the soil
compaction using finite element models [19]. Furthermore, to circumvent the fine mesh
due to the large element distortion in the Lagrangian approach, Arbitrary Lagrangian
Eulerian (ALE) approach is applied to the tire/soil interaction model [21], where the
wheel is formulated in the Lagrangian description, while the soil is formulated in the
Eulerian description to allow for relatively coarse mesh for soil. On the other hand, a
discrete element method (DEM) has been also investigated extensively using high-
performance computing (HPC) techniques. In the DEM, soil is modeled by many
particles contacting each other. The contact between particles is modeled by either the
penalty approach [22] or constraint approach [23]. Use of the penalty approach

introduces high frequencies to the equations of motion due to the multiple elastic impacts
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of particles, requiring small stepsize in the time integration. On the other hand, rigid
contact is assumed between particles in the constraint contact approach, allowing for
large stepsize in the time integration due to the elimination of high frequencies arising
from impacts of particles. This approach, however, requires more computationally
intensive solution procedures to solve nonlinear complementary contact problems, and
use of GPU computing has been investigated in the context of multibody dynamics
problem in the literature [23,24]. A rigid tire model is integrated into the DEM
computational framework in a straightforward manner since all the bodies (particles) are
rigid [22,23]. Integration of DEM approach with a finite element flexible tire model
requires addressing a challenging numerical issue. This is due to the fact that implicit
time integrators are suited for the finite element equations (FE tire models), while the
discrete element equations can be solved efficiently by an explicit time integration.
Nakashima et al. developed the two-dimensional coupled discrete and finite element
tire/soil contact model [25]. In addition, smooth particle hydrodynamics (SPH) method,
which is a meshless approach, is applied to model large soil deformation together with
the finite element tire model [26]. Most existing approaches rely on co-simulation
techniques which could lead to computationally intensive procedures to ensure the
accuracy and numerical stability. For this reason, a new high-fidelity physics-based
tire/soil interaction simulation capability that can be fully integrated into multibody
dynamics computer algorithms are pursued in this study without ad-hoc co-simulation

techniques.

1.1.3 Needs for Flexible Multibody Dynamics Approach
for Tire Dynamics Simulation
Tire dynamics simulation calls for addressing many challenging issues in the flexible
body dynamics. A tire rotates at high speed, thus the gyroscopic nonlinear inertia effects
arising from the large reference motion need to be precisely described in the model. This
is not a trivial issue when existing structural finite elements based on the incremental
solution procedure are used [27] since the flexible body kinematics are either linearized
or simplified when the reference configuration, from which motion of the flexible body is
described, is updated every time step. In other words, exact modeling of the rigid body

dynamics cannot be ensured due to the approximation utilized in the finite element
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updating scheme for structural elements. For this reason, in the multibody dynamics
simulation, a method called the floating frame of reference formulation has been widely
used for modelling flexible bodies in multibody dynamics simulation [28]. In this
approach, deformation of a flexible body is defined with respect to the body coordinate
system using the local elastic coordinates and the assumed mode method is used to
reduce the overall model dimensionality. The general motion description utilized in the
floating frame of reference formulation allows for the integration with the general
multibody dynamics simulation algorithm without resorting to the updating scheme of the
reference configuration at every time step, and the exact modeling of the rigid body
dynamics is ensured when strains are zero. However, despite the successful integration of
the finite element models into the multibody dynamics simulation, strains are limited to
small in this formulation and complex local deformation modes resulting from contact
events (i.e., the rolling contact in the case of tires) cannot be efficiently described.
Furthermore, the material behavior is limited to the linear strain range.

As a solution to overcome these difficulties in the flexible multibody dynamics
simulation, the absolute nodal coordinate formulation (ANCF) has been proposed and
proven to be successful in solving many challenging engineering problems that involve
large deformable bodies in complex multibody systems [28,29]. This finite element
procedure is developed for the nonlinear dynamics simulation of large deformable bodies.
In the structural elements such as a beam and shell developed with the absolute nodal
coordinate formulation, the finite rotation and deformation of the eclement are
parameterized by the global position vector gradients, rather than the rotational nodal
coordinates such as Euler angles. This parameterization leads to a constant mass matrix
for fully nonlinear dynamics problems while ensuring the exact modeling of the rigid
body reference motion. Since it is known that the displacement gradient tensor can be
decomposed into the orthogonal rotation matrix and the stretch tensor that describes the
most general six deformation modes using the polar decomposition theorem, it can be
proved that use of the position vector gradient coordinates allows for describing the
rotation and deformation within the element, thereby circumventing the complex
nonlinear coupling of the rotation and deformation coordinates that appears in the inertia

terms of flexible body models with rotational parameterization. The constant mass matrix
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of large deformable bodies not only leads to efficient solutions in nonlinear dynamics
simulation, but also allows for the use of the non-incremental solution procedures utilized
in general multibody dynamics computer algorithms. Using these important features and
general motion description employed in the absolute nodal coordinate formulation, the
structural beam and shell elements for modelling the detailed tire structures can be
directly integrated into general multibody dynamics computer algorithms without
resorting to ad hoc co-simulation procedures, and the flexible tire model based on the
absolute nodal coordinate formulation was developed for multibody vehicle dynamics
simulation by Sugiyama and Suda [31]. This in-plane tire model was further extended by
Yamashita, et al. for transient longitudinal tire dynamics simulation by integrating the
with LuGre tire friction model that allows for capturing the friction-induced hysteresis for
an in-plane longitudinal tire dynamics problem [32]. This ANCF-LuGre tire model
considers the nonlinear coupling between the dynamic structural deformation of the tire
and its transient tire friction behavior in the contact patch, and the tire model is
implemented directly in general multibody dynamics computer algorithms without
resorting to ad hoc co-simulation techniques. It was shown that the ANCF-LuGre tire
model has the potential of providing a better understanding of how structural deformation
of tires under severe maneuvering conditions influences the transient tire force
characteristics. This concept is further extended in this study to the three-dimensional

high-fidelity flexible tire model as will be discussed in Chapter 4.

1.1.4 Finite Element Absolute Nodal Coordinate Formulation
The absolute nodal coordinate formulation (ANCF) has been widely used in the large
deformation analysis of flexible multibody systems [28,29] due to following advantages
for use in multibody dynamics simulation:
(1) Constant mass matrix can be obtained for fully nonlinear dynamics simulation
(2) Exact rigid body motion can be obtained when strains are zero
(3) Non-incremental solution procedure utilized in the general multibody dynamics
computer algorithms can be directly applied without specialized updating schemes
for finite rotations, thereby allowing for incorporating detailed finite element models

into existing multibody dynamics simulation algorithms in a straightforward manner
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Shell elements of the absolute nodal coordinate formulation can be classified into the
fully parameterized shear deformable element [30,33] and the gradient deficient thin plate
element [34,35]. While the fully parameterized element leads to a general motion
description that accounts for complex coupled deformation modes of the plate/shell
element, use of higher order polynomials and the coupled deformation modes exhibited
in this type of element causes severe element locking and special care needs to be
exercised to alleviate the locking [36]. The gradient deficient thin plate element, on the
other hand, is developed by removing the position vector gradients along the thickness
(or/0z ). The global displacement field in the middle surface can be uniquely
parameterized by the global position vector and the two gradient vectors (Or/ox and

or / 0y ) which are both tangent to the surface. By doing so, the cross section is assumed

to be rigid and the elastic forces are derived using a plane stress assumption with
Kirchhoff-Love plate theory. This leads to the non-conforming plate element in which the

inter-element continuity is not guaranteed, while the conforming thin plate element can
be obtained by introducing the additional nodal coordinates 0’r/oxdy with bi-cubic

Hermite polynomials [34]. Despite the fact that the gradient deficient thin ANCF plate
elements have proven to be successful in solving challenging engineering problems that
involve large deformable thin plate and shell structures, consideration of general
nonlinear material models requires special formulations and implementation due to the
plane stress assumption.

Due to the severe element lockings and computational inefficiency of the fully
parameterized ANCF elements utilizing three sets of gradient nodal coordinates (Or / Ox,

or/oy, and Or/0z), an ANCF parameterization which does not include the position

vector gradients tangent to the beam centerline and the middle surface are investigated
for shear deformable ANCF beam and plate elements. For beam problems, it is shown in
the literature [37] that the elimination of the tangential slope vector along the beam
centerline leads to an accurate elastic force description due to weaker polynomial
coupling between the position and gradient fields, and use of the general continuum
mechanics approach for the elastic forces calculation allows for modeling curved beam
structures in a straightforward manner. The assumed displacement field on the beam

centerline does not involve any gradient coordinates, while the transverse gradient
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coordinates are employed to parameterize the orientation and deformation of the beam
cross section. For plate elements, on the other hand, the position vector gradient along the
thickness can be used to describe the transverse shearing and the thickness stretch of the
plate element, and this parameterization leads to a shear deformable shell element. That is,
use of such an element parameterization leads to shear deformable plate/shell elements
while reducing the number of coordinates per node as discussed in the literature [38]. For
the shear deformable shell element, there are two approaches to formulate the elastic
forces, elastic middle surface approach and continuum mechanics approach. In the
former method, the six strain components are evaluated in the middle surface using
Green-Lagrange strains and the approximated curvature expression is used to define the
bending and twisting deformation of the shell. In other words, the strain distribution
along the thickness is assumed to be constant in this approach based on the plane stress
assumption, allowing for the evaluation of the elastic forces as an area element. Use of
this element is limited to moderately thick plate problems and it requires special
formulation and implementation to incorporate nonlinear material models. On the other
hand, in the latter approach based on the continuum mechanics theory, the elastic forces
of the shell element are evaluated as a continuum volume and various nonlinear material
models can be considered in a way same as a solid element. This is an important
requirement for shell elements utilized for tire models since cord-reinforced rubber
material indispensable for modeling highly nonlinear material behavior of tires needs to
be incorporated into the shell formulation.

It is also important to notice that there are a wide variety of continuum-based
rotation-free shell elements proposed in the finite element community that have similar
features to ANCF shell elements including the constant mass matrix and use of three-
dimensional material laws without special modifications. Among others, solid shell
elements [39-43] and shell elements utilizing extensible directors [44-46] can fall into
this category. The configuration update schemes for the continuum-based shell elements
were pursued in the literature to interface with incremental solution procedures of
nonlinear finite element computer algorithms, including the updating scheme of
extensible directors at every load step. On the other hand, the non-incremental solution

procedure is adopted in the absolute nodal coordinate formulation to enable the
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straightforward implementation of elements in general multibody dynamics computer
algorithms. Furthermore, various joint constraint formulations have been proposed
specialized for ANCF elements to facilitate the integration with multibody dynamics
software [47,48]. These important features of the absolute nodal coordinate formulation
are utilized in this study for modeling the tire structure using the shear deformable shell
element. In addition, the element locking remedy for the shear deformable ANCF shell
element is addressed in Chapter 2 using the assumed natural strain (ANS) and the
enhanced assumed strain (EAS) approaches to alleviate the transverse shear locking,

thickness locking, Poisson’s locking, and the in-plain normal/shear locking.

1.2 Objective of the Study

This study is aimed to develop a high-fidelity physics-based tire/soil interaction
simulation capability using flexible multibody dynamics techniques based on the finite
element absolute nodal coordinate formulation. To this end, the following issues are
addressed in this thesis:

(1) Development of a locking-free shear deformable laminated composite shell element
based on the finite element absolute nodal coordinate formulation for modeling the
complex fiber reinforced rubber tire structure

(2) Development and validation of a physics-based structural tire model that can be
integrated into multibody dynamics computer algorithm

(3) Integration of the distributed parameter LuGre dynamic tire friction model into the
physics-based structural tire model for transient braking and cornering simulation

(4) Development and validation of the continuum soil model based on the capped
Drucker-Prager yield criterion using the multiplicative finite strain plasticity theory
for multibody off-road vehicle dynamics simulation

(5) Development of a physics-based tire/soil interaction simulation capability for off-road

mobility simulation

1.3 Organization of Thesis

This thesis is organized as follows: In Chapter 2, a new shear deformable
laminated composite shell element based on the finite element absolute nodal coordinate

formulation is developed for modeling the fiber reinforced rubber tire structure.
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Numerical examples and accuracy of the shear deformable laminated composite shell
element developed are demonstrated with several benchmark problems in Chapter 3. In
Chapter 4, a high-fidelity physics-based flexible tire model is developed using the shear
deformable laminated composite shell element and validated against test data. The
distributed parameter LuGre tire friction model is integrated into the deformable tire
model to capture the transient tire force characteristics for severe vehicle maneuvering
scenarios. In Chapter 5, the parameter identification procedure for the LuGre tire friction
model and numerical results of the transient tire dynamics simulation including hard
braking and cornering scenarios are presented. A new brick element for modeling the
continuum soil behavior using the capped Drucker-Prager yield criterion is developed
based on multiplicative finite strain plasticity theory in Chapter 6. In this Chapter, the
triaxial soil test results are also presented and those results are used to identify the
parameters of the capped Drucker-Prager soil model. Furthermore, the continuum soil
model developed is validated against the test results. In Chapter 7, the continuum based
deformable tire/soil interaction simulation model is developed for multibody off-road
mobility simulation, and the component soil model using the moving soil patch is
introduced to reduce the computational time for use in the off-road mobility simulation.

Summary, conclusions and the future works are provided in Chapter 8.
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CHAPTER 2
DEVELOPMENT OF SHEAR DEFORMABLE LAMINATED
COMPOSITE SHELL ELEMENT

2.1 Introduction

In this chapter, a continuum mechanics based shear deformable shell element is
developed based on the absolute nodal coordinate formulation for use in the modeling of
fiber-reinforced rubber structure of the physics-based tire model. The element consists of
four nodes, each of which has the global position coordinates and the transverse gradient
coordinates along the thickness introduced to describe the orientation and deformation of
the cross section of the shell element. The global position field on the middle surface and
the position vector gradient at a material point in the element are interpolated by the bi-
linear polynomial. The continuum mechanics approach is used to formulate the
generalized elastic forces, allowing for the consideration of nonlinear constitutive models
in a straightforward manner. The element locking exhibited in the element can be
eliminated using the assumed natural strain (ANS) and enhanced assumed strain (EAS)
approaches. In particular, the combined ANS and EAS approach is introduced to alleviate
both curvature and Poisson’s thickness lockings arising from the erroneous transverse

normal strain distribution [49].

2.2 Kinematics of Bi-linear Shear Deformable Shell Element

As shown in Fig. 2.1, the global position vector r’ of a material point

i i

x' =[xy Z']" in shell element i is defined as
f=r )+ 2 () 2.1)
oz'

where r’ (x', ") is the global position vector in the middle surface and or'(x',y")/éz" is

the transverse gradient vector used to describe the orientation and deformation of the
infinitesimal volume in the element. The preceding global displacement field is

interpolated using the bi-linear polynomials as follows:

r=a,+ax +a,y +ax'y +z'(a, +ax' +ay' +a,x'y") (2.2)
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Figure 2.1 Kinematics of bi-linear shear deformable laminated composite

shell element

from which, one can interpolate both position vector in the middle surface and the

transverse gradient vector using the same bi-linear shape function matrix S! as follows:

Fri N QE (v viNal o' i i
r,(x',y) =8, (", y)e,, g(xay)zsm(xay)eg (23)

where an=[SliI A AN | SjI] and

51418 )(1-1).5: - »

i 1 i i i i i

S =Z(l+(§ J(1+7'), 85 =—(1-¢&)(1+7')
where & =2x"//" and ' =2y' /w'. /' and w'are lengths along the element x' and '
axes, respectively. In Eq. 2.3, the vectors e; and e; represent the element nodal

coordinates associated with the global position vector in the middle surface and the

ik __ rik and

transverse gradient vector. That is, for node &k of element i, one has e =

er =or“/oz' . 1t is important to notice here that the assumed displacement field r’

defined in the middle surface does not involve any gradient coordinates, while the
orientation and deformation of the infinitesimal volume at the material point is
parameterized by the transverse gradient coordinates only. Substitution of Eq. 2.3 into
Eq. 2.1 leads to the following general expression for the global position vector used for

the absolute nodal coordinate formulation:

www.manaraa.com



14

r'(x',y,z)=S'(x',y",z")e (2.5)
where the shape function matrix S’ and the element nodal coordinate vector e’ are,
respectively, defined as

s'=[s], 28], e =) (e)'T (2.6)
It 1s important to notice here that the element parameterization and the assumed global
displacement field defined in the ANCEF shell element are essentially different from those
of the degenerated shell elements [50]. For more details on the difference between the
ANCF and degenerated shell elements, one can refer to the literature [51], in which a
fully parameterized ANCF shell element [30] is used for comparison. The difference
between the fully parameterized shell element [30] and the gradient deficient shear
deformable bi-linear shell element considered in this study lies in the order of
polynomials introduced to the global position field of the middle surface. The transverse
position gradient vector is interpolated with the same bi-linear polynomial in the fully
parameterized shell element, while the global position vector in the middle surface is

interpolated by an incomplete bi-cubic polynomial.

2.3 Generalized Elastic Forces

2.3.1 Generalized Elastic Forces with Continuum Mechanics Approach
In the continuum mechanics approach, the elastic forces of the shell element are
evaluated as a continuum volume and the Green-Lagrange strain tensor E at an arbitrary

material point in element i is defined as follows:
NS
E =—((F') F -1 2.7
S () ) 2.7)
where F' is the global position vector gradient tensor defined by

poor _or (ax" ’
ox'

1

o i —j =J'J)’! (2.8)

In the preceding equation, J'=0r'/ox' and J' =0X'/ox' , where the vector X'

represents the global position vector of element i at an arbitrary reference configuration.
Substitution of Eq. 2.8 into Eq. 2.7 leads to

E=J)"EJ)" (2.9)
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where E' is the covariant strain tensor defined by
E’ =l((3")TT—(J1‘)TJ") (2.10)
2

The transformation (push-forward operation) of the covariant strain tensor E' given by

Eq. 2.10 can be re-expressed in a vector form by introducing the engineering covariant
strain vector & as

g =(T) "¢ (2.11)
where the vector € in Eq. 2.11 is the engineering strain vector at the deformed
configuration defined as

i _ i i i i i i T

g=le, &, 7y & Ve 7] (2.12)
and the engineering covariant strain vector is defined as

i _rxi ~i ~i ~i ~i ~i T

g=[e, &, 7V, &. V. 7] (2.13)

The transformation matrix T' in Eq. 2.11 can be expressed explicitly as

(Jlll )2 (Jliz )2 2 Jlil Jli2 (‘]113 )2 2 Jlil Jli3 2"]112 Jli3
L)' Un) 20, e 2005 2755
Ti: JlllJél J112J£2 JlllJ£2+Jll2J;1 Jll3J;3 J111J23+J113J;1 Jll2J53+Jll3J£2 (214)
1) ()’ 25y () 205175 2J5J5
R A S R R Y S R A R
s Indn Bdn Sy Sy SISy Iyt Ty |

and J;b is the element in the a-th column and b-th row of matrix J° which is constant in

time. The generalized elastic forces can then be obtained using the virtual work as

follows:
o'
i oE i gpri
Q. _jva(aefj c'dV, (2.15)
where ¢’ is a vector of the second Piola—Kirchhoff stresses and d¥ is the infinitesimal

volume at the reference configuration of element i. It is important to notice here that the
element elastic forces are evaluated as a continuum volume, and the stress vector for the
shell element can be obtained with various nonlinear material models for large

deformation problems without ad hoc procedures.
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2.3.2 Element Locking for Transverse Shear and
In-Plane Shear/Normal Strains
As it has been addressed in literature of shell element formulations
[41,42,44,45,52-57], the bi-linear quadrilateral shell element suffers from the transverse
shear and the in-plane shear/normal lockings. The transverse shear locking can be
eliminated using the assumed natural strain (ANS) approach proposed by Bathe and
Dvorkin [55,56]. In this approach, the covariant transverse shear strains are interpolated

using those evaluated at the sampling points 4, B, C and D shown in Fig. 2.2 as follows:

~ ANS 1 ~C 1 ~D
=—(1- —(1+
/= 2( 77)7xz+2( 77)7xz

N 1 1 N
P 25(1—5) f}+5(1+5)7§z

(2.16)

where 7¢, 72, }7; and ;75; are compatible covariant transverse shear strains at the

sampling points.
The parasitic in-plane shear under pure bending loads is a typical locking problem

exhibited in the bi-linear quadrilateral element [58], and the compatible in-plane strains

(e, €

,, and y_ ) obtained by the assumed displacement field can be enhanced by

introducing the enhanced assumed strains (EAS) £"*° as [44,54]

e=¢g +¢&™ (2.17)

Figure 2.2 Sampling points for assumed natural strain
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where £° indicates the compatible strain vector and the strain vector £¢*° is defined by

e (8)=G@®)a (2.18)
In the preceding equation, a is a vector of internal parameters introduced to define the
enhanced in-plane strain field and the matrix G(§) can be defined as [44,54]
1|
IE)|

where J(§) and J, are the global position vector gradient matrices at the reference

G©)= T, 'N(©) (2.19)

configuration evaluated at the Gaussian integration point § and at the center of element

(§=0), respectively. § is a vector of the element coordinates in the parametric domain
and T, is the constant transformation matrix evaluated at the center of element as shown
in Eq. 2.19. The matrix N(§) defines polynomials for the enhancement of the in-plane
strain field in the parametric domain. For example, consideration of the linear distribution
of in-plane strains (¢&,., ¢, and y, ) requires introducing the following interpolation

matrix N(§):

E 0 0 0

0n 00

0 0 & n
N() = 2.20
(&)0000 (2.20)

000 0

0 0 0 0]

where the additional four internal EAS parameters are introduced in this model. Using Eq.
2.14, the enhanced covariant strains are then pushed forward to those at the deformed

configuration in the physical domain. It is important to notice here that the matrix N(§)

needs to satisty the following condition [44]:
jN(é)d& =0 (2.21)

such that the orthogonality condition between the assumed stress and strain is satisfied as

jVD 6-e5qV, =0 (2.22)
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Using the preceding condition, the unknown assumed stress term that appears in Hu-
Washizu mixed variational principle vanishes and one can obtain the generalized elastic
force vector as follows [44]:

, oec ) oWi(sf +£5)
Q. - Vé(@eij 2y, (2.23)

where W is an elastic energy function. For example, the elastic energy function W of the

compressible neo-Hookean material model is defined as follows [59]:
W=§(tr(C)—3)—y1nJ+%(1nJ)2 (2.24)

where u and A are the Lamé constants; C = F'F is the right Cauchy-Green deformation

tensor; and J =det(F)=/det(C) . It is important to notice here that the right Cauchy-

Green deformation tensor that accounts for the enhanced assumed strain modification is

defined as follows:

C=2(E° +E**)+1 (2.25)

2.3.3 Thickness Locking

Use of the transverse gradients in the shell element introduces the thickness
stretch and the locking associated with the transverse normal strain is exhibited in the bi-
linear shear deformable shell element. That is, the transverse gradient vectors can be
erroneously elongated when the shell element is subjected to bending and twisting
deformation. This phenomenon is called curvature thickness locking. The solid shell
elements which consists of layers of translational nodal coordinates at the top and bottom
surfaces of the element [41,42,52,53] and shell elements parameterized by extensible
directors for capturing the transverse shearing and the thickness stretch [45,46,57] suffer
from the similar thickness locking resulting from the erroneous transverse normal strain
distribution. Use of the assumed natural strain (ANS) approach is proposed in the
literature [45] to alleviate the curvature thickness locking of the shell element modeled by
extensible directors and the transverse normal strain at a material point in the element is

approximated as follows:

el =8¢l + 8% + 85l +8%el (2.26)

zz zz
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where &' indicates the compatible transverse normal strain at node k as shown in Fig.

