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ABSTRACT

TRUCK TIRE/PAVEMENT INTERACTION ANALYSIS BY THE FINITE ELEMENT
METHOD

By

Lan Meng

A simulation is developed for study of interactions between a rolling truck tire and a
rigid pavement structure. A three-dimensional finite element method is required to solve
this nonlinear dynamic contact problem. The ABAQUS finite element code is employed.
A Goodyear 295/75R22.5 Unisteel G167A Low Profile Radial smooth tire is modeled to
roll over the rigid pavement. Fiber reinforced composite model and rubber material model
is utilized to simulate the real tire structure. The Coulomb friction law is used to study the
contact between the truck tire and pavements. Different tire pressure levels, load levels,
moving speeds, slip angles, braking or traction, and friction are applied in the simulation.
Results for a static loaded tire against a rigid flat plate are compared with experimental
data from the literature. Contact stress distributions and contact areas for the rolling tire
over the rigid pavement at various conditions are presented.

Results from this investigation lead to the following observations and conclusions:

1. For a free rolling tire model, normal stress contours of the free rolling tire model are

shifted forward; high stress areas are moved toward to two sidewalls; high stress areas



are increased in fore-back direction; normal maximum stresses at higher tire pressure
(100 psi and 110 psi) are higher than for the static loaded tire.

. For a free rolling tire model at a deflection of 50 mm and a speed of 65 mph, the ratio
between the maximum stress and the average static average is above 2.0 at 100 psi
and 110 psi.

. For traction or braking tire models, normal stress contours for the traction models are
shifted forward more than for the free rolling model; normal stress contours for the
braking models are shifted backward.

. For traction or braking tire models, contact areas are larger and contact stress are
higher than for the free rolling model.

. For the slip-rolling tire model, high stress areas are moved toward the sidewalls in the
slip direction. The contact areas are smaller than for the free rolling model. The
maximum normal stresses are higher than for free rolling models and traction or
braking models.

. For the slip-rolling tire model, a larger slip angle produces higher normal stress and
shear stress.

. The maximum ratios of max/av. stress vary from 1.98 for static case to 1.97 for the
free rolling case, and 3.22 for the traction case to 3.29 for the slip rolling case. These
findings suggest that the average stress used in the AASHTO seriously underestimates
the maximum stresses served by pavements, with the result that highways can be

seriously underdesigned.
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Chapter 1

INTRODUCTION

1.1 Introduction

The effect of traffic loads on pavement performance is a fundamental concern in
highway engineering, and it represents one of the most visible aspects of road
transportation to the motoring public. Truck performance has become a critical element of
highway safety in recent years for two reasons. First, the percentage of trucks in the
highway traffic stream has increased dramatically, up to 30 percent on some roadways,
according to the American Association of State Highway and Transportation Officials
(AASHTO, 1993). Second, trucks are now equipped with very powerful engines that
allow them to carry larger loads at higher speeds. The increase in speed and gross weight
produces heavy loads on roadways, thus, high quality performance of pavement has
become an important requirement.

The safety and efficiency of a truck depend heavily upon the few square inches of tire
that are in contact with the ground. This contact area, not much larger than a 3-by-5 inch
postcard, is responsible for the load transfer between the truck and the ground during any
maneuvering behavior (accelerating, cornering, braking, and so on), on any kind of

surface (asphalt, concrete, and so on) in any kind of weather (dry, wet, icy, and so on).



The contact load acts repeatedly and produces damage to the pavement, which eventually
leads to the deterioration of the pavement. Clearly, roadbuilders need more accurate data
on truck-pavement interaction because it is crucial in determining the impact of trucks on
highway safety. This process is very complicated because it involves many analytical
aspects that include three mechanical parts. First, pavement is a composite material with
several layers. Material properties of each layer can be complex, for they might be elastic,
plastic, visco-elastic, visco-plastic, bi-modular, anisotropic and so on. Second, when a
load is applied to the pavement, the complexity increases. Vehicles with various
suspension and tire structures pass over highways at different speeds or duration of
staying on its surface. Vehicle loadings are randomly repeated on pavements. Third,
pavement and vehicles impose forces on each other. These applied loads deform the
pavement, especially at the surface; this leads to excitation of axle suspensions resulting
in ever-greater dynamic load on the pavement structure. The process involves
acceleration which causes variations in pavement conditions and vehicle load to reinforce
each other through time, and to become more significant as the pavement deteriorates
further.

Most of the widely used pavement design methods are based on the principle of
“equivalent loads” which involves a traffic axle-load spectrum represented by a static
single equivalent design load for the pavement. The equivalent loadings are predicted
using the AASHTO method of equivalency factors that was derived from the American
Association of State Highway and Transportation Officials Road Test. The test,
performed in the late 1950’s and early 1960’s, may not accurately quantify the effects of

many vehicle loading parameters, according to recent studies. Vehicle characteristics such

t9



as tire pressure, suspension types, axle configurations, axle loads and gross vehicle
weights have changed significantly since the AASHTO Road Test. This may have the
general effect of causing more damage to the pavement than the axle loads and overloads
used in the AASHTO Road Test. The equivalency factors developed from the road test
tend to underestimate the amount of damage caused to the pavement by modern vehicles.

The most serious limitation of this approach is that it provides no understanding of
the actual mechanisms of dynamic interaction between tire load and pavement structure.
This lack of insight makes it difficult to adapt the AASHTO concepts to change vehicle
or pavement technology. In pavement design, AASHTO uses a static load rather than
dynamic load, and uniform tire contact stress distribution is used to simulate
tire/pavement contact vertical stresses as input towards the design and evaluation of
pavements.

Recently some researchers have started analyzing pavement response under a moving
load. In these analyses, a point load or a uniform stress is used for investigating the
pavement response. Researchers in both the automotive industry and the highway system
are also analyzing tire/pavement contact. But too little data are available for a tire rolling
over pavement, so an actual interface stress distribution when a vehicle passes over
pavement can not be provided.

The purpose of this study is to investigate the contact stresses caused by a real truck
tire rolling over pavement and to better understand the actual interaction between the tire
load and the pavement structure. The results will provide data on real contact stresses at
the tire/pavement interface. These data should be useful for designing longer lasting, safer

pavement.



Chapter 2

BACKGROUND

2.1 Dynamic Analysis of Pavement-tire interaction

For investigating dynamic effects of vehicles on pavements, the two major methods
are numerical analysis and experimental analysis. The problem is so complicated that
classical theoretical analyses are not efficient.

White, Zaghloul, Anderson, and Smith (1995) analyzed the pavement response under
a moving aircraft load by using a three-dimensional finite element model. They modeled
pavement as a layered structure with three groups of materials: asphalt mixture, granular
material and cohesive soils. The asphalt mixture was modeled as a visco-elastic material,
and the granular and fine-grained layers were modeled as elastic-plastic materials. The
simulation consisted of a single-wheel load moving repetitively back and forth over the
pavement model at a speed of 6.7 kph (4 mph). They approximated the load contact area
in the analysis by using a rectangular area and applying average stress on the contact area.

Chatti (1992) developed a dynamic model for analyzing rigid discontinuous
pavements subjected to moving transient loads in the time domain and in the frequency
domain. He modeled the pavement slabs using a four-noded, twelve-degrees-of-freedom,

medium thick-plate bending element. Load transfer mechanisms used a one-dimensional



bar element or a vertical spring element, respectively. The foundation support was
represented by either a damped Winkler model (which consists of vertical independent
springs) with uniformly distributed frequency-dependent springs and dashpots, or a
system of semi-infinite horizontal layers resting on a rigid base or a semi-infinite
halfspace. In this analysis the moving load was represented by using a direct shape
function method in which the uniformly distributed global moving load vector was
composed of zero entries except at the nodes of the elements where the distributed loads
are positioned.

Hendrick, Marlow, and Brademeyer (1992) developed methodology to investigate the
interaction between vehicle and pavements that involved two parallel components. One
component employed computer simulations of various vehicle loads, plus modeling axle
configuration, suspension type and behavior, and tire structure and flexing, to predict
dynamic loads along the length of the pavement over time. The second component
adapted computer simulations of asphalt pavements and portland cement concrete
pavements to predict the response of these pavements to moving dynamic loads and to
estimate the accumulation of different manifestations of damage over time. Furthermore,
the surface profile of the simulated pavement at specified times was used as input to the
vehicle model to predict dynamic loads, which in turn were used as inputs to the
pavement model to predict subsequent response and deterioration. In the vehicle model
simulation, the first mathematical models for each component were developed, then these
sub-systems were put together in a simulation program. Rolling was neglected, but
vertical motion and pitch were included. The developed models were fully nonlinear,

time domain models. In the pavement simulation part, both mathematical and finite



element models were established for flexible and rigid pavement. These parametric
studies show that consideration of dynamic loading is necessary and that considerable
variation of dynamic loads is produced by alternative tandem axle configurations.

