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A Finite Element Model for Tire/Pavement Interaction: Application to
Predicting Pavement Damage

Kaiming Xia

Abstract: Tire/pavement interaction has been an important research topic in pavement engineering for many years. Rutting and fatigue
cracking are two important concerns that govern the pavement structure design. The allowable number of load repetitions to limit rutting
and fatigue cracking are predicted based on the tensile stress or strain at the bottom of asphalt concrete layer and compressive strain at
the top of subgrade. Traditionally, strains are calculated using multilayer elastic formulation based on the predefined contact area either
circular or rectangular, which are not very accurate. A fully dynamic tire/pavement interaction satisfying impenetrability and traction
conditions cannot be achieved with empirical approaches. Therefore solutions of stresses and strains at concerned places of pavement
structure are not reliable. This paper presents a fully tire/pavement interaction finite element model that can effectively include the
dynamic effect of tire rolling to the calculation of pavement response. The tire is modeled as a finite strain hyperelastic material, and the
pavement structure is modeled as elastic materials. A finite strain hyperelasticity is introduced for modeling of rubber tire, which was
implemented as a user subroutine in ABAQUS. Representative simulations are provided to demonstrate how the tire/pavement
interaction model can be used to predict pavement response and pavement damage due to fatigue cracking and rutting in the field of

pavement engineering.
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Introduction

Asphalt pavement exhibits various distresses that will eventually lead
to the pavement’s failure. Dynamic vehicle loads, transferred to the
pavement structure through the tire, have been considered the major
factor to cause pavement distresses: rutting and fatigue cracking.
Both fatigue cracking and rutting represents the two most common
distresses with pavement deterioration, which are closely related to
tire/pavement interaction. The vehicle load causes the pavement
structure to deform, which creates both compressive and tensile
stresses and strains in the asphalt pavement portion of the pavement
structure. Rutting is sometimes called channeling, which represents a
serious longitudinal surface depression in the vehicle wheel paths.
The cumulative permanent deformations of subgrade soil and asphalt
mixture are the major part of the total rutting depth. Vehicle tire
compaction of unstable asphalt mixture is the dominant reason that
causes rutting of asphalt concrete. Fatigue cracking is caused by
repeated traffic load. The principal criterion for the fatigue of an
asphalt pavement is the maximum tensile strain at the bottom of the
asphalt layer, while the principal criterion for permanent deformation
due to subgrade deformation is the maximum compressive strain at
the top of the subgrade [1]. Cracking of asphalt pavement layer
occurs from repeated tensile strains of which the maximum occurs at
the bottom of the asphalt layer. The crack, once initiated, propagates
upward causing gradual weakening of the asphalt pavement. Asphalt
pavement usually starts to crack once the temperature or traffic
generated stresses and strains exceed the fatigue or tensile strength of
the compacted asphalt mixture. Once the tensile strength of the
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asphalt mixture is exceeded, a crack will be developed at the interface.
Then the crack propagates toward the pavement surface under the
repetitive traffic tire load.

Accurately estimating the response of the pavement to traffic load
is very critical to predict the distress development. The tire inflation
pressure and the tire structure are the two most important factors that
influence the contact area and contact pressure distribution at the tire
pavement interface. In the past, researchers have tried to discover
which of these factors have the greatest influence on pavement
response. Theoretical analyses employing various prediction models
are often used in attempts to identify the critical factor or
combination of factors. Prediction of pavement performance under
traffic load has been developed based on the pavement mechanical
performance monitored in field tests [2-8] and empirical methods [9,
10]. For pavement design, the induced horizontal tensile strains at the
bottom of the asphalt layer and the vertical compressive strains at the
interface with the top of the subgrade [1] are used to estimate the
allowable number of load repetitions. In order to calculate these
strains, the multilayer elastic theory was used [1] in which the contact
pressure distribution was always assumed. The current design
method for asphalt pavement adopts a relatively simple assumption
to calculate the contact pressure between tire and pavement surface
[6]. The contact area for general pavement design is assumed to be
circular or rectangular, which is inaccurate to predict the maximum
stress and strain in the pavement that usually triggers pavement
damage [1]. Also the analytical formulations used to calculate these
stresses and strains always assume that vertical pressures due to
vehicle loads are uniform and quasi-static. The manner in which
traffic loads are transferred to the pavement surface and the entire
pavement structure is controlled by the tire-pavement interaction
mechanism. Generally, the responses of pavement structure to traffic
loads are affected by pavement stiftness, thickness, vehicle load
magnitude, axle type and configuration, tire type, and pressure.

Vol.3 No.3 May 2010



However, this cannot be captured using the available empirical
formulations. Accurately estimating the stress and strain induced by
repeated vehicle load, dynamic tire/pavement interaction should be
fully understood. Finite element method (FEM) is well suited to
simulate tire/pavement interaction. Although FEM has been used to
investigate the pavement response to external traffic load [9-13],
fully dynamic tire/pavement interactions were rarely conducted in
the past. Among the empirical methods, an equivalent rectangular
contact area was always predefined, which is used to determine the
contact pressure. The moving traffic load is applied to the elements of
asphalt pavement where there is contact with tire. Therefore the real
tire/pavement interaction cannot be exactly captured in these
simulations. Only very few tire/pavement interaction models were
carried out in the past, such as in literature [14]. Also tire/pavement
interaction involves the modeling of tire-pavement frictional
interface, finite strain hyperelasticity of rubber material, tire structure,
multiplayer modeling of pavement system. Fully understanding this
issue has a positive impact on pavement management, which can
significantly reduce the need for field monitoring of pavement
performance and improve the pavement design.