2.2 and S is the shape function associated with it. This approach is applied to the bi-

linear shear deformable shell element based on the elastic middle surface approach shown
in Appendix to alleviate the thickness locking problem. Since the strain distribution along
the thickness is assumed to be constant and the stress is evaluated in the middle surface,
use of the assumed natural strain approach can successfully alleviate the thickness
locking if the compatible transverse normal strains at four corners are accurate.

In addition to the curvature thickness locking, use of a linear interpolation of the
global position field along the shell thickness leads to locking called Poisson’s thickness
locking because it is the Poisson’s ratio that introduces the coupling of the in-plane
strains to the transverse normal strain. In the case of pure bending, the axial strains due to
bending are linearly distributed along the thickness and it leads to the linearly varying
transverse normal strain due to the coupling induced by Poisson’s ratio. However, the use
of the linear interpolation along the thickness leads to constant thickness strains which
make the element behave overly stiff since the thickness strain does not vanish on the
neutral axis. It has been shown that the use of the enhanced assumed strain (EAS)
approach alleviates the Poisson’s thickness locking effectively [41,46]. That is, the
additional internal EAS parameters associated with the enhanced transverse normal strain

are added to consider the linear distribution of the transverse normal strain along the
thickness coordinate z' . The interpolation matrix N(&) introduced for the in-plane

normal/shear lockings in Eq. 2.20 is modified as

£ 0 0 0 0]
07 00 0
N2 0O 2.27)
0000 ¢
0000 0
000 0 0]

where { =2z/h. It is important to notice here that there are no strain enhancement terms
associated with the transverse shear strains y,. and y,. defined in the fifth and sixth rows.

In the literature [46], the transformation matrix G(§) associated with the enhanced in-
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plane and thickness strain terms are assumed to be decoupled and the approximated
transformation matrix is used. In this investigation, the exact transformation matrix
defined for the general three-dimensional stress state is considered.

Accordingly, the compatible transverse normal strain is replaced by the assumed
natural strain defined by Eq. 2.26 to alleviate both curvature thickness locking and

Poisson’s thickness lockings as follows:

e =™ et (2.28)

The similar approach is employed for solid shell elements in literature [41]. In this
investigation, the combined ANS and EAS approach for the thickness locking is applied
to the bi-linear shear deformable shell element. With this approach, the transverse normal
strain improved by the ANS approach for the curvature thickness locking is further
modified by the enhanced assumed strain approach to eliminate the Poisson’s locking.
For application of this approach to the continuum mechanics based ANCF shell element,
the covariant strain components of the transverse shear and transverse normal strains are
interpolated in the natural coordinate domain first and then the covariant strain vector

given in Eq. 2.13 is replaced by the following strain vector:
e=[z, &, 7, &% g gy (2.29)
and then the strain field can be defined as follows:

e=T &+ (2.30)

In the preceding equation, the enhanced assumed strain vector is defined as

SEAS=|:8EAS £E4S 735 515 OT (2.31)

xx » zz
This leads to a systematic derivation of the generalized elastic forces of the locking-free

continuum mechanics based shear deformable shell element.

2.4 Generalization to Laminated Composite Shell Element

In fiber-reinforced composite materials that are widely used in many engineering
applications, laminae having different fiber angles are bonded together to produce desired
material properties. Since many laminae are stacked at different fiber angles, the complex

deformation coupling between the extension, shearing, bending and twisting occurs, and
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such a deformation coupling characterizes the mechanical behavior of fiber-reinforced
composite materials [60]. To account for the laminated composite materials in shell
elements, various formulations are proposed and one can refer to review articles on this
topic [61,62]. The shell element used in this study is formulated as a continuum solid that
accounts for the three-dimensional stress state, thus the complex deformation coupling
exhibited in laminates can be automatically considered without specialized formulations
for shell elements. That is, the generalized elastic force of the laminated composite shell

element that consists of N layers can be defined as follows:

,‘ N aaik T aWik(Sik) ©
Q=-2fi| 50 av, (2.32)

oe’ og"
In the preceding equation, the integration interval for the k-th layer in the thickness

direction is from z, | to z,. In other words, the element generalized elastic forces are

evaluated layer by layer, and the resulting generalized elastic forces of each layer are
added together to define the elastic force vector of the laminated composite shell. Two
Gaussian integration points are used along the thickness when the elastic forces of each
layer are evaluated. It is important to notice here that there is no restriction in material
models considered in each lamina, despite the fact that the orthotropic material law is the
most popular material model used for reinforced composite materials.

For an orthotropic Saint-Venant-Kirchhoff material, the stress and strain relation

is defined in the fiber coordinate system as [41]
S =C"E_ (2.33)

where the material moduli C**“ is defined in the fiber coordinate system as

~ijkl
[CII ]: 51133 52233 O 53333 0 0 (234)
0 0 0 0 C® 0
0 0 0 0 0 C"")
where
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C'"' =E(l-vyvy,) /A CPP=E,(1-vyv,)/ A C* =E,(1-vvy)/ A
C'"? =E(vy +vyvy) /A C"P =E (v +vvy) /A CPP =E (v, +v,vy)/ A
g, & =g, a =G,

(2.35)
and A =1-v,v, —V,,V;, =V V3 — 2V, V3,V,; . The orthogonal triad of the fiber coordinate
system [a, a, a,] isdefined for the fiber angle & as

a, =cosfi+sinfj, a,=-sinfi+cosfj and a,=k (2.36)
In the preceding equations, i, j and k are unit vectors along axes of the global coordinate
system. On the other hand, using the covariant basis J =0X/0x=[b, b, b,] at the
initially curved configuration, the stress and strain relation is expressed as

S§"=C"E, (2.37)
In the preceding equations, the second Piola-Kirchhoff stress tensor and the Green-
Lagrange strain tensor can be defined with respect to these coordinate systems as follows
[41]:

S=S5"a,®a, =S"b,®b, and E=FE_a‘®a’=Eb"®b' (2.38)
from which, one can obtain the elastic moduli of a fiber-reinforced lamina in the material

frame as [41]

CH =(b'-a, )b’ a,)(b" -2 )(b'-a,)C (2:39)

where (J))" =[b' b> b’].
For modeling incompressible materials such as rubbers in the composite tire

structure, Mooney-Rivlin material model is widely used. The energy density function is

defined as [63]
— — K 5
wW=C -3)+C,(, —3)+?(J—1) (2.40)
where C, and C, are material constants, 7, =1,/(I;)"”, I, =1,/(1,)" and J =(I,)"*,
where 11, > and 15 are invariants of right Cauchy-Green tensor [63]. K is a bulk modulus.

The second Piola—Kirchhoff stress tensor S is obtained by differentiating the energy

density function W with respect to Green-Lagrange strain tensor E as
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S :aa_z:/ —2c,(1,) " (1 —%I,C‘J+2C2 (1) (III—C —%IZCIJ+KJ(J— HC (2.41)

2.5 Equations of Motion and Solution Procedures

Using the principle of virtual work in dynamics, the equations of motion of the

shear deformable laminated composite shell element i can be expressed as
M'¢ =Ql(e',a)+Ql(e,¢,1)+ Q. (2.42)
where the vectors Q, ,Q! and Q. are respectively, vectors of the element elastic forces,

external forces and constraint forces associated with connection to adjacent elements; and

the matrix M’ is the constant element mass matrix defined by
N
M=y jV prSH S'avk (2.43)
k=10

where p;" is the material density of k-th layer at the reference configuration.
It 1s important to notice here that the generalized elastic forces are defined as a

function of the nodal coordinates and the internal EAS parameters a'. The parameter o

are determined by solving the following equation for each element:

(aSEAS jT aWz (ac +8EAS)

h'(e',a’) = _[Vi

0

A : dvi=0 2.44
oa' o' 0 ( )

The nodal coordinates e’ and the EAS internal parameters o' are determined at every
time step such that both Eqs. 2.42 and 2.43 are satisfied. Using the time integration
scheme in Newmark-f family, the nodal acceleration and velocity vectors at time step

t .. are discretized in time as

n+l

1 1 1
én+1 = _z(enﬂ _en) T én _(__l)en
ph ph 2h (2.45)
én+l = ﬁ (en+l - en) - (% - 1) én - h(% - l)én

where £ is the step size; and £ and y are integration coefficients. Using the preceding
equations, the equations of motion given by Eq. 2.42 can be expressed as a function of
for all the elements

the unknown system nodal coordinates e, , and EAS parameters a

n+l n+l

as follows:
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fe,.a,,)=0 (2.46)

In other words, one needs to seek solutions to the following equations at time step ¢

f(en+1 H an+1) — 0
h(e

n+1

g(en+l’0’n+l) = |: (247)

n+l? a’n+l )

Using Newton-Raphson method, Newton difference for e ,, and @, can be obtained by

n+l n+l

solving the following matrix equation:

of/oe, of/oa, || Ae,.,, f,
__ (2.48)
ch/de, oh/oa, || Aa,,, h

n

By eliminating Aa_ . from the preceding equation, Ae  , can be obtained as a solution to

n+l n+l

the following equation:

-1 -1
o, of (o) oh, |\ _ ¢ OhfOh) (2.49)
Oe, Oa, 6\ Oa, ) Oe, oa, | Oa,

while the EAS

The system nodal coordinates can then be updated by e,,, =e, +Ae

n+l?

parameters are updated as follows:

-1
., =0 — oh, h, + ch, Ae, ., (2.50)
oo, oe,

It is important to recall that the EAS parameters are introduced to each element and can

be determined at the element level as internal variables. That is, for given element nodal

coordinates €, for element i obtained from the updated system nodal coordinates e,

(Eq. 2.49), the EAS parameters @, for element i can then be determined at the element

n+l

level using Eq. 2.42 with the following updating scheme:

a, " =0y —(H) "W (e, 0, 2.51)
where @/ =a! and Jacobian matrix H' in the preceding equation is defined by

. hl 2 EAS ) ]
H = a——j (G r O e ) Giay; (2.52)
o'
where the matrix G' is defined by Eq. 2.19. The term 0°W /0¢” leads to a material
moduli matrix obtained by the second derivative of the elastic energy function. That is,

for a linear Hookean material model, this matrix is constant. However, for general
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nonlinear material models, the material moduli matrix is no longer constant and the
iterative solution procedure is required to determine the internal EAS parameters a' for
each element. Using this procedure, the dimension of the governing equations remains
the same as the number of the system nodal coordinates, while the EAS parameters can
be determined element by element without solving the augmented large dimensional
governing equations. This also allows for implementing the shell element formulated
with the EAS approach in a straightforward manner without significant modifications of

existing algorithms developed for ANCF elements.
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CHAPTER 3
SHELL ELEMENT PERFORMANCE TEST

3.1 Benchmark Problems

In this chapter, several numerical examples are presented in order to demonstrate
the accuracy and the rate of convergence of numerical solutions obtained by the
continuum mechanics based shear deformable shell element developed in this
investigation. The effect of the assumed natural strain (ANS) and enhanced assumed

strain (EAS) approaches on the element accuracy is also discussed.

3.1.1 Cantilevered Plate and Shell Subjected to a Point Force
In the first problem, a rectangular cantilevered plate subjected to a vertical point
force at one of the corners of the plate is considered as shown in Fig. 3.1 The length,

width and thickness of the plate are assumed to be 1.0 m, 1.0 m and 0.01 m. The Young’s
modulus and Poisson’s ratio are assumed to be 2.1x10° Pa and 0.3, respectively. The

vertical point force F, defined at the corner is assumed to be 50 N. As shown in Fig. 3.1,

the plate is subjected to large deformation at the static equilibrium state. The six models
with different strain modifications discussed in Chapter 2 are considered to demonstrate
the effect of the EAS and ANS approaches on the element convergence and accuracy.
These models are summarized in Table 3.1. In Model-1, no strain modifications are made,
while Model-2 is used to demonstrate the effect of the ANS approach to alleviate the
transverse shear locking for the shell element. A comparison between Model-3 and 4
explains the effect of the in-plane shear/normal lockings alleviated by the EAS approach,
while a comparison between Model-4, 5 and 6 explains the use of the three different
approaches for elimination of the thickness locking, i.e., the ANS (Model-4), the EAS
(Model-5), and the combined ANS and EAS (Model-6) approaches as discussed in
Section 2.2.
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Figure 3.1 Deformed shape of a cantilevered plate subjected to a tip force

Figure 3.2 Numerical convergence of ANCF shell solutions: cantilevered

plate subjected to a tip force with large deformation
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Table 3.1 Strain modification for the continuum mechanics based ANCEF bi-linear shell

element
ANS for ~ EASforin- AN for EAS for Combined EAS
Model transverse plane strains transverse transverse and EAS for
name shear strains ~ ( SxiAs , EyEyAS ,  normal strain normal strain  transverse normal
(SQNS ’ g}/ZNs) V;AS : ((E_Z/:NS) (gZEZAS) strain (giNS/EAS)
Model-1 - - - - -
Model-2 Y - - - -
Model-3 Y - Y - -
Model-4 Y Y Y - -
Model-5 Y Y - Y -
Model-6 Y Y - - Y

To measure the accuracy, error in solution is defined by a deviation of the vertical
deflection at the force application point on the plate from that of the reference solution
obtained by ANSYS SHELL181 with 100x100 elements. The numerical convergence of
the solution is presented in Fig. 3.2 for each model. The numerical result obtained by the
bi-linear shear deformable ANCF plate element based on the elastic middle surface
approach which is given in Appendix is also presented in this figure for comparison. It is
observed from the comparison between Model-1 and Model-2 that the accuracy is
improved by alleviating the transverse shear locking with the ANS approach. However,
the solution is converged to the erroneous solution. While the use of the EAS for the in-
plane shear/normal lockings and the ANS for the thickness locking slightly improve the
rate of convergence, the convergent solutions are still incorrect. It is important to notice
that use of Model-6 with the combined ANS and EAS approach leads to the same result
with that of the locking-free ANCF plate element based on the elastic mid-plane
approach shown in Appendix. This plate element employs ANS only for alleviating the
curvature thickness locking. In other words, the strain modification used in the elastic
mid-plane ANCEF shell element corresponds to Model-4 in Table 3.1. However, Model-4
of the continuum mechanics based ANCF shell element leads to an erroneous solution
due to the Poisson’s locking. While the application of the EAS approach to the thickness
locking improves the element performance as shown in the result of Model-5, the

accuracy is not at satisfactory level especially when the small number of elements is used.
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This result clearly indicates severity of the Poisson’s locking exhibited in the continuum
mechanics based shear deformable ANCF shell element and the locking for the
continuum mechanics based ANCF shell element needs to be eliminated using the
combined EAS and ANS approach as demonstrated by the result of Model-6.

In the second problem, the flat plate is replaced with the quarter cylinder modeled
by the continuum mechanics based bi-linear ANCF shell elements as shown in Fig. 3.3,
and the radius of curvature is assumed to be 1.0 m. The material properties, tip load,
width and height are the same as the previous example. The deformed shape at the static
equilibrium state is shown in Fig. 3.3 and the large deformation is exhibited in this
problem. As in the previous example, error in solution is defined by a deviation of the
vertical deflection at the force application point from that of the reference solution
obtained by ANSYS SHELL181 with 100x100 elements. The numerical convergence in
solution is presented in Fig. 3.4 for Models 1 to 6 and ANSYS SHELLI181 for
comparison. Furthermore, the numerical result obtained by the bi-linear shear deformable
ANCEF plate element based on the elastic middle surface approach is also presented in Fig.
3.3 for comparison. The overall trend of the numerical convergence of solutions obtained
by different models is similar to that observed for the flat plate problem. The result
clearly indicates that use of the combined EAS and ANS approach is necessarily to

ensure the ideal rate of convergence and accuracy for the proposed shell element.

Figure 3.3 Deformed shape of a quarter cylinder subjected to a tip force
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Figure 3.4 Numerical convergence of ANCF shell solutions:

quarter cylinder subjected to a tip force

3.1.2 Pinched Semi-Cylindrical Shell

A semi-cylindrical shell as shown in Fig. 3.5 subjected to a pinching force of 800
N at the middle of the free-hanging circumferential periphery is discussed. This problem
is used as a benchmark problem for various shell elements [52,53,64,65] and the
numerical solution obtained by the proposed continuum mechanics based bi-linear shear
deformable shell element (Model-6) is compared with those in the literature [53,64,65].
The length, radius and thickness are assumed to be 3.048 m, 1.016 m and 0.03 m,
respectively. Young’s modulus and Poisson’s ratio are assumed to be 2.0685x10" Pa and
0.3, respectively [52,53,64,65]. A quarter cylinder model with the symmetric boundary
condition is used in the analysis. The deformed shape of the semi-cylindrical shell is
shown in Fig. 3.5, and the nonlinear load-deflection curve shown in Fig. 3.6 agree well
with those presented in the literature [53,64,65]. Use of the 16x16 elements leads to the
convergent solution in the case of the continuum mechanics based bi-linear shear

deformable ANCEF shell element.
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Figure 3.5 Deformed shape of pinched semi-cylindrical shell

Figure 3.6 Load-deflection curve of pinched semi-cylindrical shell

3.1.3 Slit Annular Plate Subjected to Lifting Force
In the next example, a slit annular plate subjected to a lifting line force is
considered as shown in Fig. 3.7. This problem is also widely used as a benchmark

problem for shell elements [52]. The inside and outside radii of the annular plate are
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assumed to be 6.0 m and 10.0 m, respectively. Young’s modulus and Poisson’s ratio are

assumed to be 2.1x10” Pa and v =0.0, respectively [52]. One end of the slit is fully
clamped, while the other end of the slit is subjected to the line force of 50 N. The load-
deflection curves at Point A and B shown in Fig.3.8 are compared with those obtained
using ANSYS SHELL181 with 10x60 elements as a reference solution and the results
are in good agreement with those obtained by the continuum mechanics based bi-linear

shear deformable ANCEF shell element.

Figure 3.7 Deformed shape of slit annular plate subjected to lifting force

Figure 3.8 Load-deflection curve of slit annular plate subjected to lifting force
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3.2 Numerical Examples of Laminated Composite Shell Element

In this section, the element accuracy of the shear deformable laminated composite

shell element is discussed.