Researchers have developed another major analysis method to evaluate primary
response of pavement under traffic loads. In 1990 the Federal Highway Administration
(FHWA) constructed a test section on the access road to the Turner Fairbank Research
Facility in McLean, VA. They used instrumented pavement test sections in conjunction
with instrumented vehicles to measure primary pavement response to the dynamic wheel
loads. The test sections consisted of thick and thin sections of asphalt concrete, 178 mm
and 89 mm, respectively. Each test section was 30.4m long, separated by a 7.6m
transition zone. The road was equipped with longitudinal strain gages and deflectometers.
The FHWA vehicle was instrumented with LVDT’s between the axles and chassis to
measure chassis-axle displacements on both ends of the front and rear axles. The vehicle
was also equipped with accelerometers to measure the vertical accelerations, plus strain
gages in conjunction with the accelerometers at the ends of each axle to calculate
dynamic wheel forces. Tests were conducted at four check speeds including 15 mph, 25
mph, 35 mph, and 45 mph. Three vehicle loads, empty, intermediate, and full were used.
This experimental work provides the primary response of the pavement as well as

simultaneous displacements of axles and wheel forces under different loads and speeds.



2.2 Tire Contact Patch Analysis

Stress, not force, damages pavement. The contact patch (footprint) is a critical factor
in pavement design and analysis. Though engineers have researched contact patches for
many years, they are still important problems for highway engineering and the automotive
industry. Due to complicated tire structure and geometry, the problem is inherently
nonlinear. The most general deformation of a pneumatic tire is in reality a coupled-
mechanical-thermodynamic process. Because the material properties of tires are
nonhomogenous and anisotropic, composite material theory needs to be applied. In
addition to these concerns, both the contact area and the contact load intensities are not
known in advance, and they vary during the loading history.

For a moving truck, especially one moving on a highway with a very high speed,
getting a footprint is very difficult and expensive. Much experimental analysis has been
done in laboratories. Pottinger (1992) discussed the three-dimensional contact patch
stress field of solid and pneumatic tires. He based his discussion on experimental studies
of a smooth-treaded urethane solid tire and a low-pull-force smooth-treaded radial, to
represent solid and pneumatic tires. The results were in static and free rolling states of
both tire types. All experiments were performed on the BFGoodrich Flat Surface Tire
Dynamic Machine. He discussed footprint size and shape, normal stress, lateral stress and
longitudinal stress for solid and pneumatic tires.

de (1994) discussed an experimental vehicle-road surface pressure transducer array
(vrspta) system. He designed this system to simultaneously measure vertical, longitudinal,
and lateral loads; and load distributions transferred to the road surface by a passing wheel.

He based his research on the concept of instrumented and calibrated pins buried in the



surface of the pavement designed to measure loads and load distributions over the
complete tire contact area. Strain-gauged load cell pins were installed in a row, at right
angles to the direction of travel of the passing wheel. He used a heavy vehicle simulator
for different wheel load ranges, different wheel velocities, and one tire pressure in the
test. He gathered data on vertical stress distribution, transverse stress distribution and
longitudinal stress distributions at the given speeds, loads and tire pressures. The wheel
speeds were very low: 4 km/h, 6k m/h and 8 km/h.

The development of nonlinear finite element techniques has enabled researchers to
develop comprehensive mathematical tire models. Roberts, Tielking, Middleton, Lytton,
and Tseng (1985) developed a finite element model of a free-rolling tire for analyzing the
effect of tire inflation pressure and load on pavement contact stresses. In this model an
assembly of axisymmetric shell elements was positioned along the carcass mid-ply
surface. They used a 10-ply 10.00-20 truck tire. The ply structure in each finite element
was specified separately to define the laminated cord-rubber tire carcass. Specifying the
lamination of each element separately allowed tire construction features such as belts,
sidewall reinforcements, and bead turn-ups to be included in the tire model. The finite
elements were homogeneous orthotropic, with moduli determined by the laminated
carcass. The elements were connected at the node points. The tire model was loaded first
by specifying the inflation pressure. They obtained an axisymmetric solution for the
inflated shape. Prior to applying the axle load they calculated structural stiffness of the
inflated tire. They brought the model into contact with the pavement by specifying the
axle height, which was equivalent to specifying the tire deflection relative to the

pavement. The computer tire model was deflected against a frictionless, flat rigid surface.



DeEskinazi, Yang, and Soedel (1978) analyzed a steel belted radial tire in contact
with a flat surface by the use of the finite element method. They expressed their cross-
sectional profile by two fifth-degree polynomials in x and y. Because of symmetry, only
one octant of the tire was modeled. They modeled the tire configuration by using flat
triangular plate elements. They divided the radial profile into four zones; each zone was
assumed to be homogeneous. Laminate properties were included in the formulation of
the stiffness matrix of the triangular plate element. They considered inflation of the tire
and vertical loading in the analysis, and they discussed the deflections of the tire and the
effect of bending material properties.

Trinko (1984) modeled a steel-belted radial tire subjected to inflation pressure and
footprint loading using laminated, geometrically nonlinear finite elements of the
MSC/NASTRAN program. He used a one-quarter model to take advantage of symmetry
with respect to the meridional plane and a plane perpendicular to the axis of rotation. The
analyzed tire had two steel belts and two polyester radial plies. He divided the 180°
segment into 11 circumferential sections, and smaller subsections were located in and
near the eventual footprint. He modeled rubber portions using solid eight-noded
hexahedrons and a limited number of six-noded pentahedrons; and he modeled the cord-
reinforced layers using four-noded quadrilateral membrane elements. Two belts were
described by one layer of membrane plate element.

Ridha, Satyamurthy, Hirschfelt, and Holle (1985a) discussed the contact loading of a
rubber disk by using three-dimensional isoparametric elements. They analyzed the contact
of a deformable body loaded against rigid surfaces; the body was a 25 mm-thick rubber

disk modeled by 12-noded-three-dimensional isoparametric elements. The inflation



pressure and footprint loads were applied on the disk model. In the contact area, both
frictionless and no-slip results were discussed. The computed load-deflection responses
show good agreement with measured results. The shape and size of the footprint contact
were also presented and exhibited good agreement between the computed and measured
results. Contact pressures were calculated from the contact force by using the principle of
static equivalency of the two force systems. Ridha, Satyamurthy, Hirschfelt, and Holle
(1985b) used the same approach to model a homogeneous pneumatic tire subjected to
inflation pressures and footprint loads. The computed shapes and sizes of the footprint
area at different levels of rim deflection are shown to be in good agreement with
experimental results.

Tanner (1996) modeled the Space Shuttle nose-gear tire using a two-dimensional
laminated anisotropic shell theory, in which the effects of variation in material and
geometric parameters, transverse shear deformation, and geometric nonlinearities were
included. In this model he developed a contact algorithm with static friction effects that
predict tire response to combined inflation-pressure and static vertical-loading conditions.
He also carried out experimental measurements on the Space Shuttle orbiter nose-gear
tire to define its response to combined inflation-pressure and static vertical-loading
conditions. The predicted normal and tangential contact load intensity distributions were
in fair to good agreement with experimental measurements. This author notes that
additional experimental and analytical studies are needed.

Faria, et al. (1989, 1992) and Oden, et al. (1988) derived a steady-state formulation
for the rolling contact problem with friction. For steady motion the explicit time

dependency was removed from the problem. In this analysis the motion of the structure
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was decomposed into two successive motions, a point in the structure underwent first a
rigid rotation and then moved to the point occupied by the material point at time t. In the
contact area, a nonpenetration condition was applied. They used Coulomb friction for
stick/slip conditions and a variational formulation for the equilibrium and all boundary
conditions. Faria analyzed a viscoelastic spinning cylinder and a passenger tire. In the tire
model, the cross section of the tire was represented by a combination of layered
anisotropic thick-shell elements in the carcass and belts and isotropic bricks in the tread
region. For the contact area (footprint) he used a friction coefficient of 0.51. In Oden’s
study, a viscoelastic rubber cylinder was analyzed as a numerical example.