3.2.1 Extension and In-Plane Shear Coupling of Fiber-

Reinforced Plate Subjected to Uniaxial Tensile Load
To discuss the extension and in-plane shear coupling of a fiber-reinforced rubber
material, a uniaxial tension test as shown in Fig. 3.9 (a) is considered using the shear
deformable ANCEF shell element. The length, width and thickness of the plate are 2.0 m,

1.0 m, and 0.01 m, respectively. Young’s modulus of the fiber and those of the matrix are,

respectively, assumed to be E, =1.8x10" Pa and E, = E, =1.3333x10" Pa. The shear

modulus  of  rigidity and  Poisson’s ratio are assumed to  be

G,=G, =G, =333333x10°Pa and v, =v

o - =V,. =04, respectively. The tensile
distributed uniaxial load of 5000 N/m is applied in the X direction. The in-plane shear
strain of the plate is presented in Fig. 3.10 as a function of the fiber angle 6. In this
figure, the in-plane shear strain obtained by the composite shell element is compared with
the analytical solution given by [5]

: : in’ 2
Y, =sin20 cos 0 _sin ‘9+l v 1 cos26 |o, (3.1)
El EZ 2 El GIZ “

It is observed from the preceding equation that the change in the shear strain is nonlinear
in the fiber angle €. The sign of the shear strain changes at 8 =54.7 degrees [5] as
shown by the magnified deformed shapes at 8 =20, 54.7 and 70 degrees in Fig. 3.10.
The results obtained by the ANCF shell element agree well with the analytical solution
based on the assumption of Kirchhoff plate theory with infinitesimal deformation.
Furthermore, using Eq. 3.1 the inflection points of the in-plane shear strain are obtained
at d=25.5 and 71.3 degrees, and they are also well predicted using the composite shell

element discussed in this study.
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Figure 3.9 Uniaxial tensile test models

Figure 3.10 In-plane shear strain of one-layer orthotropic plate

o AJLb
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3.2.2 Warpage of Two-Layer Laminated Composite Plate
Subjected to Uniaxial Tensile Load

In the next example, a uniaxial tensile test of a two-layer laminate at +/—6 fiber

angles is considered as shown in Fig. 3.9 (b) [60]. The length, width and thickness of the
plate are same as the previous example in Section 3.1. The thicknesses of each layer is
0.005 m. The fiber angles of the upper and lower layers are same in magnitude, but
opposite in direction as shown in Fig. 3.9 (b). The material properties of each layer are
also same as the previous example in Section 3.2.1. The tensile distributed uniaxial load
of 500 N/m 1is applied in the X direction. In this problem, the extension and
bending/twisting coupling occurs in this laminate, and it causes the warpage (twisting)
under the uniaxial tensile loading [60]. While the extension and shear coupling occurs in
each lamina, shear deformation of the upper and lower layers caused by the uniaxial
tensile load are same in magnitude, but opposite in direction. Thus, the shear
deformations of both layers are canceled out and no in-plane shearing occurs in the
laminated composite. To demonstrate this fundamental coupling behavior of the
laminated composite material, the twisting angle and the in-plane shear strain of the two-
layer laminated composite plate are presented in Fig. 3.11 as a function of the fiber angle
6. In this figure, results obtained by the laminated composite shell element are compared
with the analytical model based on the classical lamination theory. In the analytical
model, the warpage is defined by [60]

w=—%(lcxx2 +/<yy2 +nyxy) (3.2)
where the curvatures are determined by solving equilibrium equations of the force and
moment resultants of fiber-reinforced composite [60]. It is observed from Fig. 3.11 that
the twisting angles agree well with those based on the classical lamination theory, and the
warpage developed by the uniaxial tensile load applied to the two-layer laminated
composite plate is well predicted. The sign of the twisting angle of the composite plate
changes at the fiber angle of @ =54.7 degrees [5], and this important fiber angle is also
correctly predicted. Furthermore, zero in-plane shear strain is ensured in the results
regardless of the fiber angle, and this result agrees with that of the analytical model based

on the classical lamination theory.
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Figure 3.11 Twisting angle and in-plane shear strain of two-layer laminated

composite plate subjected to uniaxial tensile load

3.2.3 Cantilevered Two-Layer Composite Shell Subjected
to a Point Load
To demonstrate the accuracy of the composite shell element for large deformation
problem of initially curved shell structures, a cantilevered quarter cylinder modeled by

+ /-6 two-layer composite shell is considered as shown in Fig. 3.12. The initial shape
and the location of a subjected point load is the same as Section 3.1.1 shown in Fig. 3.3.

The fiber angle of each layer is assumed to be 20" . The radius of curvature is assumed to
be 1.0 m. The width and height are assumed to be 1.0 m and 0.01 m (i.e., 0.005 m

thickness for each layer). Young’s modulus of the fiber and those of the matrix are,

respectively, assumed to be E, =2.0x10° Pa and E =E = 1.0x10° Pa. The shear
modus of rigidity and Poisson’s ratio are assumed to be G, =G . =G, = 3.84615x10’
Paand v, =v_=v _=0.3, respectively. The vertical point load of 10 N is applied to the

corner of the shell as shown in Fig. 3.12. The deformed shape at the static equilibrium
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state is shown in Fig. 3.12, in which the large deformation is exhibited. The static
deflections of the load application point obtained by the laminated composite shell
element are compared with those of the shear deformable composite shell element of
ANSYS (SHELLI181) [63] in Table 3.2 for different number of elements. It is
demonstrated in this Table that good agreements in solution are obtained with the MITC
shell formulation [63] implemented in ANSYS. The numerical convergence of the finite
element solutions are presented in Fig. 3.13 for errors defined by the deviation from the
reference solution, where the reference solution of -0.80517 m is obtained by 100x100
elements using the ANSYS SHELL181 composite shell element. It is observed from this
figure that the ideal linear rate of convergence is ensured in both models for the large
deformation problem and it indicates that element lockings are properly eliminated in the
ANCEF laminated composite shell element discussed in this study. On the other hand, the
fully parameterized ANCF shell element utilizing the bi-cubic polynomial does not
converge to the reference solution, despite the fact that higher order polynomials are used
due to the element lockings exhibited. Furthermore, the number of integration points for
the elastic force calculation of each layer is 8 (2x2x2) in the bi-linear shell element
having 24 nodal coordinates per element, while 32 (4x4x2) integration points are used
in the bi-cubic fully parameterized shell element with 48 nodal coordinates per element.
This has a significant impact on the computational efficiency for large scale problems

including tire simulation.

Table 3.2 Static deflection of cantilevered two-layer composite

shell subjected to point load (m)

Number of ANCF ANSYS
elements composite shell composite shell
(SHELLI181)

4x4 -0.77157 -0.78262
8x8 -0.79931 -0.79786
16x16 -0.80310 -0.80220
32x32 -0.80414 -0.80619
50x50 -0.80452 -0.80473
64 x 64 -0.80469 -0.80493
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Figure 3.12 Deformed shape of cantilevered two-layer composite

shell subjected to point load

Figure 3.13 Numerical convergence of finite element solutions

www.manharaa.com




39

3.2.4 Natural Frequencies of Laminated Composite Plate

The eigenfrequency analysis of the +/—6 two-layer composite plate is

considered in this example. The fiber angle of each layer is assumed to be 20°. A free
boundary condition is assumed. The length, width and thickness of the plate are 1.0 m,
1.0 m, and 0.01 m (i.e., 0.005 m thickness for each layer), respectively. Young’s

modulus of the fiber and those of the matrix are, respectively, assumed to be

E_=6.0x10" Pa and E =E = 3.0x10" Pa. The shear modus of rigidity and Poisson’s

ratio are assumed to be G,=G_ =G, =1.1538x10" Pa and v =v_=v_ =03,

respectively. The material density is assumed to be 500 kg/m’. The first ten
eigenfrequencies and their mode shapes are shown in Table 3.3 and Fig. 3.14,
respectively. The eignfrequencies are compared with the reference solutions obtained by
the 100x100 elements using the ANSYS SHELLI181 composite shell element. The
eigenfrequencies are also in good agreement with the reference solutions. Use of the
proposed low-order continuum mechanics based shear deformable shell element leads to
better rate of convergence than the higher-order fully parameterized ANCF element

presented in literature [30].

Table 3.3 First ten eigenfrequencies of the laminated composite shell (Hz)

ANCF ANCF ANCF ANCF ANCF ANSYS
. . . . . composite
composite composite composite composite composite <hell
shell shell shell shell shell (SHELL181)
2x2 4x4 8x 8§ 16x16 32x32 100x100
1.8168 1.7705 1.7385 1.7291 1.7295 17175
2.9444 2.6214 24887 24518 2.4296 2.4424
43411 3.7085 3.4579 33853 33642 3.3700
4.8437 4.6450 4.4097 43355 43088 42951
5.4240 5.0939 4.8413 47605 47412 47220
9.1235 9.3139 7.7790 7.2886 7.1604 7.1146
116.4075 9.7130 8.5528 83152 8.2496 8.2005
127.6218 10.7920 9.2868 8.8343 8.7120 8.6442
133.0542 12,3383 9.8813 9.2463 9.0973 9.0559
141.4632 14.1086 11.5408 10.8417 10.6750 10.6080
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Figure 3.14 Vibration mode shapes of two-layer laminated composite shell

3.2.5 Quarter Cylinder Pendulum with Laminated
Composite Material
In the last numerical example in this section, the nonlinear dynamic analysis of

the +/—6 two-layer laminated composite shell structure (a quarter cylinder pendulum) is
discussed as shown in Fig. 3.15. The radius of curvature is assumed to be 1.0 m. The

fiber angle of each layer is assumed to be 20" and the material property including the
material density of each layer is same as that of the previous example in Section 3.2.4.
One corner of the composite quarter cylinder is connected to the ground by a spherical
joint. HHT time integrator is used with variable step size [67], while the EAS parameters
are determined at the element level at every time step as discussed in Chapter 2. The
maximum step size for error control specified in this example is 1E-3 s. The deformed
shapes under the effect of gravity are shown in Fig. 3.15, in which large deformation is
observed. The global X, Y and Z positions at the corner point shown by a red circle in Fig.
3.15 are presented in Figs.3.16, 17 and 18, respectively. Despite the highly nonlinear
dynamics problem involving the large deformation of composite materials, the numerical

solution obtained by 10x10 elements are close to those of 30x30 elements.
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Figure 3.15 Deformed shapes

Figure 3.16 Global X-position at the tip point
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Figure 3.17 Global Y-position at the tip point

Figure 3.18 Global Z-position at the tip point

o AJLb
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CHAPTER 4
PHYSICS-BASED FLEXIBLE TIRE MODEL FOR TRANSIENT
BRAKING AND CORNERING ANALYSIS

4.1 Introduction

In this chapter, a high fidelity physics-based finite element tire model is
developed using the shear deformable laminated composite shell element based on the
absolute nodal coordinate formulation discussed in Chapter 2 and 3 for use in the
transient braking and cornering analysis of multibody vehicle systems [66]. To account
for the transient tire force characteristics, the distributed parameter LuGre tire friction
model is introduced and then integrated into the physics-based flexible tire model. Using
the LuGre tire friction model, the dynamic friction effect is modeled by the first order
partial differential equation in terms of an internal friction parameter and, therefore, the
history-dependent friction-induced hysteresis can be considered [68,69]. It is shown that
the nonlinear structural tire deformation due a large load transfer in the severe maneuvers
and the transient tire force characteristics are fully coupled in the final form of the
governing equations. Furthermore, a modified friction characteristic curve function is
proposed for wet road conditions, in which the linear decay in friction is exhibited in the

large slip velocity range.

4.2 Structural Tire Model Using Laminated Composite Shell

Element

4.2.1 Modeling of Tire Structure with Cord-Rubber Composite Materials

A tire has a complex structure that consists of layers of plies and steel belts that
are embedded in rubber, thus an accurate modeling of the complex tire geometry and the
anisotropic material properties is essential to the tire performance evaluation including
the tire contact pressure and the braking/traction and cornering forces. While the in-plane
tire belt deformation can be modeled by an equivalent material model [31,32], such a
simplified material model cannot be used for predicting the overall tire structural

deformation in the three-dimensional analysis. This is attributed to the fact that the tire

www.manaraa.com



44

section property in both geometry and material is of crucial importance in characterizing
the contact pressure distribution.

In order to develop a physics-based flexible tire model, the tire cross section
geometry is imported from the tire cut section and data points are interpolated by a cubic
smoothing spline to extract the nodal position and slope coordinates. As shown in Fig.
4.1, the tire cross-section is divided into the tread, sidewall, and bead sections. The
number of layers, cord angles, thickness, and material properties, which vary through the
tire structure, are provided in each section to create the tire model data as shown in Fig.
4.1. The tread section consists of a carcass ply, two steel belts, a belt cover, and tread
blocks. The carcass ply and steel belt are modeled as an orthotropic material with
polyester and steel cords embedded in rubber, respectively. A rubber layer is considered
between the upper and lower steel belts and between the carcass ply and the lower steel
belt, and these rubber layers are modeled by Mooney-Rivlin material in the laminated
composite shell element. The sidewall section is modeled by two carcass ply layers and a
rubber layer that lies in between. The bead section is modeled by two carcass ply layers, a
steel belt, and a rubber layer as shown in Fig. 4.2. Having created the cross-section
geometry and material properties, the three-dimensional tire model data including the
nodal position and slope coordinates is generated by rotating the tire section model as

summarized in Fig. 4.1.

Figure 4.1 Tire model creation procedure
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Figure 4.2 Physics-based tire model using the laminated composite shell element

4.2.2 Modeling of Air Pressure
The internal air pressure is modeled by the distributed load acting in the direction
normal to the deformable inner tire surface, and the generalized force vector of element i

for the air pressure is defined as
Q= j () Flda’ 4.1)
where S'is the shape function of the shell element introduced in Section 2, da is the

infinitesimal area at the current configuration, and
F,=7n (4.2)
In the preceding equation, f, defines the air pressure and the unit normal is defined as

i or' /ox' xor' /oy’
or' /ox' xor' /oy

(4.3)

Gaussian integration is used for the spatial integral of Eq 4.1. It is important to note here

that the integral over the current area da' is converted to that over the area at the

reference configuration d4’ using Nanson’s formula da’ :(det J / ) JJH'n’ )dAi,

where J'is the position vector gradient tensor at the reference configuration. If the

deformation is small, one can assume da’ ~ dA'.
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Figure 4.3 Assembly of flexible tire and rigid rim

4.2.3 Assembly of Flexible Tire and Rigid Rim
The bead part of the finite element tire model is connected to the rigid rim by

multiple spring and damper elements as shown in Fig. 4.3. For a spring and damper

element defined at point P’ on the finite element i of the deformable tire model, the
global position vector is defined by r/ =S'(x;, ],z )e’ and the nodal point can also be

selected as the force definition point. This point is connected to point P’ on the rigid rim
j and the global position vector of this point on the rigid rim is written by

r/ =R’ +A’u/, where R’ is the global position vector of the origin of the body
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coordinate system of rigid rim j, A’ is the rotation matrix, and u/ is the local position

vector that defines the point P’ on the rigid rim j. Note that the subscript / indicates /-th

force definition point along the circumference of the tire bead. The spring/damper

coordinate system on the rigid rim at point / is given as follows:
Al =A'AJ (4.4)
where K,j defines the local spring/damper coordinate system defined with respect to the

body coordinate system of rim body j. This coordinate system is defined such that the X-
axis is tangent to circumference of the rim, while the Z-axis is aligned in a radial

direction of the rim as shown in Fig. 4.3 (a). On the other hand, the spring/damper
coordinate system at point P’ on the finite element i of the flexible tire model is defined

using the gradient coordinates as shown in Fig. 4.3 (b) as follows:

Aj=[i, j, K] (4.5)
where
G u .. oMo xor /oy, or /o
ll = -]l Xkl ’ -]/ = Al[ i Al[ il 1= % (4‘6)
Ok / 0z' x oF; / ox'| or, / &z

In the preceding equation, Of/ /0z' and OF, / dx', respectively, indicate unit vectors of the
global position vector gradients Or, /dz' and Or/ /dx' . Accordingly, the relative

deformation and deformation rate between the point P’ on the finite element i and B’ on
the rigid rim j are defined with respect to the local spring/damper coordinate system
attached to the rigid rim j as follows:

8/ =(A)) (r/ /) and 3} =(A))" (i ~i/) 4.7)
Furthermore, the relative rotation matrix of the spring/damper coordinate system of the

finite element i with respect to the spring/damper coordinate system of the rigid rim j is

defined as follows:

Al = (A A, (4.8)
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. . . — —. —. —.. AT
From which, relative rotation angles 0/ = [6’;1 6 6’ } about the three axes can be

extracted from the relative rotation matrix A7 and used for defining the restoring torque

about each axis. Rotational deformation rate can be defined as
o] =(A)) (o) -o’) (4.9)
where ®) and ®’are the angular velocity vectors of the force application point / on the
shell element i and rigid rim j, respectively. It is important to notice here that ®, can be
obtained from the skew-symmetric matrix &; = A/(A})". It is important to notice here
that @, can be obtained from the skew-symmetric matrix
@, = Aj(A) (4.10)
where the time derivative of the tangent frame is given as
A=l 0 W] @11

In the preceding equation, one has

si_ s i i i
i, =J, <k, +J, ¥k,
1 AP A AP A COSX [ni i) -
=— (rzxrx+ Zxr'x)— — (rzxrx)a (4.12)
simo Sin @
i 1 A i
K,=———(1-(r. 1) (rx ||f
it
l~Z l'Z

T

where ri=ar' /0 ; ri=or'/ox' ; a=(dafor))-i +(@alor)-¥ ; cosa=FF
dafor = (~1/sina)i’ (0F /or); and dafor = (~1/sina)i’ (o [or!).
Using the deformation and deformation rate at the spring and damper definition

point, the spring and damping forces and torques defined with respect to the local spring

and damper coordinate system are defined as follows:

F/=—K,3/ -C,3/ and N/ =—K, (8’ -0},)-C,&! (4.13)
where K, and K, are the translational and rotational spring constant matrices, while C,
and C, are translational and rotational damping coefficient matrices, respectively. 63’, is

the initial relative rotation angle vector of the spring/damper coordinate systems at P’
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and P’. The preceding force and torque vectors are defined with respect to the global

coordinate system as

Fli/' A.l/'Eii
{N?HA,-N;, 1

and then the generalized forces can be obtained for both element i and rigid rim j using

the virtual work.

4.3 LuGre Tire Friction Model

4.3.1 LuGre Tire Friction Model for Combined Slip

In existing deformable tire models, the steady-state tire friction model are widely
used and the tire frictional force is defined by the product of the friction coefficient and
the normal contact force at discretized points in the contact patch. The friction coefficient
is defined in many cases as a multi-variable function of the contact pressure, slip velocity,
temperature, etc. While such a frictional contact model leads to a straightforward
implementation, it requires a large set of test data prepared a priori to define the multi-
variable friction function. Furthermore, it does not account for the history-dependent
dynamic friction effect needed for the severe transient maneuver simulation due to the
steady-state assumption made. For this reason, to account for the transient tire friction
effect for severe braking and cornering analysis, the distributed parameter LuGre tire
friction model [68,69] is introduced in this study and a numerical procedure to integrate
the LuGre tire friction model into the finite-element based deformable tire model is
proposed.

In the LuGre tire force model originally proposed for rigid-body based tire models,
the state of friction between a tire tread and road is described by internal friction

parameters z (£,¢) and z (£,7) defined in time and space, where ¢ is a spatial

coordinate defined along the contact patch longitudinal axis (0 < ¢ < L) as shown in Fig.

4.4. The longitudinal and lateral tire forces are then defined using the following equations

[68,69]:
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Figure 4.4 LuGre tire friction model

ag; (c,.:t>+azxvm]pn (©)dnd¢

E=[" (% 2. (L) 4o,

-w/2
(4.15)
w2

L oW)2 azy
F=[, [ o0& 0v 0, = oy, | p,(C)dndg

where L and W are, respectively, the length and width of the contact patch, and
W /2<n<W/2.v, (k=x,y) is the slip velocity in the longitudinal (k=x) and
lateral ( &=y ) directions, respectively; o, and o, are, respectively, coefficients
associated with z, and Z,_, where k=x, y; and o,, (k=x,y) is a coefficient describing
viscous friction effect between the tread and road. p, (<) is the normal contact pressure
in the contact patch. The internal friction parameter z (£,¢) and z (£,¢) are given as

solution to the following partial differential equations [68,69]:

8Zx(é/,t) — er _ GOX vrx Zx(éz’t)_ azx(é/’t) |l"0)|

ot g.(v,) ¢ 4.16)
CACE BN 2 RN ACEO T |

o gy T e

where |ra)| is the circumferential velocity; and g (v,) and g, (v,) are functions that

define the longitudinal and lateral slip-dependent friction coefficient characteristics. In
this study, the friction characteristics are identified at pure braking conditions, and then
friction curves for the longitudinal and lateral frictions under combined slip conditions

are defined as follows [69]:
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vi‘)\

g.(v,)="gl) and g ©,)=—gv) (4.17)

R
1%

v,

where v = (vm)2+(v,y)2 and the function g(v.) characterizes the slip-dependent

friction coefficient and is given as

) (4.18)

g(,) = 1.+ (4, = 1. )exp(=Py, /v,

where u, and p are, respectively, the kinetic and static friction coefficients; v, is

Stribeck velocity; and « is Stribeck exponent [68,69].

4.3.2 Steady-State LuGre Tire Friction Model
The steady-state LuGre tire friction model required for the parameter

identification of LuGre tire model can be obtained by assuming 0z, /0t =0 in Eq. 4.16 as

follows:
2 _ (vl _
oC = |ra)| (Vrk Ok 2, (V,ﬂk) Zy (g)Ja k=x,y (4.19)

By solving the preceding equation with z,(0,7) =0, k£ =x, y on the leading edge of the
contact patch, one can obtain the following steady-state solution [68]:

Yok

raw

z (&) =sgn(v,) M{] - exp(— Ook

Oy g )

(H, k=x,y (4.20)

from which, the following steady-state tire force can be obtained by assuming a parabolic

normal contact pressure distribution:

(£ {Sgn(vrk)-gk(vr)(l—é(i—kj (1+e‘””)+12(7L—’fj (1—e*™ )]—ko-zvrk}Fn, k=x,y

(4.21)
where F, is a normal contact force and y is given as
AU Ll (4.22)
oo | S

Note here that the slip ratio is defined by s=v /1.
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4.3.3 Slip Dependent Characteristics for Wet Condition

The longitudinal tire force measured by a tire test rig on a wet condition is shown
in Fig. 4.5. The forward velocity is assumed to be 100 km/h (27.8 m/s) and the tire size is
195/65/R15. 1t is observed from this figure that the tire force builds up as the slip ratio
increases and then it drops after it reaches the maximum point, which is the typical
braking force characteristic on wet road conditions. Furthermore, it is important to note
here that the tire force decreases linearly as the slip ratio increases in the large slip ratio
regime. Such a linear decay in the tire force in the large slip ratio range is also observed
in the literature [70] for the measured tire forces on wet road conditions. However, since
the slip-dependent friction characteristics given in Eq. 4.18 are approximated by an
exponential function, the linear decay of the tire force in the large slip ratio range cannot
be described. In order to account for the linear decay of the friction coefficient in the

large slip ratio range, the function g(v,) is modified in this investigation as follows:

g(v,) = h(v,) + (a1, = (v, exp =Py, /v,") (4.23)

where the linear change in the friction coefficient is modeled by the following function

h(v.) as

2500

2000 |

1500 H

(N)

F

1000 — >

500 F

O 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9

Slip ratio

Figure 4.5 Longitudinal tire force on wet surface
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h(v,)=-f :—

S

+u, (4.24)

where S and u, are the model parameters that need to be identified. Using the
preceding equations, the friction coefficient can decrease exponentially in small slip
range, while in the large slip range, the friction coefficient decreases linearly as defined
by the function 4(v,). Since the exponential function that appears in the second term of
Eq. 4.23. approaches to zero as the slip velocity increases, the function 4(v.) has a

dominant effect in the large slip range, allowing for the accurate modeling of the slip-
dependent friction coefficient characteristics which involve the linear decay in the large
slip range. It is important to notice here that the original function proposed in the

literature [68] can be recovered if £ in Eq. 4.24 is equal to zero.

4.4 Integration of LuGre Tire Friction Model into Deformable Tire Model

In most literature that discuss the LuGre tire friction model using rigid-body
based tire models, the tangential tire force distribution across the contact patch width is

assumed to be constant and the spatial distribution of the friction parameter z({,¢) is
approximated by a single mean friction parameter z(¢z) such that the tire force can be

determined as a solution to the ordinary differential equation in terms of the single

friction variable z(¢) [68,69]. This leads to a straightforward implementation of the

LuGre tire friction model in rigid-body based tire models. However, the shear contact
stress distribution over the contact patch cannot be evaluated and the slip velocity is
approximated at a single contact point. For this reason, to account for the effect of the
change in the normal contact pressure and slip distributions over the contact patch
predicted by the flexible tire model, spatially discretized form of the LuGre tire friction
model is derived and integrated into the flexible tire model developed in this study. Since
the state of friction is dependent on the longitudinal and transverse coordinates as
z,(&,n,t), one has

4y _ 0706, 02, 0n | 0%

.,  k=x, 4.25
dt oc ot on ot ot d (425)
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In rolling contact problems, 04 /0t term defines the velocity of the contact patch
coordinate system in the rolling direction ¢ . However, the lateral velocity of the contact
patch coordinate system represented by 07 /0t in the second term is assumed to be small
enough as compared to 04 /0t and 0Oz, /Ot describing the transient effect of the friction
parameter in rolling contact problems. Thus, one can assume 07/ 0t =0 as in the original
LuGre tire friction model. However, this does not mean that distribution of the friction
parameters z, and z, in the width direction is neglected since the contact pressure and
slip velocity distributions obtained from the finite element tire model are defined as a
function of ¢ and 7 in this study, i.e., p,({,n) and v.({,n) . For this reason, the

contact patch predicted by the flexible tire model is discretized into strips across the tire
width first to account for the shear contact stress distribution along the transverse axis of
the contact patch, and then shear contact stresses are evaluated strip by strip as shown in

Fig. 4.6. This strip is called “LuGre strip” in this study. For each LuGre strip j defined at

n=n’ shown in Fig. 4.6, the state of friction is defined by the following partial
differential equations in terms of the two parameters z/ and z-yj associated with the

longitudinal and lateral shear stresses:

I o VL i
662x :v'{x_ 0"( J Z;_sz’xj ro’, jzl""am

t gx vrx

, j j (4.26)
ai:vf_aoyvfy j_aZyA|j J ]=1m

o 7 g o

where the superscript j indicates the quantity on the j-th LuGre strip along the
longitudinal axis of the contact patch. In order to solve the preceding partial differential

equations of the LuGre tire friction model, Eq. 4.26 is spatially discretized as
0z' 10¢7 =(2" —z")/AL" and then converted to the set of first-order ordinary

differential equations as follows:
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dz e L [ ounval M@ i _
— =y’ + T PN (% i=L-,n; j=1---,m
dt AL g (Vi) AL
(4.27)
dz r'w Oy, |Vs| |F@ i

y ij i-1,j
R A J_

— + —
y i y ij ij y

dt AL g, (Vi) AL
where the superscript i and j, respectively, indicate the i-th discretized element

(i=1,-+-,n) in the j-th LuGre strip (j =1,---,m). AL’ is the length of the LuGre element

ij shown in Fig. 4.6. z¥ =z§j =0 is assumed on the leading edge. The preceding

Figure 4.6 Integration of LuGre tire friction model in flexible tire model

www.manharaa.com




56

equations are expressed in the following matrix form for all the discretized LuGre
elements in the contact patch:

Z=Az+b (4.28)
where the vector z contains all the LuGre friction variables z! and z! for i=1,---,n and
j=1---,m. A is the square matrix of mnxmn and b is the vector of slip velocities v/
and vg defined in the discretized element ij. Accordingly, the longitudinal and lateral

shear contact stresses in the LuGre element ij are defined as

i o_ i 5 ij ij i
px - (O-Oxzx + O-lex + O-varx)pn
(4.29)

i _ ij i i\ i
p, = (aoyzy +0,,z, + O'Zyv,y)pn
where p” is the normal contact pressure acting on the LuGre element ij. From which, the

longitudinal and lateral contact forces defined in the LuGre element i/ can be obtained as
F7 = p" AL’ Ab, E” = p’yj YA (4.30)
where Ab” is the width of LuGre element ij. It is important to notice here that the finite
element nodes in contact and LuGre elements in the contact patch do no coincide as
shown in Fig. 4.6, and finer LuGre mesh is required to obtained accurate shear contact
stress distribution. For this reason, the contact pressure and slip velocity predicted at each
finite element node in contact are spatially interpolated to evaluate those at discretized
LuGre elements to construct the set of ordinary differential equations associated with the
dynamic tire friction for each LuGre element defined by Eq. 4.27. On the other hand, to
define the nodal tangential contact forces applied to the flexible tire model, the shear
contact stresses evaluated at the discretized LuGre elements are then interpolated to
define the LuGre tangential tire forces acting on each finite element node in the contact
patch as shown in Fig. 4.6. These nodal tangential contact forces are added to the right
hand side of the equations of motion of the flexible tire model. By doing so, the structural
deformation of the flexible tire model can be dynamically coupled with the LuGre tire

friction model in the final form of the equations as follows:

Mé =Q.(e0)+Q.(e.6,2.2) } (4.31)
z=A(e)z+b(e)
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and these two sets of equations are integrated forward in time simultaneously. To
numerically integrate the preceding equations of the tire model with spatially discretized
LuGre tire friction model in time, the nodal acceleration vector € , nodal velocity vector

¢ and time derivative of the friction parameter vector z at time step ¢, are defined

using the time integration scheme of Newmark-3 family as

. _L B _L._L_ .

en+l_ﬂh2 (en+l en) ﬁh en (2ﬁ l)en

& =ﬁ<em —e»—(%—l) é, —h(ﬁ—l)én (4.32)
Z,, =ﬁ(zm —zn)—(%—n i,

where % is the step size; and £ and y are integration coefficients. Using the preceding

equations, Eq. 4.31 is expressed in terms of unknown vectors e,,, and z,,, in a vector

n+l
form as
f_ . (e,
|: FEtlre( n+l Zn+|):|:0 (433)
€l (€,15Z,.1)

The preceding discretized equations are solved iteratively at every time step using the

following equations:

|:afFE tire /aen afFE tire /azn :| |:Aen+1 :| - _ |: (fFE tire )n :| (4 34)
ag LuGre /aen ag LuGre /azn AZ/HI (gLuGre )n

and then the nodal coordinates and LuGre friction parameters are updated as

e, =e +Ae  and z , =z +Az  until the norm of the residual vector becomes

n+l
smaller than the error tolerance. It is important to notice here that the elastic forces
involve the internal EAS parameters a as discussed in Chapter 2 that need to be
determined at every time step to satisfy Eq. 2.44 for each element. For this reason, EAS
equations (Eq. 2.44) need to be considered when evaluating the Jacobian matrix and the

residual vector of the elastic forces (i.e., of;

E tire

/de, and (fy;.),) in a way described in

Chapter 2.
It is also important to notice here that the steady state tire model can be obtained

systematically by assuming z =0 in the preceding equations and then state of friction z
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can be uniquely determined by solving the linear algebraic equations A(é)z+b(é)=0 if

the transient tire friction effect is considered negligible for some simulation scenarios.
That is, the steady-state model of the spatially discretized LuGre tire friction can be

obtained by assuming that the transient term of the friction parameters equal zero, i.e.,

dz' | dt = dz;’ /dt =0 in Eq. 4.27. This assumption leads to the following equations:

o v’] ;,.Ua)l/ B B rlja)ll o
Ox [ “rx ij ij i-1,j . .
ii + ALl‘j Z, =V, Tt ALij Zy ’ l:1,"',l’l; J:]’n.’m
gx (er)
(4.35)
i N /N
Oy V| @ PR A

() )

It is important to notice here that the preceding equations can be solved for z’ and z’y’

without any time-integration procedures from the leading edge (i =1) to the trailing edge

. . N . . .. 0j _ _0j _
(i=n) recursively for each LuGre strip j with the boundary condition z.” =z’ =0 on

the leading edge. This indicates that the leading edge of the contact patch is in adhesion.
The shear contact stresses can then be defined by Eq. 4.29. Since the state of shear
contact stress distribution over the contact patch is defined by algebraic equations,
friction parameters are no longer treated as system coordinates, resulting in a smaller
number of equations being solved. The steady-state tire friction model is, however,
unable to incorporate the history-dependent friction-induced hysteresis since friction state
can be uniquely determined without the state at previous time step through time

integration.
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CHAPTER 5
PARAMETER IDENTIFICATION AND TIRE DYNAMICS
SIMULATION

5.1 Introduction

For use of LuGre tire friction model, the parameter identification is crucial to
accurate and reliable prediction of transient tire forces under various driving conditions
[70]. Since governing equations of LuGre tire friction model are highly nonlinear and
several fitting parameters are introduced to account for the nonlinear friction
characteristics, the correlation of the model parameters with physical quantities are not
clear, making the parameter identification of the LuGre tire friction model difficult [70].
That is, inappropriate initial estimates may lead to parameters that have nothing to do
with physical quantities even though the LuGre model are fitted well with measured tire
force curves. For this reason, a systematic and automated procedure for parameter
identification of LuGre tire friction model is developed in this chapter. Furthermore, the
fundamental tire characteristics including the normal contact pressure distribution and
load-deflection curve of the physics-based flexible tire model discussed in Chapter 4 are
validated against the tire test data, and then the nonlinear tire dynamic simulation under
abrupt braking and cornering scenarios on a rigid ground are presented to demonstrate the

tire model capability for transient maneuvering scenarios developed in this study.

5.2 Parameter Identification Procedure of LuGre Tire Friction Model

Since the basic tire force characteristics are, in most cases, evaluated using tire
test rigs in the steady state condition, the steady state model given by Eq. 4.21 is
introduced for the purpose of the parameter identification of the LuGre tire friction model.
The parameters identified in the steady state condition are then introduced to the transient
LuGre tire friction model in the time-domain analysis. It is important to notice here that
the steady-state model is derived as a special case of the general transient model, thus all
the LuGre model parameters for describing the tire tread friction characteristics are, in
principle, consistent in both models to ensure that the steady state tire force

characteristics can be recovered from the transient tire force model.
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In the steady-state LuGre tire friction model given by Eq. 4.21 with the modified
function g(v.) (Eqgs. 4.23 and 4.24), the following 7 parameters need to be identified

using the measurement data:
p :[O-Ox O-Oy /’ls /’lﬁ ﬂ vs a]T (5'1)
While the first two parameters o, and o, are identified in the longitudinal and lateral

directions separately, the rest of the friction parameters are determined in a pure slip
condition and then slip-dependent friction curves in the longitudinal and lateral directions
are assumed by Eq. 4.17. In this study, the steady-state friction-slip curve for the
longitudinal tire force is used to identify the tire friction characteristics. For example,
using Eq. 4.21, the tangential force coefficient (ratio of tire force to normal force) at the
steady state condition can be obtained by assuming that the viscous friction effect is

negligibly small as follows:

2 3
LG | Dssx | _ & -Lly, & _ Ly,
e (px)——Fn —g(vr)(l 6(Lj (1+e )+12(L] (1-e )] (5.2)
gv)|l+s| . . )
where y ==-—1%—— since g (v, )=g(v,) at the pure slip state. In the preceding
O-Ox

equation, the unknown LuGre parameter vector p . =[o, u 4, B v, a] is

identified such that an error function defined by the difference between the tangential
force coefficient obtained by Eq. 5.2 and the measurement data can be minimized in the

entire slip range. That is,

) 33O S o) s

where ns is the number of data points used for the parameter identification, and all the
components of the vector p, need to be positive. In order to solve the preceding
nonlinear optimization problem, iterative solution procedures are employed. Since there
are many local minima in the error function, appropriate initial estimates for iterative
solution procedures are crucial to accurate and reliable identification of the LuGre tire
friction model parameters. Although the model curve can be fitted to the measurement

data, it is not guaranteed that the model parameters identified are physically consistent.
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Furthermore, all the LuGre model parameters are not necessarily correlated to
measureable physical quantities, making the determination of the initial estimates for the
nonlinear parameter identification difficult. For this reason, initial estimates provided for
solving Eq. 5.2 need to be accurately predicted first, and it allows for developing a
systematic and automated procedure for estimating parameters of the LuGre tire friction

model. The proposed slip-dependent friction coefficient given by function g(v.) is
defined by the five parameters u , w,, f, v, and « . Since these parameters can be

identified solely by the measured slip-dependent friction characteristics, they can be

estimated first and then adhesion parameters o, and o,, are identified by the

traction/braking and cornering stiffness extracted from the measured data. Since one has

g(v.)=pu, for v. =0 using Eq. 4.23, u can be estimated by finding the point of
intersection between the function g(v,) and its ordinate axis. To find the point of

intersection, the friction coefficient of the measured data denoted by g"™"(v,) in the

small slip velocity range is approximated by a linear function as shown at the top left
corner of Fig. 5.1 (also denoted as (A)) using the least square method, and then the point

of intersection with the ordinate axis that defines x can be obtained as
N, N, N, N,
2 EXP EXP
Zvrk Zg (Vrk)_zvrk g (vrk)zvrk
k=1 k=1 k=l

_ k=1
NS‘ NS 2
2
Ns' Z vrk - Z vrk
k=1

IUSO -
k=1

(5.4)

where N, is the number of data points used for defining a linear function around the left

EXP
(vr

end of the g ,)and v, (k=1,--,N,) indicates the slip velocity at data point £.

XP

In the next step, u, and S are estimated by approximating g™ in the large slip

velocity range as a linear function as shown at the bottom right corner of Fig. 5.1 (also

denoted as (B)). As a result, the intercept u, and the slope f/v, of the function

h(v,)=-p

v,/ vi|+ 1, can be estimated by the linear regression as follow:
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Figure 5.1 Slip-dependent friction coefficient

Ny

Np N, N,
Z vrkz z gEXP (V”k) - Z Vik gEXP (vrk )z Vik
k=1 k=1

,U/;o — k=1 k=1 m " > (55)
]\[ﬂZ:vrk2 _(ZvrkJ
k=1 k=1
and
Ny Ny Ny
Nﬂzvrk gEXP(vrk) _ZvrngEXP(vrk)
A __ S (5.6)
v Ny Ny : .
s0 P
Nﬂzvrk _(zvrkJ
k=1 k=1

An additional equation needs to be introduced to uniquely determine S, and v, using

Eq. 4.23. To this end, the L, / L, ratio as shown in Fig. 5.1 is defined as follows:

ﬁz g(0)-g,) (5.7)

L, g(v)—h(v,) '
where

2(0)= 4. g(vs)=h<vs)+“s‘T”(“) and  h(v,)=—f+ 1, (5.8)
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Substituting the preceding equations into the right hand side in Eq. 5.7, one can prove the
following identity:

L =e—1=constant (5.9)

2

The preceding equation indicates that the L, /L, ratio defined by Fig. 5.1 is always

constant if the slip-dependent friction characteristics is approximated by Eqgs. 4.23 and

4.24. In other words, Stribeck velocity v, can be found such that Eq. 5.9 is satisfied.
Since the initial estimate for u 1is given by u, (Eq. 5.4), one has g(0)=p, .
Furthermore, using Eq. 5.6, A(v,,) can be defined as a function of v, as
h(v,y) =—cv + g, , where ¢ is the right-hand side of Eq. 5.6 evaluated with the
measurement data. Consequently, the initial estimate for the Stribeck velocity v, can be

defined such that the following equation is satisfied:

EXP
L, g7 (vy)tevy, —Hpgo

L Ho=8" ) (5.10)

(v, ,) indicates the measured g-function evaluated at the slip velocity of v,

where g
(see (C) in Fig. 5.1). The Stribeck velocity v , can be determined such that the difference

of the both sides of the preceding equation can be minimized.

To determine the parameter « , the function g(v,) is differentiated with respect to
the slip velocity v, and one can obtain

a—

gw)=H®) —h'(v,,)exp(—

v, /v, v, /v, 1exp(—|v,,/vsa) (5.11)

a (24
J= (=) -

where A'(v,)=dh(v,)/dv, =—f /v, . By evaluating the preceding equation at v, =v_, one
can obtain the following equation:

ple—D+aly, —py+p)
ev,

gw)=- (5.12)

Since all the estimated parameters on the right hand side of Eq. 5.12 are already given

except for « , the parameter « can be uniquely determined as follows:
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_evy, ()™ ) + By(e=D)
Hyg— Mgyt By

o = (5.13)

where (g(v,,)"") is the slope of the measurement data evaluated at v, =v,, and a

numerical differentiation is used to evaluate the derivative. As a result, all the estimated

parameters associated with the function g(v.) can be obtained by Egs. 5.4, 5.5, 5.6, 5.10

and 5.13. Using the initial estimates provided, the following nonlinear least square

problem is solved such that the following error function associated with function g(v,)

can be minimized:

EXP 2

Ly BARe S (pgg; I min R (p, )) (5.14)

k=1 g

T

where p, =[y, u;, B v, al.

Since o, represents the stiffness associated with the friction parameter z_(¢,1)
as shown in Eq. 4.15, o, indicates longitudinal traction/braking stiffness [70]. For this
reason, using the correlation between the slope of the tire force characteristic curve

around the zero slip ratio and the parameter o, one can estimate the parameter o, . To

this end, the slope of the tire force around the zero slip ratio K, :ljrrol|dEY/ds| is

calculated using the linear regression of the measured data and the parameter o, around

the zero slip ratio can be estimated by the following equation [69]

2K,
GOx = LFI’:

n

(5.15)

where L is the contact patch length. With all these parameters estimated, o, and p,

given by Eq. 5.14 are further used as initial estimates for Eq. 5.3 to determine the final
parameters that fit with the measurement tire force characteristic curve. It is important to

note here that the parameters o, and p, are estimated separately based on the adhesive

force characteristics and the slip-dependent friction coefficient characteristics. However,
this does not necessarily lead to an accurate prediction of the maximum peak of the tire

force. For this reason, Eq. 5.3 is solved with all the parameters estimated in the entire slip
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range such that the maximum peak also agrees with the measurement data. In the same

way, the rest of unknown LuGre parameter o, which represents the cornering stiffness

1s determined as

2K,
0 = (5.16)

where the slope of the cornering force around the zero slip ratio K, =lim|\dF, / ds| is

s—0
calculated using the linear regression of the measured data. Using the procedure proposed
in this chapter, all the LuGre parameters can be systematically estimated by exploiting
important mathematical features of the functions used in the LuGre tire friction model
and correlating them to the measured data. Furthermore, providing proper initial
estimates improves the numerical convergence of iterative solution procedures for the

nonlinear least square problem.

5.3 Parameter Identification Results of LuGre Tire Friction Model

5.3.1 Pure Slip

The measurement data of a tire for passenger cars as previously shown in Fig. 4.5
on a wet road condition is used to demonstrate the use of the parameter identification
procedure proposed in this study. The slip-dependent friction coefficient (i.e., tangential
force coefficient) is shown as a function of the slip velocity in Fig. 5.2, while the
longitudinal tire force is shown as a function of slip ratio in Fig. 5.3. The nonlinear least
square problems given by Egs. 5.3 and 5.14 are solved by Isqnonlin function in
MATLAB™. In these figures, numerical results obtained using the original function

g(v.) given by Eq. 4.18 (i.e., # =0 in Eq. 4.23) and the proposed one given by Eq. 4.23

are compared. It is observed from these figures that use of the modified g-function leads
to good agreement with the one obtained by measurement. In the use of the original g-
function, noticeable difference from the measurement data is exhibited. Since the change
in the tangential force coefficient in the entire slip velocity range needs to be described
by an exponential function, the tangential force coefficient that linearly decays with the
slip velocity cannot be accurately described with the original function. As a result, the

model does not agree well with the measurement data in both small and large slip
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velocity regimes since the overall errors in the entire slip velocity range are minimized in
the optimization process. Furthermore, it is observed from Fig. 5.3 that use of the original
g-function also leads to noticeable difference in the maximum peak of the tire force,
which leads to less accurate prediction of the traction and braking performance of tires.
On the other hand, using the modified g-function along with the parameter estimation
procedure for LuGre tire friction model, the model curve is well fitted to the measured
tire force characteristic curve.

In order to demonstrate the use of the proposed parameter identification procedure
for LuGre tire friction model with the modified g-function for a wide variety of loading
and forward speed conditions, friction characteristic curves of a tread rubber are
measured in a wet road condition and used for demonstrating the accuracy of the
proposed parameter identification procedure. As shown in Fig. 5.4, a tread rubber is
glued on a small rigid wheel and the friction characteristics of a tread rubber are

measured by changing the slip ratio. This testing allows to measure the pure tangential

Figure 5.2 Slip-dependent friction coefficient modeled by exiting and

modified g(v,)-function
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Figure 5.3 Longitudinal tire force with exiting and modified g(v,)-function

Rigid wheel
Tread rubber

Figure 5.4 Friction testing of tread rubber

force characteristics for the tread rubber under consideration. The wheel is pressed on a
drum and the slip ratio is quasi-statically changed by controlling the brake torque of the
wheel. The outside diameter of the wheel is 70 mm and the forward velocities are 20
km/h (5.6 m/s), 30 km/h (8.3 m/s) and 40 km/h (11.1 m/s), while the vertical loads are
changed to 4 kgf (39.2 N), 5 kgf (49.1 N) and 6 kgf (58.9 N). The tangential force
coefficients in different wheel load conditions are shown in Figs. 5.5, 5.6 and 5.7. In each

figure, results obtained for different forward velocities are presented. It is observed from
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these figures that the linear decay in the tangential force in the large slip range is
exhibited due to the wet road condition and the tangential forces are well described using

the LuGre tire friction model with model parameters identified regardless of the load and

speed condition.