Mousseau and Clark (1994) used a ring on an elastic foundation model as a pneumatic
tire analog for two-dimensional contact problems. They applied two-node beam elements
on the ring model. The problem considered was one of large-deformation, quasi-static
contact. The tire was first inflated by incrementally increasing the pressure loading. In
this step, the nonlinear solver in the finite element program calculated a series of
equilibrium solutions until the specified inflation pressure was reached. While this
process took place, position and rotation constraints on the hub prevented the tire from
moving. Once inflated, the tire was then pushed onto a flat surface by incrementally
decreasing the wheel center height. Finally, the hub rotational constraint was released
and the longitudinal position of the ground surface was moved incrementally backward.
This motion, along with the friction between the ring elements and ground allowed the
tire to roll over surface. They completed these steps by using the ABAQUS nonlinear
finite element program. Experimental hub force measurements verified the simulation

results, and the experimental results agree with the simulation.
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2.3 Research Objectives

Much work has been done in tire/pavement interaction analysis, but very little data are
available for a real tire structure rolling over pavement. In this study, actual tire/pavement
contact stresses for steady-state moving conditions are analyzed. To complete this task,
the finite element method was used to model a real truck tire rolling over a rigid
pavement. A three-dimensional tire model with real tire pressure simulated the interaction
between a truck tire and a rigid pavement. Different steady-state moving conditions of
trucks, tire pressure levels, different tire load levels, and different friction models are
considered. The purpose of this work is to find out the effects of these factors on truck
tire/pavements interaction. These analyses provide fundamental data and establish
mechanisms for understanding truck tire/pavement interaction.

Given the complexity of truck tire/pavement interaction analysis, the average static
normal stress of vehicle loads is still used in pavement design. The results of this analysis
provide contact information for a steady-state rolling truck tire. The accuracy of the
method for considering vehicle loads in pavement design can be evaluated, and

improvements to the design procedure can be implemented.
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Chapter 3

APPLICATION OF THE FINITE ELEMENT ANALYSIS

3.1 Introduction of ABAQUS/Standard code

Based on the characteristics of truck-pavement interaction, the ABAQUS/Standard
finite element code (Hibbitt, Karlsson & Sorensenm Inc. 1998) is chosen for this analysis.
ABAQUS is a general-purpose finite element program.

ABAQUS/Standard provides a specialized analysis capability to model the steady-
state behavior of a cylindrical deformable body rolling along a flat rigid surface. The
capability uses a reference frame that removes the explicit time dependence from the
problem so that a purely spatially dependent analysis can be performed. For an
axisymmetric body traveling at a constant ground velocity and constant angular rolling
velocity, a steady state is possible in a frame that moves at the speed of the ground
velocity but does not spin with the body in the rolling motion. This choice of reference
frame allows the finite element mesh to remain stationary so that only the part of the body
in the contact zone requires fine meshing.

The kinematics of the rolling problem is described in terms of a coordinate frame that
moves along with the ground motion of the body. In this moving frame the rigid body

rotation is described in a spatial or Eulerian manner and the deformation in a material or
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Lagrangian manner. It is this kinematic description that converts the steady moving
contact field problem into a purely spatially dependent simulation.

In the following sections of Chapter 3, a brief review of ABAQUS/Standard theories
related to this analysis is presented. The information is extracted from the

ABAQUS/Standard manual (Hibbitt, Karlsson & Sorensenm Inc. 1998.)

3.2 Governing Equations

Let V denote a volume occupied by a part of the body in the current configuration,
and let S be the surface bounding this volume. Let the surface traction at any point be t
(force per unit of current area), and let the body force at any point within the volume of
material under consideration be f (per unit of current volume.) Force equilibrium for the

volume is then

jtds + jfdv =0
S \Y (3-1)

The Cauchy stress matrix o at a point of S is defined by
t =n-oc (3-2)
where n is the unit outward normal to S at the point. Using this definition, the equation of

(3-1) becomes

jn-cdS+ jfdvzo (3-3)
S \'%

Applying the Gauss theorem to the surface integral in the equilibrium equation gives
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0
-6dS = [(—) edV 3-4
jn ¢ ,,(ax) ¢ (3-4)

Since the volume is arbitrary, this equation must apply pointwise in the body, thus

providing the differential equation of translational equilibrium:
0
—.6+f=0 3-5
5 (3-5)

Here the test function can be imagined to be a “virtual™ velocity field, dv, which is
completely arbitrary except that it must obey any prescribed kinematic constraints and

have sufficient continuity. The “virtual™ work rate is

0
= .6+f]-5vdV =0 3-6
J[ax 6 +1]-3v (3-6)
0 0 ooV
= .6]-3vdV = [[(=) (6-dv) -6 dv 3-7
v“ax"] v vﬁ‘ax)(“ V)=o)l (3-7)

. .
j[i-c]-avdh In-oﬁva’S— o: (v = jt-(svdS— jo:(aﬂ)dv (3-8)
vV ax N Vv ax ) Vv ax

Thus, the virtual work statement can be written

Sjt-fwds + ij-5vd5= Vjo : (%)dv (3-9)

The virtual velocity gradient in the current configuration is defined as:

R
OV _ 5L (3-10)
13).9

The gradient can be decomposed in to a symmetric and an antisymmetric part:
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OL = D + X (3-11)

where

8D =sym(8L) = ; (3L +3L")

1 (3-12)
8Q =asym(3L)=_ (3L - SL")
Since © is symmetric,
6:0Q2=0 (3-13)
The virtual work equation in the classical form is obtained as following:
j’c : 3DdV = jﬁv-td5+ jav-fdv (3-14)
v s v

where

A
5D = 1 (c6v +[05V]T)
2 ox ox

In the equilibrium and virtual work equation, the internal virtual work rate term is
replaced with the integral over the reference volume of the virtual work rate per reference

volume, the equation is written as following:

fr< :8edv® = jtT dvdS + [£7 - dvdV (3-15)
S \"

v
where dV? is the natural reference volume, t° and € are any conjugate pairing of material
stress and strain measures, and the superscript T means transpose.
The finite element interpolator can be written in general as
u=N_5v" (3-16)

where Ny are interpolation functions that depend on some material coordinate system.

UM are nodal variables.
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The virtual field, dv, must be compatible with all kinematic constrains.
8v=N,‘8vN 3-17)
Now &¢ is the virtual rate of material strain associated with dv. Hence, the interpolation
assumption gives
5 = Bov" (3-18)
where By is a matrix. It can be written as Bn=Bn(x, Nn) . The equilibrium equation is
approximated as

v [By 7V’ = v [NT-tdS + [NT-fav] (3-19)
B N v

since the v are independent variables, a system of nonlinear equilibrium equations

can be written as:

[By:TedV® = [NT-tdS+ [NT-fdv (3-20)
v* S \%

By taking the variation of the equilibrium, equations can be written:

1

f(dee :8e+ 7 :dde)dV" - [dtSvdS - [tTovdA" R [dfTovdv - IfTSVJ;dS (3-21)
V¢ S S \} \%

Here J = |dV/dV"), the volume change between the reference and the current volume
occupied by a piece of the structure; A, = |dS/dS”| is the surface area ratio between the

reference and the current configuration. Using the constitutive theory,
dt* =H:de+g (3-22)
The complete Jacobian matrix is obtained as following:

Ky = [By H:BydV® + [r¢:0,B,dV° - [N}, -QYdS- [N}, -Q¥dV  (3-23)
A v S v
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Here

Oy =oou’ (3-24)

O €= 6(38” =B, (3-25)
aNt+t1:raNJ=Q§; (3-26)
ONf+f; 2. J=QY (3-27)