Figure 5.5 Tangential force coefficients for 4 kgf

Figure 5.6 Tangential force coefficients for 5 kgf
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Figure 5.7 Tangential force coefficients for 6 kgf

5.3.2 Combined Slip
The longitudinal and lateral tire forces are presented for slip angles of 1, 3, 5 and
7 degrees and compared with those obtained by the tire test in Fig. 5.8, showing good
agreement with the tire test results. It is important to notice here that tire force

characteristics differ in traction ( —F, ) and braking (+F, ) in the test result, while

numerical results in this figure are obtained using parameters identified for braking
conditions. For the slip angle of 1 degree, the longitudinal and cornering tangential force
coefficients under combined slips (i.e., longitudinal and lateral slips occur
simultaneously) are compared with the test results in Fig. 5.9 for vertical load of 4 kN.
The longitudinal and lateral tire forces characteristics are well predicted using the LuGre

tire friction model with the parameters identified.
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Figure 5.8 Tire force characteristics under combined slip condition

Figure 5.9 Tangential force coefficient under combined slip condition
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5.4 Tire Dynamics Simulation

5.4.1 Structural Tire Characteristics and Validation

The tire considered in the numerical example is 215/45R17. The air pressure of
220 kPa is considered by distributed pressure loads applied normal to the inner surface of
the tire. The penalty approach is used to define the normal contact forces in the contact
patch. The load-deflection curve is used to validate fundamental structural properties of
tires. The lateral and vertical deflections of the tire model shown in Fig. 5.10 are
compared with the test results in Figs. 5.11 and 5.12. It is observed from these figures
that the lateral and vertical tire deflections are in good agreement with test results for the
various wheel loads. Furthermore, the lengths of the contact patch in the longitudinal and
lateral axes also agree well with those of the test results as shown in Fig. 5.13 and 5.14.
The two-dimensional normal contact pressure distribution defined along the longitudinal
and lateral axes of the contact patch coordinate system are also compared with those of

the test data for the vertical load of 4 kN in Figs. 5.15 and 5.16.

Figure 5.10 Deformed shape of tire cross section
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Figure 5.11 Lateral deflection of tire for various wheel loads

Figure 5.12 Vertical deflection of tire for various wheel loads
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Figure 5.13 Longitudinal contact patch length for various wheel loads

Figure 5.14 Lateral contact patch length for various wheel loads
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Figure 5.15 Normal contact pressure distribution in the longitudinal direction

Figure 5.16 Normal contact pressure distribution in the lateral direction
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In Fig. 5.17, the contour plot of the normal contact pressure is presented considering the
tread patter of tire as shown in Fig. 5.18 for a static wheel load of 3 kN. Furthermore, the
normal contact pressure distribution is compared with high-fidelity LS-DYNA FE tire
model validated and used in tire design by a tire manufacture in Fig. 5.18. It is observed
from this figure that a good agreement is obtained between both models and effect of the

tread pattern is captured using the tire model developed in this study.

Figure 5.17 Normal contact pressure distribution considering tread pattern
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Figure 5.18 Comparison of normal contact pressure distribution

with LS-DYNA FE tire model

To validate the vibration characteristics of the tire model, natural frequencies and
associated mode shapes are identified by the experimental modal analysis in the free
boundary condition and then the first three in-plane and out-of-plane elastic deformation
modes are compared with those obtained by the tire model developed in this study as
shown in Fig. 5.19. It is observed from this figure that good agreements are obtained for

both in-plane and out-of-plane natural frequencies.
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Figure 5.19 In-plane and out-of-plane natural frequencies

5.4.2 Transient Braking Simulation

To demonstrate the shear contact stresses under hard braking maneuvers using the
flexible tire model with the distributed parameter LuGre tire friction model, the transient
braking analysis is carried out. The constant traveling velocity of 22.6 m/s is prescribed
and then external braking torque is applied to the rigid rim to completely lock the rotation
of the rigid rim. The circumferential velocity and braking force predicted by the proposed
tire model is presented in Fig. 5.20. As shown in this figure, the braking force builds up
right after the braking torque is applied to the rim at ¢ = 0.1 s and increases until it
exceeds the maximum peak around ¢ = 0.4 s. The braking force then drops when it goes
beyond the peak, which is a typical behavior of the braking force of tires. The tire rim is

finally locked completely around ¢ = 0.47 s and the tire is skidding at the prescribed

www.manaraa.com



78

constant speed of 22.6 m/s. In this simulation, HHT time integration scheme is used with
variable step size control. CPU time for this hard braking simulation was 8175 seconds
using single processor (Intel Core 17-3770, 3.4GHz). The shear contact stresses acting on
the tire in this transient braking scenario are shown in Fig. 5.21 at various instants of time.
In each figure, the longitudinal (braking) components of the mean shear contact stresses
are also plotted along the longitudinal axis of the contact patch. In the steady state rolling,
the shear contact stresses around the center of the contact patch is small, while large
contact stresses occur around the shoulder of the tire due to larger slips. The similar shear
contact stress distribution is obtained using the detailed finite element tire model as
presented in the literature [8] at the steady state rolling condition. After the braking toque
is applied to the rim, the trailing contact zone starts sliding and the shear contact stresses
increase, while contact stresses in the leading region are small since it is still in adhesion.
For example, as shown in the result at # = 0.22 s, the shear contact stress increases
linearly from the leading edge until it reaches the friction bound, and then sliding region
appears. Finally, all the contact regions become sliding zone and the shear contact stress
arrows get aligned, pointing to the direction opposite to the traveling direction (i.e.,

braking direction). It is also important to notice here that the shear contact stress at this

Figure 5.20 Transient braking analysis results
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Figure 5.21 Shear contact stress distribution in the transient braking analysis

state (¢ = 0.48 s) is smaller than that at = 0.39 s, at which the maximum peak of the
braking force occurs. Furthermore, it is observed that the contact patch is pulled

backward due to the tire deformation after the braking torque is applied.

5.4.3 Antilock Braking System (ABS) Simulation
To further discuss the simulation capability of the flexible tire model proposed in
this study, an antilock braking system (ABS) control is considered. Using the ABS
control, the braking torque is controlled to prevent a tire from being locked completely

and the tire force around the peak friction can be generated during braking to minimize
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the braking distance. While there are various ABS control algorithms proposed in the past,
a simplified slip-based on/off control algorithm is used in this study to focus on the tire
model simulation capability under the severe braking scenario. In the numerical example,
it is assumed that the braking torque 7 is defined as follows:
If 7(1,) =T, (z,)
- {T ) ) <5,
T ty) 1 5(2,,0) 2 5,

If7re)=1,,,)

T( ) T;iown (t’1+1) lf S(tﬂ+1 ) > Sl
tn+ = .
1 T;p (tn+1 ) lf S(tn+1 ) < S]

(5.17)

where 51=0.08 and s>=0.14 such that the braking force is kept in that target slip range
during braking and the target slip range is selected around the peak friction in the p-slip

(¢) are assumed to be a linear function

curve. In the preceding equation, 7, () and 7,
having the positive and negative slopes, respectively. In Fig. 5.22, the slip ratio, the
tangential force coefficient, and braking torque under the ABS control are shown as a
function of time. It is observed from this figure that the slip ratio lies in the target range
(0.08 <5 <0.14) during the braking, while the tire completely locks if the ABS control is
off (i.e., the slip ratio becomes one), as shown in the dotted line. Furthermore, the braking
torque changes up and down according to the change in the slip ratio by following the
ABS control algorithm defined by Eq. 5.17. Furthermore, the change in the tangential
force coefficient follows the change in the braking torque.

The forward velocity at the rim center and the circumferential velocity of the rim
are presented in Fig. 5.23 for cases with and without ABS control. As shown in this figure,
rotation of the rim is locked at # = 0.47 s if ABS is off and the tire continues skidding
until it stops as presented in this figure. On the other hand, the tangential velocity in the
case of ABS control decreases almost linearly to zero, indicating that a nearly constant
braking force is ideally generated to stop the tire. This results in a shorter braking
distance as demonstrated in Fig. 5.23. It is important to notice here that the
circumferential velocity of the tire changes very frequently due the frequent switching of
braking torque based on the ABS control. That is, as observed in Fig. 5.23, when the

deviation of the circumferential velocity from the forward velocity gets larger due to the
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Figure 5.22 Simplified slip-based ABS control algorithm

increase in slip, the braking torque decreases until the circumferential velocity gets closer
to the forward velocity. This process is repeated in order for the slip ratio to always lie in
the target slip range. The p-slip curve obtained using this time-domain ABS analysis is
presented in Fig. 5.24. It is clearly observed from this figure that the tangential force
coefficient (u) lies in the target slip range if ABS control is used and it changes back and
forth to keep generating the peak braking force during braking. If the ABS control is off,
the tangential force coefficient sharply drops beyond the peak point and continue to
decreases to the kinetic friction as discussed in the previous braking simulation scenario.
It is also important to notice here that the tangential force coefficient gradually increases

during the operation of the ABS control. Since the coefficient of friction increases as an
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increases in the slip velocity, the tangential force coefficient increase as the tire speed
decreases. It is known that this friction behavior is observed in braking tests, and this
typical friction behavior is captured in this physics-based tire dynamics simulation. As it
is demonstrated in this ABS transient tire dynamics simulation that is challenging for
existing finite element based tire models, the flexible tire model developed in this study is

computationally robust and is capable of predicting the transient tire dynamics behavior.

Figure 5.23 Forward and circumferential velocities of tire with and without ABS control

Figure 5.24 p-slip curve with and without ABS control
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5.4.4 Transient Cornering Simulation

To evaluate the transient cornering force characteristics, frequency response of a
cornering force to an oscillatory steering input is evaluated. The cornering force
responses for different steering (slip) angle path frequencies are shown in Fig. 5.25. The
path frequency is defined by a frequency of the slip angle input divided by the forward
velocity and its unit is cycle/m. The steering (slip) angle is assumed to be 1 degree in
both directions. It is observed from this figure that the cornering force amplitude
decreases and the phase lag increases as the path frequency increases. To validate the

cornering force response, the cornering force gain and phase lag are presented in Fig.

Figure 5.25 Cornering force responses to oscillatory steering input
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5.26 as a function of the input path frequency. It is observed from these figures that very
good agreements are obtained in the cornering force gain and the phase lag for a wide

range of path frequency using the physics-based flexible tire model developed in this

study.

Figure 5.26 Cornering force responses and phase lag
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In the last example, a hard cornering maneuver is considered as shown in Fig.
5.27, where the slip angle changes from zero to one degree in 0.2 seconds. CPU time for
this transient cornering simulation was 8427 seconds using single processor (Intel Core
17-3770, 3.4GHz). It is observed from the shear contact stresses shown in Fig. 5.28 that
the shear contact stresses are pointing to the cornering direction (right to the direction of
travel) as the slip angle increases. Furthermore, the shear contact stresses increase on the
right side of the contact patch due to the increase in the normal contact pressure in this

region for the steering input.

Figure 5.27 Transient cornering analysis results
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Figure 5.28 Shear contact stress distribution in the transient cornering analysis
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CHAPTER 6
CONTINUUM BASED SOIL MODEL AND VALIDATION

6.1 Introduction

In this chapter, a continuum based finite element soil model is developed for use
in off-road mobility simulation using the physics-based flexible tire model discussed in
previous chapters. For modeling deformable soil, a 9-node brick element is proposed by
introducing the additional curvature coordinates at the center node to the standard tri-
linear 8-node brick element. It is shown that the 9-node brick element does not suffer
from the element lockings exhibited in the standard 8-node tri-linear brick element
caused by the incapability of describing the linear stress and strain distribution over the
volume, thereby making the implementation of the plasticity material model
straightforward for soil model. The capped Drucker-Prager failure material model based
on the multiplicative finite strain plasticity theory is applied to the 9-node brick element
to develop the large deformable continuum soil model for off-road mobility simulation.
Using the triaxial soil test data, parameters of the capped Drucker-Prager model are

identified and used for validating the soil behavior under the triaxial test condition.

6.2 Brick Flements for Modeling Continuum Soil

6.2.1 Tri-linear 8-Node Brick Element (Brick24)
The global position vector of the standard 8-node 24-DOF brick element is

defined using the tri-linear polynomial as

r=a,+aé+a,n+ag +a,én+a s +agng +a;cng (6.1
Each corner node has three degrees of freedom describing the global position at the node
as shown in Fig. 6.1, thus only C° continuity is ensured at nodal points. Using the

preceding polynomial, the global position vector is defined as
r'(&,n,¢N =8¢ n',¢)e (6.2)
where €' is the element nodal coordinate vector and each nodal coordinate at node k

ik

(k=1,---,8) include three position coordinates only as e* =r”*. The matrix S’ is the

shape function matrix given by
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€
VA 1 e,
Y
e :[r,T]T, i=1,..,8

Figure 6.1 Kinematics of 8-node tri-linear brick element

(Brick24)
si:[slfl SoSaI oS oS oSI1oST S§I] (6.3)
and
i1 i i i i1 i ! !
§ = (1=E001-n)(1=¢"). 8 =o(1+&)A-1)1-¢)

S§=é(1+§i)(l+ni)(1—§i), S;=%(l—§i)(l+ni)(1—é’i)

1

1 (6.4)
S =g (=ENA=7)1+¢N, S =2+ ENA=7)1+¢N

5y =2+, SE=< =004 )1+

The elastic forces of the brick element are evaluated using the continuum
mechanics approach and the Green-Lagrange strain tensor at an arbitrary material point in

element 7 is defined as follows:
. 1 . .
El —— Fl TFl _ I 6.5
S(EYF-1) (6.5)

where F' is the global position vector gradient tensor defined by

oo _or (XY
X' ox

g} Ty (6.6)
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In the preceding equation, J'=or'/ox’ and J'=0X'/ox’ , where the vector X'
represents the global position vector of element i at an arbitrary reference configuration.
Strain tensor E' can be re-expressed in a vector form as

g =(T)"¢ (6.7)

where the vectors of the Green-Lagrange strains and covariant strains are, respectively,

given as

e=le, &, 7, & . 7 (6.8)
and

g=[&, &, 7, & 7. 7.0 (6.9)

The transformation matrix T' in Eq. 6.7 is be expressed as

(Jlll )2 (Jliz )2 2 Jlil Jli2 (‘]113 )2 2 Jlil Jli3 2"]112 Jli3
L)' Un) 20, e 2005 2755
Ti: JlllJél J112J£2 JlllJ£2+Jll2J;1 Jll3J;3 J111J23+J113J;1 Jll2J53+Jll3J£2 (610)
(1) ()’ 25y (y) 205175 2J5J5
R A S R R Y S S R A R
|l Indn Bdnndy sy SISy Iy + Ty |

and J;b is the element in the a-th column and b-th row of matrix J° which is constant in

time. The generalized elastic forces can then be obtained using the virtual work as

follows:

NT .
i _ asl an l
o, 5] Fan @1

where W is an elastic energy function and dV, is the infinitesimal volume at the

reference configuration of element 7. It is important to notice here that, because of the tri-
linear polynomial utilized, the strains are constant over the volume, causing the element
lockings. To alleviate the locking, the 9-parameter enhanced assumed strain (EAS) are
introduced as follows:

e=¢g 4+ (6.12)
where €° indicates the compatible strain vector and one has

£ (§)=G@)u (6.13)
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In the preceding equation, a is a vector of internal parameters introduced to define the

enhanced strain field of the brick element and the matrix G(§) can be defined as [54,73]

[ T'N 6.14
e ©) (6.14)

where J(§) and J, are the global position vector gradient matrices at the reference

G©)=

configuration evaluated at the Gaussian integration point & and at the center of element
(§=0), respectively. § is a vector of the element coordinates in the parametric domain
and T, is the constant transformation matrix evaluated at the center of element. The

matrix N(§) defines polynomials for the enhancement of the strain field in the parametric

domain as follows:

3

N@©) = (6.15)

S O o o3 o
S O O UYn O O
S O oI o o

S O VY © ©o ©
O ©O O O O
O ¥y ©O © o o
I o o o o o
D © © © o o

S O O O O

6.2.2 Tri-cubic 8-Node ANCF Brick Element (Brick96)

The concept of the fully parameterized beam and shell elements of the absolute
nodal coordinate formulation utilizing the three sets of the global position vector
gradients along the element x, y and z coordinates can be extended to the 8-node brick
element [74]. In other words, the three sets of gradient vector coordinates, or/ox ,

or /0y and oOr/ 0Oz are introduced to the nodal coordinates of each node as shown in Fig.

6.2, thus C' continuity is automatically ensured due to the use of position vector gradient
at all the nodal points. This leads to the 8-node 96-DOF brick element using the

following polynomial:

r=ay+aé+an+al +a,cn+all +ané +a,éné +a,l’ +an’ + a8’
+a,én’ +a,En+an’ +a, i’ +aCE +a L7 +anE +an +a s’
+ &N+ @y SN+ AN+ G + 4y + 4,8 + ayd G + aynén’S
+ NG + A&’ + ay S nE + ay S né

Using the preceding polynomial, the global position vector is defined as

(6.16)

www.manaraa.com



91

Figure 6.2 Kinematics of 8-node tri-cubic ANCF brick
element (Brick96)

r'(&,n', ¢ =S80, e (6.17)
where €' is the element nodal coordinate vector and each nodal coordinate at node k

(k=1,---,8 ) is defined as

e“ =[@™) (ar* Jax)" (or* /e (or" /o) T (6.18)
The shape function matrix S’ in Eq. 6.17 is given by

S=[sT s1 o ST ST (6.19)
where
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S, = (E-)(-1)(E - +r*+ 4 rn 46 -2)

5, =5a(&-1) (€ 1)(n-1)(¢ )

S, =55b(1-1) (G- +1)(¢ 1)

S =5e(¢ =1V (E=)(n-1)(¢ +1)

S, == (G ) (-1 -1)(& 47+ =+ ¢ -2)
S, =ssal&+1) (E=1)(r-1)(¢-1)

S, == b(1-1) (& +1)(n+1)(6 1)

S, :—3—2c(§—1)2(§+1)(n—1)(§+1)

S, =—i(§—1)(;7+1)(g—1)(§2 +7’ +$7+E-n+{-2)

S =-==a(&-1) (£+1)(n+1)(¢ -1)

32
S, =350 (1) (£=)(n=1)(¢ 1)
Sa===e(¢ -1 (E-1)(n+1)(§ +1)
S =G+ D +n 4 =56 -2)
Su=-gza(&+1) (E=D)(r+1)(¢-1)
S5 =336 (1 +1) (£+1)(n=1)(¢ 1)

S =s5e(¢ 1) (€ 1) +1)(¢ +1)
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(6.20a)
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17:__(5 1)( )(§+1)(§2+U2+§2+§+77_§_2)

1

S =—5al(6-1) (£+1)(n-1)(¢ +1)

1

S ==370 (=1 (§=1)(n+1)(¢ +1)

Su=55¢(¢+1) (€= (n-1)(¢ 1)
Sy = (§+1)( N(E+1)(E+7 +¢7 =E+n-¢-2)

sn=—§a(5+l> (£-D)(r-1)(¢+)

—1) (E+1D)(n+1) (£ +1)

S =5se(§ 1 (E+1)(n-1)(6 )

1
Sys =

—(¢- D(n+1)($+1)(E+n* +7+E-n-¢ -2)

26=—a(é D (+1)(n+1)(§ +1)

S =5 (n+1) (G- =1)(5+1)

S == 55e(¢ 1 (E-1)(+1)(6 1)

Sa =—E(§+1)(n+1)(§+1)(§2 +t+ P —E-n-¢-2)
—a(§+1)2(§—1)(q+1)(§+1)

S, =5ob(n+1) (£+1)(n-1)(¢ +1)

1
S, =§C(§+1) (&+D)(n+1)(<-1) (6.20b)

where &=2(x—a/2)/a, n=2(y—b/2)/b , and {=2(z—c/2)/c . The generalized

elastic forces can then be obtained using the virtual work as follows:

NT .
Q=- (@J G (621)

%\ Oe'

og'
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where W is an elastic energy function and dV, is the infinitesimal volume at the

reference configuration of element i.

6.2.3 9-Node Brick Element with Curvature Coordinates (Brick33)

Despite the C! continuity ensured for the 96-DOF ANCEF brick element (Brick96),
the element has large degrees of freedom, thereby making the element force calculation
computationally intensive. On the other hand, the standard 8-node 24-DOF brick element
(Brick24) requires use of locking remedies such as the enhanced assumed strain method
to describe the linear stress and strain distribution over the volume. In other words, nine
internal parameters are introduced to improve the compatible strain field to describe the
accurate stress distribution while keeping the same number of degrees of freedom. This,
however, requires additional iterative solution procedure to determine the internal EAS
parameters at element level at every time step, and use of plasticity material model for
modeling soil makes the solution procedure more computationally intensive. For this
reason, in this study, the 8-node 24DOF brick element is extended to capture the
quadratic terms in &, 77 and ¢, and the polynomial of the global position vector is re-

defined as follows:
r=a,+a,é+a,n+a, ¢ +a,6n+acc +ansé +a,éng + asgz + a9772 + aloé/2 (6.22)
To consider the quadric terms in the preceding polynomial, an additional node defining

the second derivative of the position coordinate
e =[07r"/(ax")* o7r"/(@y')* 0r”/(6z')*] is introduced to the center of the brick
element as shown in Fig. 6.3. Accordingly, the global position vector is defined as

r'(& ¢ =8 n'.¢e (6.23)
where €' is the element nodal coordinate vector and each nodal coordinate at node & (k =

1 to 9) is defined as

e ="', k=18
_ _ _ _ _ : _ (6.24)
ez‘) _ [aZrzf)/(axz)Z aZrz‘)/(ayz)Z 62r19/(azz)2 ]T
The shape function matrix S’ in Eq. 6.23 is given by
S=[S1 SI SI SI SI SI ST SI SI S0 S1] (6.25)

where
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Figure 6.3 Kinematics of 9-node brick element with

curvature coordinates (Brick33)

S :%(1-5‘)(1—;7")(1—;"), S =%(1+§i)(l—nf)(l—é”i)

S =%(1+§")(1+77f)(1—§f), S, =%(l—§")(l+n")(l—é")

S =2 (=ENI=n )1+, S, =4 E)1-7 )1+ (6.26)
Sy =N+, ==L )1+¢)

i_l i i:l i i:l N
S9_2((§) D, S, 2((77) D, S}, 2((4) 1)

It is important to notice here that the introduction of the quadratic terms allows for
describing the linear distribution of the strain field, thus the locking exhibited in 8-node
24-DOF brick element can be alleviated without introducing the enhanced assumed strain
approach. The similar approach such as a bubble function to add incompatible modes is
employed for brick elements in literature [75]. This makes the implementation of the
complex plasticity failure models such as Drucker-Prager yield criterion for deformable
soil straightforward. The generalized elastic forces can then be obtained using the virtual

work as follows:

NT .
l‘ aal an l
Q,=- ( j av, (6.27)

\oe’ | og
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where W is an elastic energy function and dV, is the infinitesimal volume at the

reference configuration of element i.

6.2.4 Comparison of Brick Element Performance
To demonstrate the accuracy and computational efficiency of the three brick
elements introduced in this section, numerical results of nonlinear static and dynamic
analysis are presented. In the first example, a cantilever plate subjected to a point load is
considered as shown in Fig. 6.4. The length, width and thickness of the plate are assumed
to be 1.0 m, 1.0 m and 0.01 m. Young’s modulus and Poisson’s ratio 2.1x10° Pa and 0.3,

respectively. The vertical point force F, defined at the corner node is assumed to be 50 N.

The rate of convergence of the numerical solution obtained using the three different brick
elements are presented in Table 6.1 and Fig. 6.5. In those results, the reference solution is
obtained by ANSYS Solid185 element with 100x100x1 elements. The result of ANSYS
Solid185 that is the tri-linear brick element with locking remedies is also presented in Fig.

6.5 for comparison, indicating the linear rate of convergence. It is observed from Fig. 6.5

Figure 6.4 Deformed shape of a cantilevered plate subjected to a tip force
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that the tri-linear 8-node brick element ensures the linear rate of convergence if the
enhanced assumed strain is used (Brick24 w/ EAS), while 9-node brick element archives
the linear rate of convergence without introducing any locking remedies (Brick33 w/o
EAS). While the nine internal parameters are introduced to describe the linear

distribution of stresses and strains over the volume in Brick24, additional nine curvature
coordinates for &’r/ox*, 8°r/dy”, and 6°r/dz” are introduced to Brick33 for defining

the quadratic displacement field, allowing for the linear distribution of stresses and
strains over the volume. In other words, both brick elements are essentially equivalent in
a sense that the linear strain distribution is enabled by the nine internal enhanced assumed
strain parameters in Brick24 and by the nine additional curvature nodal coordinates in
Brick33. It is also important to notice here that the tri-cubic ANCF brick element
(Brick96) does not ensure the ideal cubic rate of convergence of solutions, indicating that
element lockings occur, despite the fact that higher order polynomials and the larger
degrees of freedom are introduced per element.

In the second numerical example, a nonlinear dynamics problem is considered. A
flat plate is pinned to the ground at one of the corners as shown in Fig. 6.6 and numerical
solutions of the flexible plate pendulum under the effect of gravity is discussed. The
length, width and thickness of the plate are assumed to be 1.0 m, 1.0 m and 0.01 m. HHT

time integrator is used with variable step size. The Young’s modulus and Poisson’s ratio

are assumed to be 2.1x10" Pa and 0.3 respectively. The material density is assumed to be

Table 6.1. Static deflection of cantilevered plate subjected point load (m)

) ) ) ) ANSYS

Brick24 Brick24 Brick33 Brick96 (SOLID185)
w/o EAS w/ EAS w/o EAS w/o EAS w/ EAS
2x2x1 -0.00402 -0.21767 -0.21407 -0.59117 -0.18381
4x4x1 -0.01604 -0.46600 -0.44784 -0.64519 -0.40824
8x8x1 -0.05705 -0.61744 -0.61124 -0.65331 -0.60228
16x16x1 -0.13902 -0.64965 -0.64902 -0.65410 -0.64769
32x32x1 -0.29807 -0.65360 -0.65356 -0.65436 -0.65356
100x100x1 -0.65426
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1,000 kg/m>. Large deformation is observed as shown in Fig. 6.6. The global vertical
positions at the tip of the plate are presented in Figs. 6.7 to 6.9 for the three brick
elements (Brick24 w/ EAS, Brick33, and Brick96) under consideration for different mesh
sizes. It is important to notice here that the number of Gaussian integration points for
Brick24 and Brick33 is 8 (2x2x2), while that of ANCF Brick96 requires at least 27
(3x3%x3) due to the use of higher order polynomials. For the minimum number of
elements that reaches the convergent solutions for the three types of brick elements, the
normalized CPU time is compared in Fig. 6.10. CPU time of Brick33 is used as a
reference and is slightly less than that of Brick24 w/ EAS, however the higher order
ANCEF Brick96 element leads to computationally inefficient solutions for the nonlinear
dynamics problem considered in his study. For this reason, in this study, the 9-node brick
element (Brick33) is applied to the modeling of continuum deformable soil for the

tire/soil interaction simulation.

Figure 6.5 Convergence of brick element solutions
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Figure 6.6 Deformed shapes

Figure 6.7 Global Z-position at the tip point (Brick24: 8-node

tri-linear brick element)
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Figure 6.8 Global Z-position at the tip point (Brick96: 8-node

tri-cubic brick element)

Figure 6.9 Global Z-position at the tip point (Brick33: 9-node

brick element)
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Figure 6.10 CPU time to achieve the convergent solutions

6.3 Soil Model Using Multiplicative Plasticity Theory

6.3.1 Finite Strain Plasticity Theory

To model soil behavior undergoing large plastic deformations, the multiplicative
finite strain plasticity theory is utilized in this study. In large deformation problems,
identification of the plastic strain involves more than just kinematic considerations [76]
and elastic and plastic deformations are coupled. Lee and Liu [77] proposed that the
displacement gradient tensor can be decomposed into elastic and plastic components and
the intermediate stress free configuration is introduced such that the plastic state can be
conceptually recovered by an elastic unloading from a current configuration. The
multiplicative plasticity formulation was then applied to finite element computational
framework by Simo [78] using the principle of the plastic maximum dissipation and has
gained acceptance for modeling finite strain plasticity [79-84]. Since the elastic response
can be described by the hyperelasticity constitutive model, this approach naturally
bypasses drawbacks of hypo-plasticity formulation including erroneous dissipated elastic
responses and the possible lack of objectivity of incremental constitutive equations [81-

83]. Furthermore, it is shown that use of the logarithmic (Hencky) strain measure for
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Current
configuration

F=0r/o0X Intermediate
stress-free
configuration

Reference
configuration Fp

Figure 6.11 Multiplicative decomposition of displacement gradient

multiplicative plasticity formulation allows for the use of the classical return mapping
scheme developed for the infinitesimal plasticity model [80].

As shown in Fig. 6.11, the position vector gradient tensor F is decomposed into
the elastic and plastic components as follows [77]:

F =F°F” (6.28)
where subscripts e and p indicate the elastic and plastic parts, respectively. To define the
elastic strain, the left Cauchy-Green tensor of the elastic strain B¢ is defined as

B’ =F‘(F°) =F(C")'F’ (6.29)
where C” is the right Cauchy-Green tensor of the plastic strain given as

C” =(F")'F” (6.30)
from which, the elastic logarithmic strain tensor can be defined using the spectral

decomposition of the left Cauchy-Green tensor B¢ as
3
g = %m(Be) =>"In(4 Je, ®e, (6.31)
i=1
In the preceding equation, one has

- Zsl(ﬂi)zei ®e, (6.32)

i=1
where A, (i=1,2,3) is the i-th eigenvalue of spatial stretch tensor V¢ defined by the

polar decomposition F°=V°R and the rotation tensor R . The vector e, defines the
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direction of the principal stretch. Using the logarithmic strain measure, Kirchhoff stress

tensor is defined for an isotropic material as
t=E:¢g (6.33)
Using the Kirchhoff stress tensor, the generalized elasto-plastic force vector is defined as

[85]
Q.= I (a—DJT‘r dv (6.34)
< Il oe '
where D is the rate of deformation tensor given by
D=%(L+LT) (6.35)
and L is the velocity gradient tensor as given by L =FF .

6.3.2 Drucker-Prager Failure Model and Return Mapping Algorithm
There are many failure models proposed for modeling soil behavior [18]. Among
others, Drucker-Prager model has been widely used to describe the fundamental soil
behavior for tire/soil interaction simulation. The yield function of Drucker-Prager model

with an assumption of isotropic hardening is given as [79]

O=/J,(s)+np-&d (6.36)
where J,(s) =%s :s; s(1) is the deviatoric stress of the Kirchhoff stress tensor defined

by s(t)=7— p(1)l; and p(7) is the hydrostatic pressure (mean effective stress) given by

p(t)=tr(t)/3 . The parameters 1 and & are defined using the friction angle S as

follows:

n= Ltan,B and & =L (6.37)

V3 V3
Furthermore, the cohesion d in Eq. 6.36 is expressed as a function of the equivalent

plastic strain £”, and for the linear hardening case, one has

d=d,+Hz" (6.38)
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where d,, is the initial cohesion and H 1is the slope of the plastic hardening. The

Drucker-Prager yield cone is illustrated in Fig. 6.12(a). The incremental plastic strain is

defined as [79]
oel =AyN (6.39)

and the plastic flow vector N is defined by

(a) Drucker-Prager yield surface

(b) Drucker-Prager return mapping process on p-g plane

Figure 6.12 Drucker-Prager failure model
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ISP/ | (6.40)
ot 2yJ,(s) 3
where W is the flow potential given by
Y=J,8)+7p (6.41)

and 77 =tan¢/ J3 with the dilatancy angle ¢ . In the associative plastic flow, the friction

angle and the dilatancy angle are assumed to be equal, and one has N=0¥ /ot =0d /0t .
However, in the non-associative flow rule which is common for soils, the dilatancy angle
used in the flow potential is not equal to the friction angle. The use of non-associated law
can avoid the excessive dilatancy exhibited in the associative rule [79].

To find the plastic strains at every time step, the return mapping algorithm for the
multiplicative finite strain plasticity model is developed. As shown in Fig. 6.12(b), an

elastic trial step is taken first (i.e. Ay,,, =0) to check if the plastic loading occurs or not.
To this end, the trial elastic left Cauchy-Green tensor at ¢ =¢ , is evaluated using the
accumulated plastic strains up to the previous time step ¢ =¢, as

(Be trial — F,Hl (Cs )—1 FT

n+l n+l

(6.42)

where the plastic strains are stored using the right Cauchy-Green tensor C”. Using the

trial elastic left Cauchy-Green tensor, the trial logarithmic elastic strain tensor and
Kirchhoff stress tensor are evaluated using Eqgs. 6.31 and 6.33, respectively. The yield
function given by Eq. 6.36 is then evaluated to determine if the Gaussian integration

point under consideration is subjected to plastic loading at the current step. That is, if

@'l (1™, £7) < 0, an elastic loading occurs and then update the Kirchhoff stress tensor,

n+l n+l?
the inverse of the plastic right Cauchy-Green tensor, and the hardening parameter as

follows:

Te _ Ttrial (Cp )—1 — (Cs)—1’ Epl

n+l = Vn+lo n+l n+l

g (6.43)
If ®™("™,27)>0, the plastic loading occurs, thus the plastic strain tensor is

determined using the return mapping algorithm. In the Drucker-Prager yield criterion, the

stress state lies on either the yield cone surface or the apex of the cone as shown in Fig.
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6.12(b). In the former case, the incremental plastic multiplier Ay, ., is determined by

solving the following discretized equation [79]:

D(AY,..) =/, (8,.,(T) +7np,,.(T) - Ed(EL),) =0 (6.44)

where updating schemes for the deviatoric Kirchhoff stress tensor, hydrostatic pressure

and equivalent plastic strain are defined as follows:

GAYpr | e
8,4(T) =| 1-——=2L |§"™! (1)
L)

n+l

Pua(t) = p5 () - KAy, (6.45)
g’ =z p’+ EAy,.,

n+l
From which, the consistent elastoplastic tangent moduli can be obtained as follows:

Dep = d‘l;)7+t1rial = dsc>n+t1rial + I ® dlz)7+t1rial (646)
d(e) d(g) d(g;)

n+l n+l n+l

trial

where (g7),,, 1s the trial logarithmic elastic strain at step n+1. The preceding expression

can be written in an explicit form as

o Ay Ay
?=2G -GA | D®
P { V2 (& ;“:L] (f 2@ JD P (6.47)

~V2GAK (n D®I+71®D)+K (1-KnjA)I®1

trial

where (g),",, is the deviatoric part of the trial logarithmic strain at step n+1, given as

) s A=1/(G+Knip+&H) ; D=5, /@),
deviatoric projection tensor defined by

1,=1, —%1®1 (6.48)

; and I, is the 4th order

where I is the 4th order symmetric identity tensor and I is the 2nd order identity tensor.

In the latter case, the stress state lies on the apex of the cone, thus the following

equation is solved for the incremental plastic multiplier Ay, , [79]:

r(AY,.) = d(é_‘npl +a, Ay, )b - p:lllail =0 (6.49)
where o, =&/77 and S, =&/n . In the preceding equation, updating schemes for the

hydrostatic pressure and hardening parameter are defined as follows:
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)= trial T —KA
Puna(T) = P (T) M} (6.50)

—=pl _ =pl
& =&, T Ay,

n+l
Thus, the expression of consistent tangent moduli for the apex return mapping can be

derived from Eq. 6.44 and expressed as follows:

D? =K I—L I®I (6.51)
K+apH

It is important to notice here that one seeks the solution on the cone yield surface first. If

the solution meets /J,(s!"|) —GAy,,, >0, then the stress state lies on the cone surface as

shown in Fig. 6.12(b). If it is not met, the solution on the cone apex needs to be sought.

Having determined the plastic multiplier, the total elastic strain tensor is updated as [79]:

(&) = %SM +—§”K” I (6.52)

and then the elastic left Cauchy-Green tensor at current step is updated as
3
B;., = > exp((2(e)),.);) & ®e, (6.53)
i=l

where ((g}),,,), indicates i-th principal logarithmic strain. Using Eq. 6.42, the inverse of
the plastic right Cauchy-Green tensor at ¢ =¢ ,, is updated as

(Cp )—1 — F—l Be F—T

n+l n+l17" n+l" n+l

(6.54)
In other words, the cumulative plastic strains are saved using the inverse of the plastic

right Cauchy-Green tensor (C? ). Finally, the Kirchhoff stress tensor at the current step

n+l
is updated by 7,,, =s,,, +p,,,I and then the generalized elasto-plasitc force vector is

evaluated using Eq. 6.34.

6.3.3 Capped Drucker-Prager Failure Model and Return Mapping Algorithm

Geomaterials undergo plastic deformations under compressive hydrostatic
pressure observed as a soil compaction. However, the Drucker-Prager failure model
discussed in Section 6.3.2 is unable to capture this effect, and the soil compaction
behavior (compressive plastic flow) under compressive hydrostatic pressures is usually

considered by introducing an elliptical cap surface to the original Drucker-Prager failure

www.manaraa.com



108

model. The yield functions of the capped Drucker-Prager model with an assumption of

isotropic hardening are given as [79]:

O =Sy (8) +np—&d

by 1o 5 @2_ , (6.55)
() —b2[p pt+a] +|:M} a

where @®“ is the original Drucker-Prager yield function presented in Section 6.3.2, while

(a) Capped Drucker-Prager yield surface

(b) Capped Drucker-Prager return mapping process

Figure 6.13 Capped Drucker-Prager failure model
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®" defines the elliptical cap yield function based on a modified Cam-Clay yield criterion

as illustrated in Fig. 6.13(b) [79]. p, =(&/n)d is the tensile yield pressure; b is the

parameter that defines the cap shape; M = \/577 ; and g(s)1s the deviator stress defined by

q(s) =+/3J,(s) . The yield surface is illustrated in Fig. 6.13(a). It is important to notice

here that the linear hardening used in Section 6.3.2 is no longer applied to the capped

Drucker-Prager model. In other words, the cohesion d remains constant (d =d, with

H =0 in Eq. 6.38), and the size of Drucker-Prager yield surface does not change even if
plastic deformation occurs. On the other hand, the hardening behavior of soil can be

modeled by the movement of the elliptical cap surface. The parameter a =a(x) is a
function of a hardening variable a defining the compressive positive volumetric plastic

strain as a = —¢&” . The hardening parameter a is then defined as follows:

_p()+p, (6.56)

where p_(a) is the compaction pressure (i.e., the yield mean effective stress). It is noted
that the relationship between the compaction pressure p, and the plastic volumetric

strain &’ (=a ) can be determined experimentally by the compression test as will be

discussed in more detail in Section 6.4.
The return mapping algorithms for the capped Drucker-Prager model consists of
four different stages as shown in Fig 6.13(b). That is,
(1) Return mapping to the smoothed Drucker-Prager yield surface
(2) Return mapping to the apex of the Drucker-Prager cone
(3) Return mapping to the cap surface
(4) Return mapping to the intersection between the Drucker-Prager yield surface and
the cap surface
These four return mappings are considered to determine the stress state at every time step
at all the Gaussian integration points. The return mapping algorithm is summarized in Fig
6.14. It is important to notice here that the elasto-plastic tangent moduli have to be

evaluated according to the current yield surface or point that the stress lies on.
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q’amd =0
- (1) DP surface
(Dssrr = 0

(2) DP Cone

(4) Intersection
DP/Cap

Figure 6.14 Flow chart for the return mapping of capped Drucker-Prager model

(1) The return mapping algorithm for Drucker-Prager smoothed surface

If ®“>0, the return mapping algorithm for the Drucker-Prager yield surface is
considered first. This algorithm is essentially the same as the original Drucker Prager
model shown in Section 6.3.2 except for the hardening parameter being zero. In other
words, the cohesion remains constant under a plastic loading. Thus, the same algorithm is

utilized as the capped Drucker-Prager model discussed in Section 6.3.2 at this first step.

(2) The return mapping algorithm to apex of the Drucker-Prager cone

If the stress does not lie on the smoothed cone yield surface (i.e., Step 1 fails) as shown in
Fig.6.14, the return mapping algorithm to the apex of the Drucker-Prager yield cone is
considered next. This step is also same as the original Drucker-Prager model discussed in

6.3.2.
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(3) The return mapping algorithm to the cap surface
If the stress does not lie on the apex (i.e., Step 2 also fails), the return mapping to the cap
surface is sought considering the plastic hardening behavior by a(«). To this end, the
incremental plastic strain is defined as [79]

og? =Ay"N’ (6.57)
and the plastic flow vector N” is defined as

oo’ 3 2
N’ = =7 b—z(p—pt+a)l (6.58)

The associative plastic flow is usually selected for the return mapping to the elliptical cap
surface. Here, the residual vectors for return mapping to the cap surface are defined as

gA) T

1 2
_2[p(an+l)_pt +a(an+l)] +|:—:| _a(an+1)2
{ﬂ _| 0 M -0 (6.59)

1

2
an+1 _an +A}/b b_Z[p(a’HI)_pl +a(an+l)]

It is important to notice here that there are two variables to be determined. One is Ay’
defined in Eq. 6.58 and another is «,,, which characterizes the hardening behavior
a(a,,,) . Equation 6.59 is a nonlinear vector equation, thus iterative Newton-Raphson

method is used to determine those two variables. The Newton differences are written as

-1

2 —
, #(i} 2—f(K+H)—2aH
{dA?’ }:_ M +6GA\M ) b {Rl} (6.60)
da,, 2p R,
b

where p=p(a,, )-p +a(e,,) and H =da(a)/0a defining a slope of hardening

behavior. The two variables are updated by Ay” =Ay" +dAy” and @, =, +da,,

n+l
until the residuals become less than the tolerances. The update schemes for the deviatoric

Kirchhoff stress tensor and hydrostatic pressure are, respectively, defined as follows:

M2 mal
S T S S——
n+1( ) 6GA b n+l( ) (661)

Pra(1)= pfffil (D+K(a,.-a,)
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The consistent tangent for the cap yield surface can be obtained from Eq. 6.46 and is

written as follows:

. 26M* 12G°M* (&),
+6GAy (M +6GAy")
(6.61)

L/d n+l

) 12G>M> ”(Se trial

—C, |D®I+(KC, )I®D+K (1+KC),)1®1
(M +6GAy")

where, C,,,C,,,C,,,C,, are scalars. The cumulative plastic strains are saved using the

inverse of the plastic right Cauchy-Green tensor (C”,,)”" and then the hardening variable

o, ., 1s also stored for use in the next time step. Finally, Kirchhoff stress tensor at the

n+l

current step is updated by t,,, =s,,, + p,,,I and then the generalized elasto-plasitc force

vector is evaluated using Eq. 6.34.