ABAQUS/Standard generally uses Newton’s method as a numerical technique for solving

the nonlinear equilibrium equations

3.3 Steady —State Transport Analysis
In Figure 3.1 the body is rotating with a constant angular rolling velocity ® around a
rigid axle T at X, which in turn rotates with constant angular velocity Q around the fixed

cornering axis n through point X,.. Then the motion of a particle X at time t consists of a

rigid rolling rotation to position Y,

18



Figure 3.1 Constant cornering motion

Y =R, (X-X,)+X, (3-28)

followed by a deformation to point x, and a sub cornering ion (or p ion)

around to position Y. So that
Y =R, -(x-X)+X_ (3-29)

where, R is the spinning rotation matrix defined as R, = exp(@t) and @ is the skew-

ic matrix iated with the ion vector ® = ®T. The velocity of the particle

then becomes
v=y =R, -(x-X,)+R_-x (3-30)
where R, the cornering rotation given by R‘ = exp(flt) and Qis the skew-symmetric

matrix associated with the rotation vector . To describe the deformation of the body, we



define a map y(Y,t), which gives the position of point X at time t as a function of its

location Y at time so that x = x(Y,t). It follows that

O/ ) B¢

Y & a G-3D
where
%(=Rs-(X—X0)=o)Tx(Y—XO) (3-32)
Noting that
R, =& R, =oT-R, (3-33)
and introducing the circumferential direction
S=Tx(Y-X,)R (3-34)
where R = |Y - X0| is the radius of a point on the reference body. So that
i=mRﬂ-S+%=mR§x—+gx- (3-35)

oY ot oS ot
where S =S -Y is the distance-measuring coordinate along the streamline. Using this

result. Together with
R,=Q R, =Qn-R, (3-36)

the velocity of the particle can be written as
o 54
v=Qn -X)+oR -—=+R_ -— 3-37
x(y-X,) <o TR, (3-37)

The acceleration is obtained by a second differentiation and some manipulation:
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a=Qz(nn-l)-(y-Xc)+2wanch-&x+2anR L
oS ot (3-38)

2 2

+0)2R2Rc-a ¥+2mec- % LR,

0S: oSot ¢ oo
To obtain expression for the velocity and acceleration in the reference frame tired to the

body, using the transformations

v, =Ry (3-39)
a =R_"-a (3-40)
It is obtained that
v,=an(x-Xt)+(oRax+Rc-ax (3-41)
oS ot

a, =Q’(nn-I)-(x-X_ )+ 20QRn x (-31‘+2an x
oS ot

2 2 2 (3-42)
+oR2 O LR OX LN
A oSot  ot?
For steady-state conditions these expressions reduce to
v, =Qn><(x-Xc)+coRa)C (3-43)
oS
ar=Qz(nn-l).(x-xc)+2(oQRnx?S(‘+w2R2 2;‘ (3-44)

The first term of right hand side of (3-44) can be identified as the acceleration that

gives rise to centrifugal forces resulting from rotation about n. Noting that ®R ox isa

measure of velocity, the second term can be identified as the acceleration that gives rise to
Coriolis forces. The last term combines the acceleration that gives rise to Coriolis and

centrifugal forces resulting from rotation about T. When the deformation is uniform



along the circumferential direction, this Coriolis effect vanishes so that the acceleration
gives rise to centrifugal forces only.

The virtual work contribution from the d’ Alembert forces is

- jp-svdv (3-45)
v

51"[=—sz_|.(x-Xc)-(nn-I)-5vdV—

(3-46)
2meRjnx -ovdV + pw*R* jax a‘;VdV
and the rate of virtual work becomes
doT = —pQ* [dx-(nn-1)- SvdV -
. (3-47)

2p(mj’nxa‘!x-5vdV+ 2R ja‘lx %
37 as os o5

For points on the surface of the deformable body

vD=an(x-Xc)+mR0x+Rc-ax (3-48)
oS ot

where n is the comnering axis (which must be normal to the rigid surface) and Q is the
cornering angular velocity around n. Assuming that the velocity of a point on the

foundation (or rigid surface) is vg, the relative motion becomes
v,,—vR=Qn><(x-xc)+(nR?sc+Rc-f;[x—vR (3-49)

where r = x-X.. This equation can be split into normal and tangential components. The

rate of penetration is

h=-n-v=-n-v, —oRn-

n_ n- o (3-50)
ot

oS

For any point in contact



X
oS

Hence,

ox,
o

f1=—n-v=-n~vR -n-
which in incremental form reduces to the standard contact condition
Ah =n-(Ax; — AXx})

For steady-state conditions

n-Ax,; =0
Axp =0

Similarly, the rate of slip is

aX—t -ax+t “Vg

v=t -v=Qt -(nxr)+oRt_-
Y o a ( ) a aS a at a

(3-51)

(3-52)

(3-53)

(3-54)

(3-55)

where tq (0=1,2) are two orthogonal unit vector tangent to the contact surface so that

n=t, x t,. For steady-state conditions

x_,
ot
So
. ox
y=t, -v=Qt, -(nxr)+(oRtu-aS+tu S

Variations in y, yield

(3-56)

(3-57)



dy=t, -v=Qt_ -(nxdr)+oRt, OOSSX +t, -Ovy (3-58)

To complete the formulation, a relationship between frictional stress and slip velocity
must be developed. A Coulomb friction law is provided for steady-state rolling. The law

assumes that slip occurs if the frictional stress,

T, =T + 15 (3-59)

eq 2

is equal to the critical stress, T, =up, where 1, and 1, are shear stresses along t, , p is

the friction coefficient, and p is the contact pressure. On the other hand, when < (t

cnt *
no relative motion occurs. The condition of no relative motion is approximated in
ABAQUS by stiff viscous behavior

T, =%,7. (3-60)
where ¥ is the tangential slip velocity and k| is the "stick viscosity," which follows
from the relation

T
K

S

= e (3-61)
Ycrit

The allowable viscous slip velocity is defined as a fraction of the circumferential velocity
Ve = 2F,0R (3-62)
where F; is a user-defined slip tolerance.

These expressions contribute to the standard virtual work contribution for slip,

811 = ([r,8y,dA (3-63)
A

and rate of virtual work for slip,



dart = (f(dr, 8y, +1,ddy,)dA (3-64)
A

3.4 Reinforcing Elements in the Analysis

Reinforcing in elements is defined by using REBAR option. Rebars are defined
unaxial reinforcement in solid, membrane, shell, and beam elements. Rebars have
material properties that are distinct from those of the underlying element Rebars can be
defined as individual reinforcing bars in beam and solid elements. Rebars can also be
defined as layers of uniformly spaced reinforcing bars in shell, membrane, and solid
elements. Rebars do not contribute to the mass of the model.

Let gj, i=1, 2, be the element's usual isoparametric coordinates. Let r be an
isoparametric coordinate along the line where the face of the element intersects the plane
of reinforcement, with —1<r <1 in an element. The plane of reinforcement is always

perpendiclar to the element face. The detailed information is shown in Figure 3.2
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Figure 3.2 Rebar in a solid, two-dimensional element.

The volume of integration(AV), and rebar strain (¢) are calculated as

A ox oOx._ |

AV =0 (=222 W, 3-65
S,(c')r 6r) 0N (3-65)

where
ty = 2mx
Ay = rebar cross-sectional area
So = spacing of rebar
Wn = Gauss weight associated with the integration point along the (r) line,

X = x(g;) is position.

O0x
el -66
5 (3-66)

ox Og,
og, or

Strain is



1, d?
e= In 3-67
5 ( i’ ) (3-67)
where dl and dly measure length along the rebar in the current and initial configurations.

For the deformation allowed in these elements,

dl?

,)} =cos’ arl +sin’ ol (3-68)
a2

(

where a is the orientation for the rebar from the plane of the model,

s OX

g2 o Ox 0% 0%y 0% (3-69)
o o o or

is the squared stretch ratio in the r-direction, and A, (A, =x, X for axisymmetric

elements) is the stretch ratio in the t-direction.

3.5 Major Materials Used in the Tire Model
3.5.1 Incompressible Mooney-Rivlin Rubber

It is known that the tread part of a truck tire is made of rubber material. In this
analysis the Mooney-Rivlin model is applied on the tread part. The strain energy density

function is defined in terms of the input constant A, B and Poission’s ratio, v, as :

W(l,,1:.1;)=A(1,-3)+ B(],-3)+C( ]7 -1)+ D(IJ']): (3-70)

s
where

b AGV-2)+ B(lIv-5)

2(1-2v) G-71)

C=054+B (3-72)

G =2 (A + B) = shear modulus of linear of elasticity



I;, I, I3 = strain invariant in terms of the principal stretches

L=A A7+ A7 (3-73)
I,= /1/: /1:: + /1:2 /132 + /132 /1/3 (3-74)
L= A0 A5 A5 (3-75)

The principal components of Cauchy stress, o are given

Jo, =1 O

= 3-76
»y (3-76)

The derivation of the constants C and D is completed by considering uniform dilation. For
uniform dilation
A= A= A:= A (3_77)

thus the pressure p, is obtained

o1, ol 01; (3-78)
The relative volume, V can be defined in terms of the stretches as:

V== volumenew (3-79)

volume.ia
For small volumetric deformations, the bulk modulus K, can be defined as the ratio of the

pressure over the volumetric strain as the relative volume approaches unity:

. P
K =1lim 3-80
l'l—v()( V - ]) ( )

In the limit, as the stretch approaches 1 the pressure must approach zero. So equation
(3-78) must approach zero as the stretch approaches one. With this condition and

equation (3-80) the constants C and D can be solved.
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3.5.2 Orthotropic Composite Material
The material law that relates stresses to stains is defined as:
c=71'C.T (3-81)
where T is a transformation matrix, and Cy_ is the constitutive matrix defined in terms of

the material constants of the orthogonal material axes, a, b and c. The inverse of C,_ is

defined as
i 1 _ th _ tua 0 0 O |
Ea Eh Ef
O
E. E, E
_ Va(' _ Vh(' 1 0 0 0
ci-| B TE K (3-82)
o o o 1 o o
(Juh
o 0o o o ' o
G,
o o o o o !
| (qu B
Note that
Vab _ Vba  Vea _ Vae  Vieb _ Vk (3_83)

E. E» E. E. E. E»
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Chapter 4

SIMULATION OF TIRE/PAVEMENT INTERACTION AND STATIC ANALYSIS

4.1 Description of Tire/Pavement Modeling

In this analysis, a Goodyear 295/75R22.5 Unisteel G167A Low Profile Radial
smooth tire is modeled. The design maximum load of the tire is 6175 lbs (27479 N) at
110 psi for a single wheel and 5675 lbs (25254 N) at 100 psi for each wheel of a dual
wheel. The tread of the tire has 5 plies of steel cord; the sidewall has 1 ply of steel cord.
The overall diameter of the tire is 40.77 inches (inflated); A typical tire structure of this
kind of tire is shown in Figure 4.1. The tire information is provided by Smithers
Scientific Services, Inc. (Akron, Ohio). The rim data required for this tire is obtained
from the Tire and Rim Handbook (1993).

A rigid pavement was considered in this analysis.

4.2 The Finite Element Model

The tire model consists of the following parts: ply, belts, tread cap, sidewall, bead,
and flipper. The axisymmetric finite element meshes of the cross-section of the body are
used as a starting point. The model is discretized with axisymmetric elements. The cross-

section of the tire model is shown in Figure 4.2. The ply and belts are modeled by
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Figure 4.1 Typical tire structure
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defining rebar in the continuum elements. They are constructed from fiber reinforced
rubber composites. Bead and flipper are modeled as a linear elastic material. The tread
and sidewall are made of rubber. The rubber is modeled as an incompressible hyperelastic
material, and the fiber reinforcement is model as a linear elastic material. To save
computing time, the rim was modeled as a rigid body. For a real truck tire, the rim is
made of alloy. Its modulus is much higher than that of rubber material. It is often modeled
as a rigid body in tire analysis.

A three-dimensional model is created by revolving the cross-section about the
symmetry axis. The axisymmetric elements are converted to three-dimensional continuum
elements during the model generation. Fifty divisions make up the circumferential
direction of the tire. To refine the mesh in the contact zone, a higher density of elements
is chosen in this area. The road is defined as a rigid surface in the three-dimensional
model. The truck tire/pavement model, shown in Figure 4.3, has a total of 16600
elements.

The material properties for the tire model were provided by the Goodyear Company

(Akron, Ohio). They are listed in the Table 4.1, Table 4.2, and Table 4.3.

Table 4.1 Ply and belts reinforcement properties of tire model.

Part E, Mpa C
Bar 1 151580.0 0.3
Bar 2 110240.0 0.3
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Table 4.2 Bead and flipper properties of tire model.

Part E, Mpa v
Bead 151580.0 0.3
Flipper 110240.0 0.3

Table 4.3 Rubber properties of tire model.

Part A, Mpa B, Mpa \Y

tread 1.1 0.0 0.495
rubber at bead area 5.52 0.0 0.495
Rubber at side wall 3.0 0.0 0.495
Rubber at belts 1.1 0.0 0.495

In this analysis a rotating tire is simulated by three steps: (1) applying tire pressure;

(2) applying vertical deflection which is equivalent to load; and (3) rotating the tire with

different speeds and accelerations.

For the static part only the first two steps are applied. In the first step, the pressure is
applied on the inner surface of the tire model. In this analysis three pressure levels are
considered: 90 psi, 100 psi, and 110 psi. In the second step an upward vertical

displacement was applied on the rigid pavement to contact with the tire model for a given

pressure.
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4.3 Validation of the Simulated Tire Model

In this analysis the load-deflection ratio of the tire was used for validating the tire
model. The load-deflection curve, widely used for both numerical and experimental
analysis, is a very important factor in tire/pavement interaction analysis. The deflection of
the tire is defined as the displacement of the tire axis after applying load on it. In static
analysis three tire pressure levels are used: 90 psi, 100 psi and 110 psi. Load-deflection
curves for three pressure levels are presented in Figure 4.4, Figure 4.5, and Figure 4.6.
Experimental results prepared by Goodyear (Akron, Ohio) are presented also. The
differences between FEA results and relative experimental results are increased as
deflection increased. The differences are 21%, 15.7%, and 16.8% at a deflection of 50.8
mm for pressure of 90 psi, 100 psi, and 110 psi. The mass of the tire is 119.38 1bs. The
mass of FEA tire model is 115.79 Ibs. Contour maps showing the total deformation at

inflation pressure of 100 psi and different deflections are presented in Figure 4.7 to Figure

4.11.
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Figure 4.4 Load-deflection curves for the experimental analysis and the numerical

analysis (90psi)
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Figure 4.5 Load-deflection curves for the experimental analysis and the numerical

analysis (100psi)
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Figure 4.6 Load-deflection curves for the experimental analysis and the numerical

analysis (110psi)

38



(N 6LET) WU ¢°¢ JO uonoapap pue isd 00| JO amssaid e SMOJUCD UONBULIOJIP [EIOL L't 3MB1]

ok

961 3pou I8
00+2000 "0+ UTH

39



(N £S6€1) Wl $°9[ Jo uonoapyap pue i1sd 00| Jo 2mssaid Je SMOJU0D UOHBULIOJSP €10 | ' 3mB1]

-

96T apou W
00+3000 "0+ UTH

40



(N 196S7) W /27 3o uonoaygap pue 1sd (o[ Jo amssaid Je SIO0JU0d UOHEWLIOJ3P [BI0] 6 331

961 apou W
00+3000 "0+ UTH
€956 apou 38
TO+36T8 "E+ XWH
0042000 0+
0D+2EBT E+

41



(N 889%F) W 9°pp Jo uondapyap pue isd oQ[ Jo 1nssaid je SMOJU0D UONEBULIOJIP [e10] Ot am3ig

96T 3pou I\
00+3000 "0+ UTH
€956 apou W
TO+3€SS “b+ XSH

42



(N £196F) W ¢°g4 Jo uona[gap pue 1sd Q[ Jo 2anssaid 1e SMOJU0d UOHEBULIOJIP [BI0L [ [t dmB1]

96T 3pou W
00+3000 "0+ UTH
€956 @pou W
TO+2EPL "b+ XWH

_u_u+l_u_u_u S0+

10+39L6° .n+
TO+3TLE 2+
10+999L "2+
T0+329T E+
1043455 E+

43



4.4 Static Results for the Contact Stress

For the three pressure levels used, summaries of these results are listed in Table 4.4,
Table 4.5 and Table 4.6 for pressures of 90psi, 100psi, and 110psi respectively.
Representative contact stress distributions are presented in Figures 4.12 to Figure 4.28.