(4) Return mapping to the intersection between DP yield surface and Cap surface
If the stress does not lie on the cap yield surface (i.e., Step 3 also fails), the stress must lie
on the intersection between Drucker-Prager yield surface and the cap surface. The

incremental plastic strain is then defined by combining two flow vectors as [79]
5e? = Ay*N‘ +Ay’N’ (6.62)

and the plastic flow vector N* and N” are defined as

No—— o NN = (6.63)
M

2 ),6) 3 2

It is noted that N“ is the flow vector for Drucker-Prager yield surface, while N’ is the
flow vector of the deviatoric part for the cap surface as shown in Fig. 6.13(b). The

residual vectors are defined as follows:

o V2 (8) +np—cd
| 2 ) |=0 (6.64)
|:q)n+1:| L2|:p(0(n+1)_pr +a(an+l)] +|:%7/):| _a(anﬂ)

To find Ay“ and Ay”, the Newton differences of these variables are given as
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_ GM? 2\3GMA(\3GAY - g™y |
—Knnp————— -
{dAy“} ~ M’ +6GAy (M* +6GAy") {cp“}
dAy’ 2V3GM*(3GAy" —¢"™) 2Kiip  12GM’(3GAy —g¢")* | L@
(M* +6GAy") b’ (M?*+6GAy"Y
(6.65)

where p=p—p +a . The two variables are updated by Ay‘=Ay*+dAy® and

Ay’ =Ay" +dAy" . Having determined the plastic multipliers, the deviatoric stress, the

hydrostatic stress and the hardening parameter are updated as follows:

2 a
S, (T) = ( M j 1— GA]/ trial

S T
M2 + 6GA}/b M n+l1 ( )
P (T) = pyi () - KAy (6.66)
an+1 = 6ln _ﬁAya

The consistent tangent for the intersection between the Drucker-Prager yield surface and

the cap surface is written as follows:

2 b 2 ¢
M +6GA7 \/EH(EL d n+l M +6GA}/ ||(8L d n+l
J26Mm°C 12G*M>*C ,
4| - 1 21 £ trial —\/EGA a DXD
( W+ 66T i rogay I ) (6.67)

N 26M°C,  12G°M°C,
M?*+6GAy"  (M*+6GAy")
~K7C, 1®D+K (1-77C, ) I®1

—ﬁGAy“)JD@I

e \trial
(”(SL d n+l

where C,,,C,,,C,,,C,, are scalars. The cumulative plastic strains are saved and then the

generalized elasto-plasitc force vector is evaluated using Eq. 6.34.

6.3.4 Plate Sinkage Test of Soil
To demonstrate the use of the continuum soil model developed using the 9-node
brick element with capped and uncapped Drucker-Prager failure criteria and the
multiplicative finite strain plasticity theory, a plate sinkage test of soil is carried out and
numerical results are compared with ABAQUS models. A square plate

(0.25%0.25%0.01 m) on the soil in a square box (0.8x0.8x0.6 m) is pressed vertically as
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shown in Fig. 6.15 to obtain the pressure-sinkage relationship. A quarter model is used by
imposing the symmetric boundary condition as shown in Fig. 6.15. In the ABAQUS
model for comparison, the tri-linear brick element using the reduced integration with
hourglass control (C3D8R) is used together with capped and uncapped Drucker-Prager
yield criteria.

In the first example, uncapped Drucker-Prager failure model is considered. The
Young’s modulus, Poisson’s ratio, material density are 1.379x10” Pa, 0.3, and 200 kg/m°,

respectively. The initial cohesion is assumed to be zero (i.e., d, =0.0 N/ m®) and linear

hardening is assumed with a coefficient of H =1.0x10’ N/ m’ . The friction angle S is

assumed to be 10 degrees. The dilatancy angle is assume to be zero for non-associative
flow model, while 10 degree angle is assumed for the associative model. The deformed
shape of the soil at the plate sinkage of 0.1 m obtained using the soil model developed in
this study is compared with the ABAQUS soil model. It is observed from Fig. 6.16 that
the large plastic soil deformation occurs and the deformed shapes of both models agree
well. Furthermore, the pressure and sinkage relationship is presented in Fig. 6.17 for both
present and ABAQUS models. It is shown in this figure that use of 10x10x8 elements
leads to a convergent solution obtained using 16x16x12 elements, and the results
obtained using the soil model developed in this study agree well with those of ABAQUS
model for both associative and non-associative plastic flow models. Furthermore, due to
the soil dilatancy, the associative flow model leads to higher pressure for the same
sinkage as expected.

In the second example, the capped Drucker-Prager failure model is tested. The
Young’s modulus, Poisson’s ratio, material density are 54.1 MPa, 0.293, and 2,149
kg/m?, respectively. The number of element is the same as the first example. The
deformed shapes at 0.1m sinkage using the capped Drucker-Prager failure model are
compared with the ABAQUS model using the capped Drucker-Prager failure model in
Fig. 6.18. The results agree well in shape and magnitude. The pressure and sinkage
relationship are also in good agreement with the ABAQUS reference solution as shown

in Fig. 6.19.
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Figure 6.15 Plate sinkage test model

Figure 6.16 Deformed shape of soil at plate sinkage of 0.1 m
(Drucker-Prager model)
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Figure 6.17 Pressure-sinkage relationship (comparison with

ABAQUS model)

Figure 6.18 Deformed shape of soil at plate sinkage of 0.1 m
(capped Drucker-Prager model)
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Figure 6.19 Pressure-sinkage relationship using capped Drucker-Prager

model (comparison with ABAQUS model)

6.4 Triaxial Compression Test and Soil Validation

6.4.1 Triaxial Compression Test of Soil
The triaxial compression test is used to determine the strength and the stress-strain
behavior of soil under uniform confining pressures [89]. The triaxial compression test is
conducted by Delta Geotechnics. As shown in Fig. 6.20, the cylindrical soil specimen
subjected to a uniform confining pressure is vertically compressed until failure. To this
end, the soil specimen is fully saturated first by supplying water from the bottom tube
shown in Fig. 6.20. The water circulates through the soil and is drained from the top tube.

After that, a uniform confining pressure ( o, ) is applied to consolidate the cylindrical soil

specimen and excessive water is drained from both tubes. The deviator stress

(o, =0,—0,) is applied vertically such that the stress element in the soil is subjected to
the major principal stress o, in the vertical direction. In this process, both drain valves

are open and the volume of the drained water is measured to calculate the volume change
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of the soil specimen during loading (i.e., consolidated-drained (CD) test). The three

confining pressures (25, 50 and 200 kPa) are considered in this test to identify parameters

of the continuum soil model with the capped Drucker-Prager failure criterion including

the Young’s modulus, shear modulus of rigidity, friction angle, cohesion. The

specification of the soil specimen is summarized in Table 6.2.

Figure 6.20 Triaxial soil test

Table 6.2 Specification of soil specimen

Specimen diameter 71.10 mm
Specimen height 142.27 mm
Water content 11.20%
Initial area 39.70 cm?
Initial volume 564.86 cm®
Density 2.149 g/cm?
Dry density 1.933 g/em?

Confining pressure

25 kPa, 50 kPa, and 200 kPa
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Figure 6.21 Deviator stress vs axial strain curves

The deviator stress versus the axial strain relationship for the three different confining
pressures are presented in Fig. 6.21. It is observed from this figure that the yield strength
increases as the confining pressure increases due to the increase in soil consolidation.
Furthermore, since the soil is partially saturated for the low confining pressure case,
difference in the strength for 25 and 50 kPa confining pressures is small. To identify the
cohesion and friction angle at failure, the deviator stress, principal stress and mean
effective stress at failure are summarized for the three confining pressures in Table 6.3.
Using this result, the deviator stress and the mean effective stress at failure are plotted,
and the linear regression is carried out to identify the cohesion from the intercept and the

friction angle from the slope as shown in Fig. 6.22. The cohesion and friction angle are,
respectively, identified as d, =211 (kPa)and S =51.8". The Young’s modulus and shear

modus of rigidity are also identified using the slope of the stress-strain curve.
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Table 6.3 Triaxial compression test results at failure

Confining  Deviator stress Major principal ~ Mean effective

pressure at failure stress at failure stress at failure

o3 kPa g=oc1-c3kPa o kPa p=(c1+20c3)/3 kPa
Test1 25 444 .4 469.4 173.1
Test2 50 450.0 500.0 200.0
Test3 200 808.6 1008.6 469.5

Figure 6.22 Deviator stress vs mean effective stress at failure
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In order to identify the strain hardening curve, the plastic volumetric strain &’ is

approximated as a function of the mean effective stress p as [89]

P=—< 5 _In— (6.68)
23(+e) p,

where C. and Cs are identified experimentally using the compression test of the soil,
while ep and po are, respectively, the void ratio and the mean effective stress at the initial
state. The change in the void ratio obtained using the one-dimensional compression test
of the same soil specimen is plotted as a function of the mean effective stress in Fig. 6.23.
This test result is obtained by Delta Geotechnics. In this figure, the loading stage is
shown as black rectangular symbols, while the unloading stage is shown as red circular
symbols. Using this test result, the linear regression is performed to determine the slopes
at the loading and unloading stages that correspond to C. and Cj, respectively, as shown

in Fig. 6.23. Using this one-dimensional compression test result, C. and Cs, are identified

as 0.2035 and 0.00268.

Figure 6.23 Void ratio vs vertical stress obtained by one-

dimensional compression test
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6.4.2 Triaxial Compression Test Simulation

Using all the parameters identified by the triaxial compression test as well as the
one-dimensional compression test for the soil hardening characteristics, the triaxial
compression test model is developed using the 9-node brick soil element with the capped
Drucker-Prager failure criterion as shown in Fig. 6.24 for validating the soil model
simulation capability. The model parameters identified for this soil specimen are
summarized in Table 6.4. The deviator stress and axial stress strain relationship obtained
using the 9-node brick soil element with the capped Drucker-Prager failure model is
presented in Fig. 6.25 and is compared with the test data at 200 kPa confining pressure. It
is observed from this figure that the nonlinear plastic and hardening behavior of the soil
under triaxial compression test condition is well captured using the soil model developed

and implemented in this study, and the result agrees reasonably well with the test result.

Figure 6.24 Triaxial test model
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Table 6.4 Triaxial test model parameters

General Density p 2,149 kg/m?

Elastic Young’s modulus £ 54.1 MPa
Poisson’s ratio v 0.293

Capped DP Plasticity Cohesion d 210.926 kPa
Friction angle S 51.7848 deg
Compression index C, 0.20351
Swelling index C, 0.00268
Initial void ratio e, 0.424

Initial mean effective stress p, 0.358 MPa

Figure 6.25 Stress-strain result of triaxial test model (200kPa

confining pressure)
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CHAPTER 7
CONTINUUM BASED TIRE/SOIL INTERACTION SIMULATION
CAPABILITY FOR OFF-ROAD MOBILITY SIMULATION

7.1 Introduction

In this chapter, a physics-based tire/soil interaction simulation capability is
proposed using the deformable tire and soil models developed in this study for use in off-
road mobility simulation on deformable terrains. To define the frictional contact forces
between the deformable tire and soil models, contact nodes are defined on the shell
element to define the tire tread block geometry and on the soil element surface. The
penalty approach is then utilized to define normal contact forces. Use of the high-fidelity
physics-based tire/soil simulation model in off-road mobility simulation, however, leads
to a large computational model to account for a wide area of terrains, and it makes the use
of the high-fidelity tire/soil simulation model less attractive due to high computational
costs resulting from the large dimensional deformable soil model. To address this issue, a
numerical procedure is developed such that only soil behavior in the vicinity of the
rolling tire is solved to reduce the overall computational soil model dimensionality
without loss of generality. This approach is called a component soil model in this study.
It i1s shown that use of the component soil model leads to a significant reduction in

computational time while ensuring the accuracy.

7.2 Modeling of Tire/Soil Interaction

7.2.1 Contact Model between Deformable Tire and Soil

To model the contact with deformable soil, the outer surface of the finite-element
tire model is discretized into numerous contact nodes defined on the shell element surface
as shown in Fig. 7.1. These contact nodes are different from the finite element nodes and
they are used to define the tire tread geometry and contact forces with soil elements.
Using this approach, a detailed tread pattern required for off-road tire simulation can be
described without increasing the number of elements for the tire model. The same
procedure is used to define the contact nodes on the soil element contact surface. To

detect contact points, an interpenetration between the contact nodes on the tire tread and
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on the soil surfaces is evaluated. As shown in Fig. 7.2, for contact node i on the tire tread

surface, the nearest contact node j on the soil is detected, and then the distance 67 normal

to the soil surface at contact node j is evaluated as

5" =" -r’)-n’ (7.1)
where n’is a unit normal to the surface at contact node j. If the sign of the distance
function is negative (i.e., sgn(o6”)=—1), two contact nodes are in contact and the normal

contact force F, is defined as a compliant force function as follows:
F, = (k6" +co")n’ (7.2)
where 67 =(¥ —¥/)-n’, kis a spring contact, and ¢ is a damper coefficient. The

tangential forces at the contact point can be calculated based on either LuGre friction
force model or simplified slip-dependent kinetic friction force model. In the latter case,
one has

vt

v.|

where the tangential slip velocity vector is defined by v, =/ — (¢’ -n/)n’ as shown in

F)’l

Ft :_:ut(vt) (73)

Fig. 7.2. The coefficient of friction is assumed as a function of slip velocity v, as [12]

) (7.4)

where the parameters & and £ are determined by the curve fitting. In this study, « is

u(v,)=atan” (v,
assumed as o =24, /7 for the kinetic friction coefficient z,, and S is determined by

the slope around zero slip. The total contact force vector can then be defined as

F=F +F, using Eqgs. 7.2 and 7.3, and then the generalized contact force vectors for tire

and soil elements are defined using the principle of virtual work.
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Figure 7.1 Modeling tread geometry using contact nodes

Figure 7.2 Contact force model for tire soil interaction
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7.2.2 Component Soil Approach

Use of the high-fidelity physics-based tire/soil simulation model in off-road
mobility simulation leads to a very large computational model to consider a wide area of
terrains. Thus, the computational cost dramatically increases as the size of the soil model
increases. In addition to the parallel computing utilized in this study to improve the
computational efficiency, the large computational cost inherent to the tire/soil interaction
simulation needs to be improved from a modeling perspective as well. When the rolling
tire comes into contact with deformable soil, the soil undergoes plastic deformation
around the contact region and the permanent soil deformation propagates as the tire
travels. Since the large plastic soil deformation introduces energy dissipation, the
propagation of the plastic soil deformation stops around the contact region and the soil far
from the contact region has no contribution to the tire/soil interaction behavior. In other
words, one can solve the soil behavior only in the vicinity of the rolling tire in order to
reduce the overall computational soil model dimensionality. That is, soil elements far
behind the tire can be removed from the equations of motion after the tire passes, and
then new soil elements are added to the portion that the tire is heading to. The similar
idea was applied to the discrete element (DE) soil model by Wasfy, et al. to reduce the
overall computational cost of the tire/soil interaction simulation [90]. Having removed
the soil elements behind from the equations of motion, the nodal coordinates and plastic
strains of the removed soil elements are saved such that the previous soil state can be
recovered any time when the other tire comes and rolls over this soil portion. In other
words, the soil element freezes temporary and then defreezes if the other tire comes
closer and travels over this soil element. This allows for considering multiple pass
scenarios on deformable terrains without loss of generality.

To utilize this procedure, the moving soil patch size (Ilength and width) around the
rolling tire needs to be predetermined, and this localized soil patch is called a
“component soil model” in this study. On the cut section of the component soil model,
the symmetric boundary condition is imposed. In order for the tire to always lie around
the center of the component soil surface, the component soil model needs to be updated
as the tire travels. To this end, the minimum horizontal distance from the center of the tire

rim to the edges of the component soil model is monitored. If the minimum horizontal
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distance becomes less than a threshold, the component soil model is updated by removing
soil elements behind and adding new elements to the portion that the tire is heading to, as
illustrated in Fig. 7.3. By doing so, the number of degrees of freedom of the soil model
remains small and constant throughout the simulation regardless the overall area of soil

considered in the off-road mobility simulation. This leads to a significant saving of

memory usage and reduction of the computational time as will be discussed in Section

7.3.2.

Figure 7.3 Updates of component soil model
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7.3 Numerical Examples

7.3.1 Off-Road Tire Model
For the tire soil interaction simulation, an off-road tire model is developed using the
laminated composite shell element in a way discussed in Section 5.4.1. The off-road tire
considered in this study is 235/75R15. The tire geometry, the cross-section geometry, and
the layer property are shown in Fig. 7.4. As shown in Fig. 7.4, the tire cross-section is
divided into the tread, shoulder, sidewall, and bead sections. The number of layers, cord
angles, thickness, and material properties, which vary through the tire structure, are
specified in each section. The tread section consists of a carcass ply, two steel belts, a belt
cover, and tread blocks. The carcass ply and steel belt are modeled as an orthotropic
material with polyester and steel cords embedded in rubber, respectively. A rubber layer
is considered between the upper and lower steel belts and between the carcass ply and the
lower steel belt. The shoulder section is modeled by a carcass ply layer and rubber layer.
The sidewall section is modeled by a carcass ply layer. The bead section is modeled by
two carcass ply layers and a rubber layer as shown in Fig. 7.4. The deformed cross
section is shown in Fig. 7.5. For comparison with test results, the air pressure is set to 180
and 230 kPa. The normal contact pressure distribution in the longitudinal and lateral
direction at 4 kN wheel load are shown in Figs. 7.6 and 7.7 and compared with the test
results. The tire model results agree well with the test results in magnitude and shape.
Furthermore, the contact patch lengths along the longitudinal and lateral axes are
compared with the test results for various wheel loads and various air pressure in Figs.
7.8 and 7.9 respectively. It is observed from these figures that the results agree well with
the test results for different loads in both directions and the nonlinear effect is also
captured for large wheel loads using the present tire model for both air pressures (i.e., 230
and 180 kPa). The vertical load and deflection relationship is presented in Fig. 7.10 for
various wheel loads under various air pressures and they are compared with test results.
The result matches reasonably well with the test data. For modeling the tread pattern of
off-road tire, the tread location is measured and the tread block geometry is created using
the contact nodes as explained in Section 7.2.1. This off-road tire model is used in the

following examples to demonstrate the use of the tire and soil simulation capability.
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Figure 7.4 Physics-based off-road tire model using the laminated

composite shell element

Figure 7.5 Deformed shape of off-road tire cross section
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Figure 7.6 Normal contact pressure in a longitudinal direction (4kN)

Figure 7.7 Normal contact pressure in a lateral direction (4kN)
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Figure 7.8 Load-longitudinal contact patch length for off-road tire model

Figure 7.9 Load-lateral contact patch length for off-road tire model
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Figure 7.10 Load-vertical deflection curve for off-road tire model

7.3.2 Tire/Soil Interaction Simulation

In this subsection, several numerical examples are presented in order to
demonstrate the use of the physics-based tire/soil interaction simulation capability
developed in this study. The off-road tire model discussed in Section 7.3.2 is used and a
constant traveling speed of 5 m/s is assumed. The air pressure and normal load are
assumed to be 230 kPa and 4 kN, respectively. The coefficient of friction is assumed to
be 0.3. The parameters of the deformable terrain model are summarized in Table 7.1 [86].
The width and height of the soil model are assumed to be 0.4 m and 0.4 m, respectively.
40 elements are used in the width direction, while 6 elements are used in the height
direction. In the longitudinal (traveling) direction, 80 elements are used for 1 meter long
soil. That is, the soil element is 12.5 mm in length and 10 mm in width to capture the

tread pattern geometry on the soil footprint as shown in Fig. 7.11.
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Table 7.1 Material model parameters

Initial cohesion d, (Pa) 5000
Yield surface coefficient 7 0.0
Yield surface coefficient & 1.155
Young’s modulus £ (MPa) 13.79

Poisson’s ratio v 0.3
Density p (kg/m?®) 200

Figure 7.11 Tire/soil interaction model

In Fig. 7.12, the tire and soil deformation using the component soil model
approach is presented. It is shown that the moving soil patch is updated as the tire travels.
In order to discuss the effect of length in the component soil model on accuracy, 0.8 m,
1.0 m and 1.2 m long component soil models are considered and compared with the
complete soil model. The soil element size (i.e., 12.5 mm in length and 10 mm in width)
are kept constant for all the models and symmetric boundary condition is imposed on the

cut section of the component soil model. The tire rim vertical position and the rolling
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Figure 7.12 Tire/soil interaction model using component soil approach

resistance defined by the ratio of the longitudinal tire force to the vertical (F, /F, ) for

the traveled distance of 1 m are shown in Figs. 7.13, 7.14 and 7.15 for the three
component soil models, and they are compared with the complete soil model as the
reference solution. In this simulation, 2 m long soil bin is considered and the tire is
dropped on the soil at the initial configuration, resulting in approximately 0.05 m sinkage
of the vertical position of the tire rim from the initial position as observed between time ¢
= 0 and 0.2 seconds. The rolling resistance at the steady state rolling is approximately
0.26, which is close to the coefficient of friction assumed in this model. It is observed
from Figs. 7.13, 7.14 and 7.15 that use of 0.8 m long component soil model leads to
noticeable deviations in the vertical position and the rolling resistance from the reference
solutions obtained using the complete soil model, while use of 1.2 m long component soil
model leads to identical solutions to the complete soil model. The computational time for
the three models are, respectively, 28.0, 39.0 and 42.8 hours. The use of longer
component soil model leads to longer computational time as expected, while in this
simulation scenario, the 1.0 m long soil model also predicts the overall tire and soil

behavior well, despite the small deviation as shown in Fig. 7.14. The selection of the
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component soil size depends on the simulation model parameters and loading scenarios,
involving the tradeoff between the model accuracy and computational time. Furthermore,
using the 1.0 m long component soil model, the tire sinkage and rolling resistance under
various wheel loads are presented in Fig. 7.16. It is clearly observed that the tire sinkage

and rolling resistance increase as the vertical force increases.