For a pressure of 90psi, the absolute maximum normal stress level varies from 0.343
Mpa (defl=4.6 mm) to 1.433 Mpa (defl=49.6 mm). For a pressure of 100 psi, the absolute
maximum normal stress level varies from 0.2938 Mpa (defl=3.9mm) to 1.540 Mpa
(defl=48.9 mm), For a pressure of 110 psi, the absolute maximum normal stress level is
from 0.0392 Mpa (defl=1.04 mm) to 1.584 Mpa (defl=48.4 mm). For the same pressure
level the following results are found: (1) When deflection increases, the maximum stress
level increases. (2) Contact shapes and sizes are different when deflections are different;
contact areas increase as deflections increase. (3) The maximum normal stress is located
at the center part of the contact area when deflection is small, but the maximum normal
stress occurs in two separate patches which move toward the tire sidewalls when
deflection is large. For the same deflection, a higher pressure gives higher maximum
normal stress level. As mentioned earlier, normal average stress is used in pavement
design. From Tables 4.4 to 4.6, one sees that some average normal stresses are about half
of the corresponding maximum normal stresses. If pressure or deflection is higher, the
ratio of Max./Av. is higher. The data show that error is high at high pressure and

deflection if the average normal stress is used in pavement design.
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Chapter 5

ROLLING TRUCK TIRE/PAVEMENT INTERACTIONS

5.1 Tire Model

A comprehensive analysis for a steady-state rolling truck tire is completed by a series
of simulations. Different pressures, loads or deflections, speeds, slip angles, braking or
traction, and frictions are discussed. As mentioned in the Chapter 4, a rigid pavement is
simulated. The purpose of this analysis is to find out the effects of these factors on the
contact patch between the tire and pavement.

In Chapter 4, static stress distributions were presented for given pressures and
deflections. Based on the deflected tire model, a free rolling tire model was obtained by
applying a translational ground velocity and a corresponding spinning angular velocity on
the deflected tire model. Here V| represents translational ground velocity and V,,
represents spinning angular velocity. The slip angle, 0, is the angle between the direction

of travel and the plane normal to the axle of the tire. A free rolling model with different

slip angle was obtained by gradually changing the velocity angle of the free rolling model.

A traction or braking model was obtained by changing the moving ground speed of the

free rolling model.
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5.2 Simulation results

As with the static analysis, three tire pressures were considered: 90psi, 100psi, and
110psi. The detail information of simulations is listed in Table 5.1, Table 5.2, and Table
5.3 for the three pressure levels, respectively. For each simulation the contact stress
distributions were obtained. Summaries of the results of these simulations are listed in
Table 5.4, Table 5.5, and Table 5.6 for free rolling, traction or braking, and slip angle
respectively. Figures 5.1 to 5.34 show detailed contact stress plots that are keyed to the

simulation cases summarized in Table 5.4 to 5.6.
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Table 5.1 Detail information for tire of 90psi

Simulation case

Detail information

P90_Free 1 Defl. = 22 mm, Friction = 0.95, v=5 mph, free rolling

P90_Free 2 Defl. = 42 mm, Friction = 0.95, v=5 mph, free rolling

P90 Free 3 Defl. = 50 mm, Friction = 0.95, v=65 mph, free rolling

P90_Slip 1 Defl. = 50 mm, Friction = 1.0, v=65 mph, slip angle =1.5"

P90 Slip_2 Defl. = 50 mm, Friction = 1.0, v=65 mph, slip angle =2.4"

P90 _Slip 3 Defl. = 50 mm, Friction = 1.0, v=65 mph, slip angle =3.0°

P90 _Slip 4 Defl. = 50 mm, Friction = 0.9, v=65 mph, slip angle =1.5’

P90 Slip 5 Defl. = 50 mm, Friction = 0.9, v=65 mph, slip angle =2.4°
P90_Slip 6 Defl. = 50 mm, Friction = 0.9, v=65 mph, slip angle =3.0’

P90 Tr 1 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=70 mph, Traction
P90 Tr 2 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=75 mph, Traction
P90 Bk _1 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=60 mph, Braking
P90 Bk 2 Defl. = 50 mm, Friction = 0.95, V=65 mph, V=55 mph, Braking
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Table 5.2 Detail information for tire of 100psi

Simulation case

Detail information

P100_Free 1

Defl. =29 mm, Friction = 0.95, v=65 mph, free rolling

P100 _Free 2

Defl. = 50 mm, Friction = 0.95, v=45 mph, free rolling

P100_Free 3 Defl. = 50 mm, Friction = 0.95, v=65 mph, free rolling
P100_Slip_1 Defl. = 29 mm, Friction = 0.95, v=65 mph, slip angle =0.9"
P100_Slip 2 Defl. = 29 mm, Friction = 0.95, v=65 mph, slip angle =1 8°
P100_Slip 3 Defl. = 29 mm, Friction = 0.95, v=65 mph, slip angle =3.0"
P100_Slip 4 Defl. = 50 mm, Friction = 0.95, v=45 mph, slip angle =1.5°
P100_Slip 5 Defl. = 50 mm, Friction = 0.95, v=45 mph, slip angle =3.0"
P100_Slip_6 Defl. = 50 mm, Friction = 0.95, v=65 mph, slip angle =0.9"
P100_Slip 7 Defl. = 50 mm, Friction = 0.95, v=65 mph, slip angle =1.8"
P100_Slip_8 Defl. = 50 mm, Friction = 0.95, v=65 mph, slip angle =3.0°
P100_Tr 1 Defl. = 29 mm, Friction = 0.95, V,=65 mph, V,=68.5 mph,
Traction
P100_Tr 2 Defl. = 29 mm, Friction = 0.95, V=65 mph, V,=74.1 mph,
Traction
P100_Tr 3 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=70 mph, Traction
P100 _Tr 4 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=75 mph, Traction
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Table 5.3 Detail information for tire of 110psi

Simulation case

Detail information

P110 Free 1 Defl. = 50 mm, Friction = 0.95, v=65 mph, free rolling
P110_Slip 1 Defl. = 50 mm, Friction = 0.95, v=65 mph, slip angle =0.9°

P110 _Slip 2 Defl. = 50 mm, Friction = 0.95, v=65 mpbh, slip angle =1 87
P110_Slip 3 Defl. = 50 mm, Friction = 0.95, v=65 mph, slip angle =3.0°

P110 _Tr 1 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=70 mph, Traction
P110_Tr 2 Defl. = 50 mm, Friction = 0.95, V=65 mph, V,=75 mph, Traction
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5.3 Reference Data for a Slow Rolling Tire Test

As mentioned in Chapter 2, de (1994) investigated the vehicle-road surface contact
problem by using an experimental method. In his analysis, a smooth Goodyear tire was
used, and the rolling speed was low-only 5 mph (8 km/h.) Different load levels were
applied. Some typical contact vertical and longitudinal stress distributions from de’s work
are shown in Figures 5.35 through 5.38. These data provide very useful information for

comparison with the numerical results, as discussed in Chapter 6.
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Figure 5.35 Measured vertical stress distribution of 40000. N (8989 Ib.) load, tire
pressure 90 psi (0.62 Mpa,) and speed of 5 mph (de 1994).
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Figure 5.36 Measured vertical stress distribution of 80000. N (17978 1b.) load, tire
pressure 90 psi (0.62 Mpa,) and speed of 5 mph (de 1994).
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Figure 5.37 Measured longitudinal stress distribution of 40000. N (8989 1b.) load,
tire pressure 90 psi (0.62 Mpa,) and speed of 5 mph (de 1994).
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Figure 5.38 Measured longitudinal stress distribution of 80000. N (17978 Ib.)
load, tire pressure 90 psi (0.62 Mpa,) and speed of 5 mph (de 1994).
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Chapter 6

DISCUSSION

The Goodyear 295/75R22.5 truck tire is analyzed by using the finite element method.
Different pressures, loads or deflections, speeds, slip angles, braking or traction, and
frictions are considered. These data were presented in Chapter 5. As results of a tire
rolling over a rigid pavement, these data are very interesting and useful for tire/pavement

interaction analysis.

6.1 Free Rolling Tire Model

Results for the free rolling tire model were illustrated in Table 5.4. The pressure
levels were the same as for the static loaded tire model: 90psi, 100psi, and 110psi. It was
found that there are some differences between the static results and the free rolling
results. First, the normal stress contours of the free rolling tire model are shifted forward.
Because of the deformation in the leading portion of the contact patch, the vertical
pressures are shifted forward. The centroid of the vertical force does not pass through the
spin axis and therefore rolling resistance is generated. Second, the high stress areas are
moved toward the two sidewalls in the free rolling tire model. High stress areas are

increased in fore-back direction. When the deflection of the rolling tire model is
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increased, this phenomenon is more pronounced. Deformations for the rolling tire model
were larger in the contact areas due to frictional forces between the tire and the pavement.
Sidewall areas carry larger load because they have higher stiffness. So the higher stresses
of the free rolling tire model are shifted to the sidewall areas. Third, the contact areas are
found to be smaller for the free rolling tire model. For the rolling tire, the inertial force of
the rolling tire has an effect on the contact area. When the tire is rolling about its axle, the
centrifugal force is distributed in the tire tread. Since the centrifugal force is proportional
to o (o is the angular velocity of the rolling tire) a higher rotating speed produces a
larger centrifugal force. Similar to increasing tire pressure, increasing the centrifugal
force will increase the tire stiffness. Thus the contact area will be decreased at a given
deflection level. Fourth, the normal maximum stress for the free rolling tire model is
higher than that of the static loaded tire at higher tire pressure levels. At a pressure of 90
psi and a deflection of 49.6 mm, the maximum normal stresses are 1.492 Mpa and 1.481
Mpa for the statically loaded tire and the free rolling tire respectively. At a pressure of
100 psi and a deflection of 48.9 mm, the maximum normal stresses are 1.54 Mpa and
1.628 Mpa for the statically loaded tire and the free rolling tire respectively. At a pressure
of 110 psi and a deflection of 48.4 mm, the maximum normal stresses are 1.584 Mpa and
1.694 Mpa for the statically loaded tire and the free rolling tire, respectively.

It was mentioned earlier, the static average stresses are used in pavement design. Even
for the static loaded tire model, normal stresses are underestimated by the static average.
For the free rolling tire at 100 psi and 110 psi the underestimation is worse. When
deflections of the static tire were close to 50 mm, the ratio between the maximum normal

stresses and the average normal stresses is close 2.0. For a free rolling tire at 100 psi and
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110 psi the ratio is 2.045 and 2.12. It seems reasonable to use a multiplying factor of 2.2
to modify the average normal stress for the approximate actual normal stress found for
the free rolling model at 100 psi and 110 psi. As discussed earlier, the tire/pavement
model is with smooth tread and rigid pavement. In the real world, tires may have different
types of grooves and pavements may be concrete or asphalt. The detailed tire/pavement
information will change the factor value.

For a pressure level of 100psi, two deflections and two velocities were shown. It can
be seen that normal stress, shear stresses, and contact area are increased as the deflections
increased. This is similar to the static results. Results of the static loaded model and the
free rolling model prove that the deflection is a key factor in contact stresses. The results
for 45mph and 65mph show that the normal stress, shear stress, and contact area are
increased as the speeds increased, but it seems that the deflection has more effect on
stress level than the speed does.

By comparing results of the three pressure levels it can be seen that the normal stress
and shear stress were increased as the pressure increased. But the contact areas were
decreased as the pressure increased. This is similar to the static results.

de (1994) investigated the interaction between a rolling tire and the pavement by
using an experimental method. Some of his results were shown in Figure 5.33 to Figure
5.36. The speed of the experiment is quite low, only Smph. The tire pressure is 90 psi.
Two loading levels were used: 40000 N and 80000 N. For comparison purposes, two free
rolling cases of the FEA model were listed: 18871 N and 40000 N at 5 mph and 90 psi
tire pressure. In de’s experimental results, high normal stresses are located at two sidewall

areas. The maximum normal stress is about 0.75 Mpa and 1.5 Mpa for 40000 N and
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80000 N, respectively. The maximum normal stress is a little shifted forward. These
results are similar to the FEA simulations discussed previously, although de’s tire model
is not same as the FEA model. Maximum normal stress of the FEA model is 1.42 Mpa for
40000 N vertical load. It is almost twice de’s result at 40000 N. Since the tire structures
are different, the two results can not be compared directly, but they have similar normal
stress distribution and shear distribution profiles. These results do provide a reference for
tire/pavement interaction information. Also, since de used pins to measure the normal
load, it is possible that the highest local loads were missed. One wonders also if inertial
and dynamic effects were properly accounted for in the experimental work, particularly

in the choice of strain gages. Unfortunately, de did not provide tire properties in the form

of load deflection-curve so direct quantitative comparison can not be pursued.

6.2 Traction or Braking Tire Model

Results for the traction or braking tire model were illustrated in Table 5.5. The same
pressure levels as for the static loaded tire model were considered: 90psi, 100psi, and
110psi. Normal stress contours for traction models are shifted forward more than they are
for the free rolling model. The reason for the shifting was discussed in the previous
section. Since the rolling resistance is larger for a traction model, the normal stress
contours are shifted more. For the braking model the normal stress contours are shifted
backward. As mentioned earlier, sidewall areas carry larger load. High stresses for
traction models are also located toward sidewalls. But high stresses for braking models

are located at a small area toward sidewalls.
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For traction models and braking models, the contact areas are larger and contact
stresses are higher than for the free rolling model. High normal stresses for braking
models are located in smaller areas than for traction models, and the maximum normal
stress is higher than for the traction model. For the braking model at a pressure of 90 psi
and a deflection of 49.6 mm, the maximum normal stress is 2.442 Mpa when the
translation speed is 65 mph and the rotating speed is 55 mph. In this case the tire is
slipping. These data show that traction and braking are much more critical in terms of
stress than is the free rolling model. Braking models are more critical than traction
models. For the braking model the ratio between the maximum normal stress and the
static average stress is 3.24.

For the traction model at a pressure of 100 psi two deflections were considered. As
with the other two models, a higher deflection creates a higher stress and a larger contact
area.

By comparing results for the three pressure levels it can be seen that the normal stress
and shear stress increased as the pressure increased. For the static loaded models and free
rolling models, the contact areas decreased as the pressure increased. But for traction or
braking models, the contact areas don’t have the same trend. Deformations in contact
areas are larger for traction models or braking models. They produce the larger contact
areas for traction models or braking models. The effect of tire pressure on the contact area
is not as obvious as for the static loaded models and free rolling models. Results show
that traction models or braking models are more critical at higher pressure than free

rolling models.

132



In comparison with a free rolling model, the interface shear stresses are quite high.
The maximum interface shear stress for the braking model is 1.609 Mpa. The maximum
shear stress ratio between the braking model and the free model is 5.4. The maximum

shear stress is a very important factor in pavement design.

6.3 Slip-Rolling Tire Model

Results for a slip-rolling tire model were illustrated in Table 5.6. The same pressure
levels as for the static loaded tire model were considered: 90psi, 100psi, and 110psi. The
high stress areas are moved toward the sidewall in the slip direction. The contact areas are
smaller than were found for the free rolling model. The maximum normal stresses are
higher than for free rolling models and traction or braking models. For the slip-rolling
model at a pressure of 100 psi, 65 mph, and 3-degree slip angle the maximum normal
stress is as high as 2.964 Mpa. It is 3.72 times the static average normal stress.

In this analysis the slip angle was increased from zero to three degrees. Results show
that a larger slip angle produced higher normal stress and shear stress.

For the slip-rolling model at a pressure of 90 psi, two friction coefficients were
considered: 0.9 and 1.0. Results are slightly different between these two cases. When slip
angles was increased, stresses difference was increased. For a 3-degree case the
maximum normal stresses are 2.546 Mpa and 2.631 Mpa for friction coefficients of 0.9
and 1.0, respectively.

For the slip-rolling model at a pressure of 100 psi, two speeds were considered: 45
mph and 65mph. Results show that the high speed created a little higher stress. The

normal stresses at a 3-degree slip are 2.488 Mpa and 2.964 Mpa for speeds of 45 mph and
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65 mph respectively. The transverse shear stresses at a 3-degree slip are 0.8206 Mpa and
1.058 Mpa respectively.

For the slip-rolling model at a pressure of 100 psi, two deflections were considered:
29 mm and 49 mm. As for other loading cases, a higher deflection created higher stresses.
The normal stresses at a 3-degree slip are 1.74 Mpa and 2.964 Mpa for deflections of 29
mm and 49 mm respectively. The transverse shear stresses at a 3-degree slip are 0.6956
Mpa and 1.058 Mpa respectively.

For the slip-rolling model at a slip angle of 3 degree the normal stresses for 90 psi,
100 psi, and 110 psi are 2.631 Mpa, 2.964 Mpa, and 2.713 Mpa. In previous tire loading
models, a higher pressure created a higher normal stress. But for the slip-rolling model,
results for 90 psi and 110 psi are quite close. At a pressure of 100 psi the normal stress is
the highest one among the three pressure levels. It shows that a little higher pressure than

the design pressure helps support normal load.
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Chapter 7

CONCLUSIONS

A tire/pavement interaction is simulated using the finite element method for a truck
tire rolling over a rigid pavement. In this analysis the tire is modeled by using two-
dimensional and three-dimensional elements in which geometric nonlinearities and
anisotropic materials are included. Different pressures, loads or deflections, speeds, slip
angles, braking or traction, and friction are considered. The analysis successfully provides
contact interface stress distributions for a tire rolling over a rigid pavement. The results
show that the finite element method is a very useful and powerful tool for tire/pavement
interaction analysis.