Figure 7.13 Tire sinkage and rolling resistance with 0.8 m long (64x40x6)
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Figure 7.14 Tire sinkage and rolling resistance with 1.0m long (80x40x6)

Figure 7.15 Tire sinkage and rolling resistance with 1.2m long (96x40x6)
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Figure 7.16 Tire sinkage and rolling resistance for various wheel loads

To further discuss the computational time of the high-fidelity physics-based
tire/soil simulation capability using the component soil model approach, the
computational time for the soil bin length of 1.0 m, 2.0 m, and 3.0 m are presented in Fig.
7.17 for the complete soil model and the 1.0 m long component soil model. Intel Core 17-
3770, 3.4GHz is used with OpenMP parallel computing capability for 4 threads. The
numbers of degrees of freedom of the soil elements for the soil bin length of 1.0 m, 2.0 m,
and 3.0 m are, respectively, 242,541, 484,221 and 725,901, while the number of degrees
of freedom of the 1 m long component soil model is 242,541 regardless of the length of
the soil bin. The degrees of freedom of the tire model is 12,000. It is observed from Fig.
7.17 that the CPU time exponentially increases as the traveled distance increases in the
complete soil model, while the CPU time increases almost linearly as an increase of the
traveled distance in the component soil model. This is attributed to the fact that the soil
model dimensionality remains constant regardless of the traveled distance. The

significant reduction in computational time is achieved for longer simulation using the
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component soil model as demonstrated in this example, and it enables the use of the high-
fidelity physics-based tire/soil interaction simulation model in the large-scale off-road

mobility simulation.

Figure 7.17 CPU time comparison between long soil model and

component soil model
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Summary and Conclusions

Despite the fact detailed finite element tire models using explicit finite element
software have been widely utilized for structural design of tires by tire manufactures, it is
recognized in the tire industry that existing state-of-the-art explicit finite element tire
models are not capable of predicting the transient tire force characteristics accurately
under severe vehicle maneuvering conditions due to the numerical instability that is
essentially inevitable for explicit finite element procedures for severe loading scenarios
and the lack of transient (dynamic) tire friction model suited for FE tire models.
Furthermore, to integrate the deformable tire models into multibody full vehicle
simulation, co-simulation technique could be an option for commercial software.
However, there exit various challenges in co-simulation for the transient vehicle
maneuvering simulation in terms of numerical stability and computational efficiency. The
transient tire dynamics involves rapid changes in contact forces due to the abrupt braking
and steering input, thus use of co-simulation requires very small step size to ensure the
numerical stability and energy balance between two separate simulation using different
solvers. For this reason, a high-fidelity physics-based tire model that can be fully
integrated into multibody dynamics computer algorithms is developed in this study for
vehicle dynamics simulation without resorting to ad-hoc co-simulation procedures.

To this end, a continuum mechanics based shear deformable laminated composite
shell element is developed based on the finite element absolute nodal coordinate
formulation for modeling the complex fiber reinforced rubber tire structure in Chapter 2.
The element consists of four nodes, each of which has the global position coordinates and
the transverse gradient coordinates along the thickness introduced for describing the
orientation and deformation of the cross section of the shell element. The global position
field on the middle surface and the position vector gradient at a material point in the
element are interpolated by bi-linear polynomials. The continuum mechanics approach is
used to formulate the generalized elastic forces, allowing for the consideration of

nonlinear constitutive models in a straightforward manner. The element locking exhibited
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in the element can be eliminated using the assumed natural strain (ANS) and enhanced
assumed strain (EAS) approaches. In particular, the combined ANS and EAS approach is
introduced to alleviate both curvature and Poisson’s thickness lockings arising from the
erroneous transverse normal strain distribution. The shell element developed is further
generalized to a laminated composite shell element for application to the modeling of
fiber-reinforced rubber (FRR) structure of the physics-based flexible tire model. The
complex deformation coupling exhibited in fiber-reinforced composite materials can be
automatically considered in the shear deformable laminated composite shell element
using the continuum mechanics approach, and the element lockings are systematically
eliminated by ANS and EAS approaches, thereby leading to a locking-free shear
deformable composite shell element. Furthermore, various nonlinear material models can
be considered for each layer in a way same as solid elements. Several numerical
examples are presented in Chapter 3 in order to demonstrate the accuracy and the rate of
convergence of numerical solutions obtained by the continuum mechanics based bi-linear
shear deformable shell element proposed in this study. In particular, the effect of locking
remedy and the element performance including the rate of convergence of the finite
element solutions are compared with those of ANSYS for nonlinear problems and
analytical solutions for linear problems for various benchmark problems.

Using the shear deformable laminated composite shell element based on the
absolute nodal coordinate formulation, a physics-based flexible tire model for the
transient braking and cornering analysis is developed for use in multibody vehicle
dynamics simulation in Chapter 4. To account for the transient tire friction characteristics
including the friction-induced hysteresis that appears in severe maneuvering conditions,
the distributed parameter LuGre tire friction model is integrated into the flexible tire
model. To this end, the contact patch predicted by the structural tire model is discretized
into small strips across the tire width, and then each strip is further discretized into small
elements to convert the partial differential equations of the LuGre tire friction model to
the set of first-order ordinary differential equations. By doing so, the structural
deformation of the flexible tire model and the LuGre tire friction force model are
dynamically coupled in the final form of the equations, and these equations are integrated

simultaneously forward in time at every time step.
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In Chapter 5, a systematic and automated procedure for parameter identification
of LuGre tire friction model introduced in Chapter 4 is developed for accurate and
reliable prediction of transient tire forces. Since several fitting parameters are introduced
to account for the nonlinear friction characteristics, the correlation of the model
parameters with physical quantities are not clear, making the parameter identification of
the LuGre tire friction model difficult. That is, inappropriate initial estimates may lead to
parameters that have nothing to do with physical quantities even though the LuGre model
are fitted well with measured tire force curves. To this end, friction parameters used in
the LuGre tire force model are estimated using the measured slip-dependent friction
characteristics first and used for the nonlinear least square fitting. The adhesion
parameter is then estimated using the slope around the zero slip ratio. The nonlinear least
square fitting is used to identify all the parameters for the entire slip range such that the
maximum tire force peak can agree with the measurement data. Furthermore, the
modified friction characteristic curve function is proposed for wet road conditions, in
which the linear decay in friction is exhibited in the large slip velocity range. It is shown
that use of the proposed numerical procedure leads to an accurate prediction of the LuGre
model parameters for measured tire force characteristics under various loading and speed
conditions. Furthermore, the fundamental tire properties including the load-deflection
curve, the contact patch lengths, contact pressure distributions, and natural frequencies
are validated against the test data. Several numerical examples for the hard braking and
cornering simulation including the antilock braking control are presented to demonstrate
the robust simulation capability of the physics-based flexible tire model developed in this
study.

The physics-based flexible tire model is further extended for application to off-
road mobility simulation in Chapters 6 and 7. In Chapter 6, a locking-free 9-node 33-
DOF brick element is developed with the curvature coordinates at the center node for
modeling a continuum soil using the capped Drucker-Prager failure -criterion.
Introduction of the curvature coordinates allows for considering the quadratic terms in the
polynomial for the assumed displacement field, thus the linear distribution of the stresses
and strains, which cannot be captured in the standard tri-linear 8-node 24-DOF brick

element, can be considered. This eliminates the reliance on the enhanced assumed strain
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method to alleviate the element lockings exhibited in the standard tri-linear 8-node brick
element, thereby making the formulation and implementation of the continuum soil
model straightforward. Several benchmark test results are presented to demonstrate the
use of the 9-node brick element with curvature coordinates. Furthermore, the
multiplicative finite strain plasticity theory is utilized to consider the large soil
deformation exhibited in the tire/soil interaction simulation using the capped Drucker-
Prager failure criterion. The implementation of the capped Drucker-Prager failure is
verified by comparison with the soil elements in ABAQUS for the plate sinkage
benchmark test of soil. In order to identify soil parameters including cohesion and friction
angle, the triaxial soil test is carried out. Using the soil parameters identified including
the plastic hardening parameters by the compression soil test, the continuum soil model
developed is validated against the test data for the triaxial compression test condition.
The stress-strain curve agrees well with the triaxial soil test result.

In Chapter 7, using the physics-based deformable tire and soil models, the tire/soil
interaction simulation capability is developed and implemented in the general multibody
dynamics computer algorithm. Use of the high-fidelity physics-based tire/soil simulation
model in off-road mobility simulation, however, leads to a very large computational
model to consider a wide area of terrains. Thus, the computational cost dramatically
increases as the size of the soil model increases. To address this issue, the component soil
model is proposed such that soil elements far behind the tire can be removed from the
equations of motion sequentially, and then new soil elements are added to the portion that
the tire is heading to. That is, the soil behavior only in the vicinity of the rolling tire is
solved in order to reduce the overall model dimensionality associated with the finite
element soil model. It is shown that use of the component soil model leads to a
significant reduction in computational time while ensuring the accuracy, making the use
of the physics-based deformable tire/soil simulation capability feasible in off-road

mobility simulation.

8.2 Future Work

While the physics-based tire and soil models developed in this study are tested

and validated extensively against the test results using the test facility for the tire and soil

www.manaraa.com



144

individually, validation of the tire/soil interaction simulation model has not be completed
yet. This involves more extensive tests using the mobility soil bin test facility to measure
the tire sinkage and rolling resistance on deformable terrains for various test conditions.
For validating the computational model, the mobility soil bin test will be carried out
using the off-road tire introduced in Section 7.3 and the soil used in the triaxial soil test
presented in Section 6.4. These computational models are validated against the test data
individually as discussed in Section 6.4 and 7.3, and their model parameters are also
identified. The soil bin test involves measuring the static wheel load and tire sinkage
curve for various tire air pressures; and the rolling resistance of the tire on soil in various
wheel load and air pressure conditions. Tire forces are measured by force transducers
embedded in the instrumented rim.

In addition, the integration of the physics-based flexible tire model developed in
this study in a high-performance computing (HPC) off-road mobility simulation
framework is crucial to enable the evaluation of overall vehicle performance and mobility
capability in various terrain conditions. While use of the component soil model leads to
significant reduction in the computational time, use of the physics-based tire/soil
simulation capability for full vehicle simulation including four tires and detailed
suspension models still requires significant computational power. For this reason, the tire
and soil models developed in this study are currently implemented into the physics-based
HPC off-road mobility simulation software called Chrono such that deformable tire and
soil interaction simulation capability can be utilized in multibody full vehicle simulation
in a single computational framework. Furthermore, the integration with Chrono software
allows for the use of discrete element (DE) soil models consisting of millions of particles
and DE soil models are needed for severe vehicle maneuvering scenarios involving high
slippages.

Development of a systematic parameter identification and validation procedure

for the physics-based tire/soil simulation model developed in this study is also needed. A
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tire has a complex structure and various model parameters need to be identified to create
the physics-based tire model. In addition, soil parameters are stochastic in nature and
spatially distributed. Furthermore, an uncertainty quantification of terrains requires
extensive measurement, thus in most cases, only limited number of test data under
limited test conditions is available, and uncertainties of the tire and soil model parameters
make the validation process of the tire/soil interaction simulation very difficult and
challenging. This issue, however, has not been thoroughly addressed in the field of study,

and is of crucial importance in use of the physics-based tire and soil simulation model.
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APPENDIX
ELASTIC MIDDLE SURFACE APPROACH FOR SHEAR
DEFORMABLE SHELL ELEMENT

A.1 Introduction

In Appendix, the elastic middle surface approach used for formulating the elastic
forces of the shear deformable shell element discussed in Chapter 2 is presented with a
plane stress assumption [87]. While the continuum mechanics approach is utilized to
consider fiber reinforced rubber (FRR) material which is indispensable for tire modeling,
the elastic middle surface approach discussed below can be applied to the thin to
moderately thick shell structures. For some applications, this shell formulation would be
suited from computational standpoint since the integration along the thickness can be
performed analytically and Poisson’s locking can be automatically eliminated by the
plane stress assumption. However, this formulation requires a special formulation to

consider nonlinear material models.

A.2 Elastic Middle Surface Approach

Using Green-Lagrange strain tensor, the six strain components in the middle

surface of the shell element i can be defined as follows:
i i 1 iNT i
EAxJungaa)E,J) (A1)

where F! is the global position vector gradient tensor at a material point in the middle

surface of the shell element i and is given as

mwym=§%®uw* (A2)

where r, =S'(x',)',0)¢' =S (x',y")e, . J. and J! are covariant base tensors of the

material point in the middle surface at the deformed and reference configurations,

respectively. These tensors are defined as

J, =%= (g g g (A3)

where g =or, /ox', g, =or, /', g,=or,/dz and

www.manaraa.com



147

J;=aa§1=[cj G, Gi] (A.4)

where the vector X! represents the global position vector of element i at the reference
configuration in the middle surface and is given by X' =S'(x',)',0)e, with the initial
element  nodal  coordinates e, .  Furthermore, one can  define

G =0X /ox', G,=0X, /0oy and G, =0X /0z'. Substituting Eq. A.2 into Eq. A.l,

one can obtain

E (', y,0) =) TE ) (A.5)
where
B, (0,0 = (@), - @), ) (A6)

The Green-Lagrange strains given by Eq. A.5 are transformed to those defined with

respect to the orthogonal frame A’ defined at the reference configuration as follows:

E (x',y,00=B )'E (B )'=¢, rs=x,y,z (A.7)
where
Bin :(Alm)TJlm EB;S’ r’S:1’2’3 (A8)

The tensor transformation given by Eq. A.7 can be re-expressed in terms of the

engineering strain vector €, and the covariant strain vector & as:
i i-T i
g =(T.)"& (A.9)

where T, is a 6 by 6 matrix is defined as

(Bl)" (B 2B\B, (B  2BB; 28,8, |
(B,) (By)  2ByB,  (Bn)  2B,B, 2B,,By,
Ti — Blll‘lél Bll2B£2 BIIIB;Z +Bll2B£1 Bll3B;3 BlllB;S +Bll3B£1 BIZZB;3 +BIISB;2
TOlBY)T By 2ByB, (B 2ByB; 2B,,B;,
BB, B.B, B\B,+B.B, BB B\B;+B.B, B,B,+B.B,
| BBy, B,B, BBy, +B,B, B.B, B,Bi+B.B, B,B;+BB, |

(A.10)

The orthogonal frame A’ is defined using the cross-section frame [47]. In the cross-
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section frame, the unit vector along the Z-axis of the orthogonal frame A’ is parallel to
the third covariant base vector G}, thus the orthogonal frame describes the orientation of

the cross-section of the shell. That is, the unit vector k! along the Z-axis of the cross-
section frame is defined as
k= & (A.11)
G|
Two other axes are defined using Gram-Schmidt orthogonalization procedure as follows:

i _ Gy = ((GY)kk, P

) =17 i iy, i and is = -]ls Xk.is (A.12)
G, —((G)K)K]|
from which, one has
AL =lil j K] (A.13)

Since the orthogonal frame A! is defined at the reference configuration, the orientation

matrix is an identity matrix if the element is initially flat.
Since the six strain components are defined in the middle surface, the bending and

twisting deformations of the shell element need to be introduced. To this end, the three

curvature components with respect to the orthogonal frame A’ are defined as
K (x',»,00=(C) 'K, (C) " =x', rs=xy (A.14)

where C!, is a 2 by 2 matrix that can be extracted from the matrix B! and is defined by

C =C' =B for r,s=1,2. In the preceding equation, the matrix K’ is defined as

o | R Ry Ry R
@ :{ w Ko R, o.xy} (A.15)

~ ~ ~ ~i
KXy KOxy Kyy KOW

3 o(or ) or o (or ) or

K _ =—|— - e K =—|— - -

“ Tl )] o » T\ i\ ) o
. T . . T .

Iz_i _l _ i ar}iz 6rrln _ i arlil arl;

Y2l lex' | o o' oy o ox’

and

(A.16)
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y o (ox ) oxt o (ox: ) ox’
Koxx =7 A7 i i Koy =7 27 i i
ox'\ oz ox oy'\ oz oy
o1 (e ) ex, (o (ax,)) X,
R I W o A ox’

A.3 Locking Remedy

(A.17)

In the shear deformable bi-linear shell element based on continuum mechanics
approach, the following lockings are exhibited as discussed in Chapter 2: (1) in-plane
normal/shear locking, (2) transverse shear locking, (3) Poisson’s thickness locking and
(4) curvature thickness locking. In this section, the locking remedy for the shell element

based on the elastic middle surface approach is discussed.

A.3.1 In-Plane Normal/Shear Locking
As in the continuum mechanics approach, in-plain normal/shear locking can be

alleviated by the enhanced assumed strain (EAS) approach. The compatible in-plane
strains in the middle surface a;f obtained by differentiating the assumed global position
vector is modified as follows as follows:

g =g +e " (A.18)

iEAS

where ¢ Y

is the enhanced assumed strain vector defined by

(€)= G’ (A.19)
In the preceding equation @' is the vector of internal parameters that define the assumed
strain field of element i and the matrix G'(&') is defined as:

G'(@) Zﬂ(T[ ) 'N'(E) (A.20)

@) ™
where J'(§') and J; are, respectively, the position vector gradient tensor at the reference
configuration evaluated at the Gauss integration point &' and that evaluated at the center

of the element (& =0). T, is the 3 by 3 transformation matrix defined by the sub-

mp

matrix of the 6 by 6 transformation matrix given by Eq. A.10 associated with the in-plane
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strain vector s; , and this matrix has to be evaluated at the center of the element [44,54,88

]. The explicit form of the transformation matrix is given as follows:
(Blil)2 (Bliz)2 2BlilBli2
= (Bél)z (Béz )2 ZBélBéz (A.21)
BlllBél BIZZB;2 BlllB;2 +BIIZB£1 &=0
where B, =(B! ). =((A!)J!),., rs=12 as defined by Eq. A.8. The matrix N'(§')
consists of polynomial terms of the enhanced strain field in parametric domain. The

simplest enhancement which introduces four internal parameters ' is given as follows:

E 0 0 0
NEY=[0 7 0 0 (A.22)
0 0 51’ 771'

The effect of the number of internal parameters on the elastic force accuracy is discussed
in literature [54]. It is important to notice here that the matrix N'(§") should fulfill the

following condition

j N/(E)dE =0 (A.23)

such that the assumed stress vanishes over the reference volume of the element and it

passes the patch test [44].

A.3.2 Transverse Shear Locking

The transverse shear locking can be removed by the assumed natural strain (ANS)
approach. The covariant strains evaluated at Barlow points where the strain field terms
are correct are tied to assumed natural strain interpolation points through the use of
Lagrange interpolation. The assumed covariant natural transverse shear strain field can

re-expressed as follows:
s = ;(1 778+ (1) 7
(A.24)

s = (1= ) (14 8) 7

where 71, 77, }7’; and 77;’3 are the covariant transverse shear strains at the tying points.
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A.3.3 Poisson’s Thickness Locking

Poisson’s thickness locking is not essentially exhibited in case of elastic middle
surface approach since in-plane strains and the transverse normal strain are decoupled
due to the plane strain assumption. It is known that Poisson’s thickness locking occurs
when Poisson ratio has some value, which introduces the coupling of the in-plane strains
to the transverse normal strain. For instance, in the case of pure bending, the axial strains
due to bending are linearly distributed along the thickness, and it leads to the linearly
varying transverse normal strain due to the coupling induced by Poisson’s ratio. However,
the use of the linear interpolation along the thickness leads to constant thickness strains
which make the element behave overly stiff since the thickness strain does not vanish on
the neutral axis. Continuum mechanics-based shear deformable element with EAS allows
for incorporating the linearly varying transverse normal strain to alleviate Poisson’s
thickness locking effectively as discussed in Section 2.2. On the other hand, due to the
plane stress assumption made in the shell element, the in-plane strains and the transverse
normal strain are decoupled, thus the Poisson’s thickness locking is not essentially
exhibited. This is one of the most economical ways of treating the Poisson’s locking for
applications where the plane stress assumption is fulfilled. For thick shell structures with
nonlinear material models, this assumption is no longer valid and the continuum

mechanics approach needs to be used.

A.3.4 Curvature Thickness Locking
Curvature thickness locking is also exhibited in case of initially curved
configuration as the same as continuum mechanics approach. The transverse gradient
vectors can be erroneously elongated when the shell element is subjected to bending and
twisting deformation. The assumed natural strain (ANS) method is applied, the covariant
transverse normal strains at the four nodal points are interpolated by the Lagrange

polynomial as follows:

~iANS _ QiANS ~il iANS ~i2 iANS ~i3 iANS ~i4
gzz - Sl gzz + S2 gzz + S3 gzz + S4 gzz (A‘2 5 )

where £° indicates the compatible transverse normal strain at node k and S;™ is the

shape function associated with it.
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A.4 Equation of Motion

Using Egs. A.9 and A.15, the generalized elastic forces Q) for the initially curved
shell element can be defined using the virtual work as follows:
SW' =—1' j (5))'D & dA)— I’ j (5Y))' D y! dA;
[ o6 Esl, ddy— [ (56') D x' dA; (A.26)

iNT i
=(d¢') Q;
where 4; is the infinitesimal area of element i in the reference configuration and the

following engineering strain and curvature vectors are defined:

e =[e, &, 261,v=0R2 2.1, =[x, &, 2«1 (A.27)

p xx yy yy Xy

where 8; represents the vector of the in-plane strains, ¥’ the vector of transverse shear

strains and k' the vector of curvatures. For a linear Hookean material model in plane

stress condition with constant shell thickness 4, the following matrices of elasticity are
defined:

e I v 0 P 0 3
c
D=—""|v 1 0 | D= = ,D =D (A.28)
N BV 7204v)| 0 ¢, 12 7
0 0 (I-v)/2

where E is Young’s modulus; v Poisson’s ratio; ¢, and ¢, the transverse shear strain

distribution correction factors. The integration is performed over the middle surface of
the element and the stress distribution along the thickness of the shell is assumed constant
in this model. This assumption can be considered as a reasonable approximation for thin
shell structures with linear Hookean material model. It is also important to notice that
since the elastic forces are evaluated only in the middle surface, the total number of
integration points is less than that of the continuum mechanics based shell element.
Several numerical examples of the use of elastic middle surface approach are
demonstrated in Section 3.1, showing that element lockings are eliminated by the

approaches discussed in this Appendix.
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