Results for a statically loaded tire describe the response of the tire to inflation
pressure loads, contact loads, and normal static loads against a rigid flat plate. Numerical
results of load-deflection curves are quite close to experimental results obtained from the
literature. Contact shapes and contact areas differ at different load levels. The maximum
normal stress is located at the center of the contact area at lower load; the maximum
normal stress is separated into two parts located around the sidewalls at higher load. The
ratio between the maximum normal stress and average normal stress is as high as 1.9817

for the tire model with a pressure of 90 psi and 50 mm deflection. The data shows that the
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normal stress levels are seriously underestimated if the average normal stress is used in

pavement design.

Results for a rolling tire describe the truck tire subjected to inflation pressure loads,
normal loads, and contact loads against a rigid pavement under moving conditions
including braking, traction, and slip. Results from this investigation lead to the following
observations and conclusions:

1. For a free rolling tire model, normal stress contours of the free rolling tire model are
shifted forward; high stress areas are moved toward to two sidewalls; high stress areas
are increased in fore-back direction; normal maximum stresses at higher tire pressure
(100 psi and 110 psi) are higher than for the static loaded tire. At a deflection of 50
mm and a speed of 65 mph, maximum normal stresses for free rolling models are
increased by 5.7 % and 6.9 % beyond those for the static loaded model for 100 psi

and 110 psi tire pressure respectively.

o

For a free rolling tire model at a deflection of 50 mm and a speed of 65 mph, the ratio
between the maximum normal stress and the average static normal stress is above 2.0
for both 100 psi and 110 psi.

3. For a free rolling tire model, increasing deflection, and speed will produce higher
contact stress; at higher tire pressure (100psi and 110 psi) increasing tire pressure will
produce higher contact stress. Among the three factors, deflection has more effect on
contact stresses and contact areas than the other two. For a tire pressure of 100 psi and
a speed of 65 mph, the maximum normal stress of the free rolling model is increased
by 32.6 % when the deflection is increased from 29 mm to 50 mm. At a deflection of

50 mm and a speed of 65 mph, the maximum normal stress is increased by 9.9%
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when the tire pressure is increased from 90 psi to 100 psi. The maximum normal
stress is increased 10.7 % when the tire pressure is increased from 90 psi to and 110
psi. For a tire pressure of 100 psi and a deflection of 50 mm, the maximum normal
stress is increased by 2.5 % when the speed is increased from 45 mph to 65 mph.

. Comparisons with de’s experimental work suggest that they have similar normal
stress distribution and shear distribution profiles. These results do provide a reference
for tire/pavement interaction information. Also, since de used pins to measure the
normal load, it is possible that the highest local loads were missed. One wonders also
if inertial and dynamic effects were properly accounted for in the experimental work,
particularly by choice of strain gages. Unfortunately, de did not provide tire properties
such as a load deflection-curve, so direct quantitative comparison can not be pursued.
. For traction or braking tire models, normal stress contours for the traction models are
shifted forward more than for the free rolling model; normal stress contours for the
braking models are shifted backward.

. For traction or braking tire models, contact areas are larger and contact stress are
higher than for the free rolling model. For a tire pressure of 100 psi, a deflection of 50
mm, and a speed of 65 mph, the maximum normal stress for the traction model is
28.7 % higher than that for the free rolling model; the contact area for the traction
model is 4.99 % larger than that for the free rolling model. High normal stresses for
the braking models are located in a smaller area than for traction models. The
maximum normal stress for the braking model is higher than that for traction. At a tire
pressure of 90 psi, a deflection of 50 mm, and a speed of 65 mph, the contact area for

the braking model is 2.3 % smaller than that for the traction model; the normal stress
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for the braking model is 34.8 % higher for the braking model than that for the traction
model.

. For traction or braking tire models, increasing deflection will produce higher contact
stress and larger contact area; increasing pressure will produce higher contact stress.
For a tire pressure of 100 psi and traction at 65 mph, the maximum normal stress for
the traction model is increased by 25.6 % when the deflection is increased from 29
mm to 50 mm; and the contact area is increased by 49.4 % when the deflection is
increased from 29 mm to 50 mm. At a deflection of 50 mm and traction at 65 mph,
the maximum stress of the traction model is increased by 4.7 % when the tire pressure
is increased from 100 psi to 110psi.

. The maximum interface shear stress for the braking model is higher than that for
static loaded model and free rolling model. At a tire pressure of 90 psi, a deflection of
50 mm, and a speed of 65 mph, the maximum shear stress ratio between the braking
model and the free model is 5.4.

. For the slip-rolling tire model, high stress areas are moved toward the sidewalls in
the slip direction. The contact areas are smaller than for the free rolling model. The
maximum normal stresses are higher than for free rolling models and traction or
braking models. At a pressure of 100 psi, a deflection of 50 mm, and a speed of 65
mph, the contact area for the slip-rolling model with 3° slip angle is 9.2 % less than
that for the free rolling model. At a tire pressure of 100 psi, a deflection of 50 mm,
and a speed of 65 mph, the maximum normal stresses for a slip-rolling model with 3°
slip angle is 28.3 % and 45.1% higher than that for free rolling model and traction

model respectively.
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10.

1.

12.

For the slip-rolling tire model, a larger slip angle produces higher normal stress and
shear stress. For a tire pressure of 110 psi, a deflection of 50 mm, and a speed of 65
mph, the maximum normal stress of the slip-rolling model is increased by 53.5 %
when the slip angle is increased form 0.9° to 3% and the maximum shear stress of the
slip-rolling model increased by 132.5 % when the slip angle is increased from 0.9° to
3.

For the slip-rolling tire model, increasing deflection, friction, speed, and slip angle
will produce higher contact stress. Among these factors deflection has more effect
than the other parameters do. For a tire pressure of 100 psi, a deflection of 50 mm,
and a speed of 65 mph with a slip angle of 3°, the maximum normal stress of the slip-
rolling model is increased 70.3 % when the deflection is increased from 22 mm to 50
mm.

The maximum ratios of max/av. normal stress vary from 1.98 for static case to 1.97
for the free rolling case, and 3.22 for the traction case to 3.29 for the slip rolling case.
These findings suggest that the average stress used in the AASHTO seriously
underestimates the maximum stresses served by pavements, with the result that

highways can be seriously underdesigned.
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Chapter 8

FUTURE WORK AND RECOMMENDATIONS

For both the automotive industry and highway system designers, truck tire/pavement
contact analysis, a very complicated procedure, is important. Based on the results
obtained in this study, the following recommendations for future research on the analysis
of rolling tire/pavement contact are offered:

1. Consider different road profiles. It is known that unsmooth surfaces induce heavier
load between pavement and vehicle tire. Investigating a rolling tire over unsmooth
pavements will provide very useful data for both pavement design and tire analysis.

2. Consider dynamic loading due to bouncing. It is known that bouncing accelerates
masses, which may produce loads as high as several times actual load. This is a very
critical loading case, but the analysis is complicated. Experimental bouncing data are
needed as input information for tire/pavement interaction analysis.

3. Consider truck tires with typical grooves and less-idealized pavement models. In
general, grooves of a tire created higher contact stresses than a smooth tire. There are
various types of grooves. It is very useful to analyze tires with typical types of grooves

as they roll over asphalt and concrete pavements.
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4. Consider temperature influences. The tire/pavement interaction is a thermal-
mechanical coupled problem. In real situations, trucks roll over pavements through
many seasons with temperatures that vary greatly. Material properties for tire and
pavement are temperature-dependent. Investigating the effect of temperature on the
tire/pavement contact is important for the automotive industry and for highway
system designers. First, temperature-related materials properties and temperature
change information related to tires rolling over various kinds of pavements should be
obtained by experimental or numerical methods. Second, researchers need to simulate
the tire rolling over pavements under varying conditions such as different
temperatures and periods of rolling time.

5. More experimental investigation is needed to provide data that will guide

computational further efforts.
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