The goal of this paper is to present a fully dynamic FEM
tire/pavement interaction model and investigate the effects of tire
pressure, tire type, and axle load on the response of asphalt
pavements.

Basic Equations of Finite Deformation

For modeling of rubber material, the large deformation theory should
be used. It is necessary to recognize that the deformation of material
could be relatively large during a loading-unloading cycle, which in
turn necessitates the clear distinguishing between the undeformed
configuration and deformed configuration. For a typical time step,
the updated configuration of the body at step #,+ 4 r may be written as
a function of the configuration at step #, and the incremental
displacement 4u during the time step 4¢. An updated position vector
can be given by:

X, =X+u=x,+Au (1

where, u is the total displacement vector with respect to the original
configuration. The deformation gradient or intermediate deformation
gradient is defined as follows:

op Ou ox

F=—"F7=1+— or f=—2 2)
oX oX ox

where, F is the deformation gradient, f is the relative deformation
gradient, and 1 is the identity unit tensor. In the updated Largrangian
formulation, an incremental displacement is defined with respect to
the configuration at time ¢, which is considered the reference
configuration for the current load step. The updated Lagrangian
formulation can therefore be visualized as a series of intermediate
total Lagrangian formulations. For the reference configuration, the
right Cauchy-Green deformation tensor C and Green-Lagrange
strain tensor E are defined as:

C=F'F, E=%(C—l) €
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In the current configuration, a common deformation measure is the
left Cauchy-Green deformation tensor b is defined as:

b=FF’ 4)

For finite deformation problem, the stress measure with respect to
the reference configuration is named by second Piola-Kirchhoff
stress S. The Cauchy stress ¢ and the Kirchhoff stress 7 are
defined with respect to the current configuration. The relationships
among these stresses are as follows:

t=Jo=F'SF ®)
Hyperelasticity Model for Tire Modeling

Rubber material exhibits a nearly incompressible feature. For rubber
material, we postulate the existence of a strain energy density
function, W, from which stresses can be directly calculated by
taking a derivative with respect to a deformation measure. Generally
a strain energy density function is expressed in terms of the right
Cauchy-Green deformation tensor C instead of Green-Lagrange
strain tensor E. Based on Eq. (5), the Second Piola-Kirchhoff stress
tensor S can be given by:

_aw _ow

s=" %7
OE oC

(6)

The hyperelasticity strain energy density function W is generally
expressed in terms of three invariants of C, which are:

I, =ttC, II, = %(1(% —trC?), 1l =detC=.J %

Thus, the stress is computed as:

oW dl. oW oll. oW &

S=2"""C42 ®)
ol. oC oll. oC aJ oC
The derivatives of the invariants are derived as follows:
Aoy e _yq_c Yoo ©
oC oC oC

As mentioned early, the rubber material is nearly incompressible in
deformation and poses
hyperelasticity strain energy density function is assumed to be
composed of two parts [15]:

a volumetric locking issue. The

w(l.a..J)= W(.1.) + U(J) (10)

(deviatoric part) (volumetric part)

The deviatoric part and volumetric part are respectively given by:

VI_/([C,J)—%,L{J;trC—3j, U(J):%K(J—l)z 11)

Based on Eq. (8), the deviatoric stress can be calculated as follows:
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4 22 A 2[ 1
S=2"—"—=y4|J31-2tCJ 3= |=wJ 3| 1-=trCC™" 12
ac “( 3 acJ # j (12

Applying push forward operation to Eq. (12) gives the deviatoric
stress in the current configuration as [15].

_ 2 oW, 3 1\
s=2F2 - R 1-~uc Sl P 13
7ot = [ 3 acj (13)

5
= ;u’{b—%tra]

The deviatoric modulus in the reference configuration can be give
by:

524;(;(22:2% (14)
2 2h oc™!
=su {gtrC(C' ®C")-C'®1-18C" —trC < }
where,
ac™!

—— =-C"'®C" (invariant form),

oC! el ro g s
e int o

The indicial form of Eq. (14) can be expressed as follows:

- oMW oS
Dy, =4 =2 ,H (16)
3C,0C, 0Cq

2 2 § § ac;!
=W EtrC(C,JlCA}L)fCK'ﬁU75,\»LC,J'7trC e

KL

Performing the push forward operation of Eq. (16) to the current
configuration [15, 16], the indicial forms are given as follows:

- 1 —
d(}/{l = 7 F, F i Ew Dy
2 21 (17
= g,u.] 3 [gtrCﬁvﬁu —0ub, —b,0, - trCé',ké"].,}
Based on Eq. (11), the pressure can be defined as follows:
_du)_ K(-1) (18)
The total Cauchy stress is expressed by:
c=s+pl (19)

The above material model was implemented as a user subroutine
and integrated in commercial finite element code ABAQUS.
However, standard implicit finite element formulation cannot
effectively handle the dynamic finite sliding contact issue. Dynamic
explicit finite element seems to be a good choice to simulate
dynamic tire/pavement interaction. In that simulation, tangent
modulus is not required.
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Criteria for Pavement Damage

For flexible pavement, pavement damage analysis is performed for
both fatigue cracking and permanent deformation. Fatigue cracking
is a lot of interconnecting cracks, which is caused by the fatigue
failure of asphalt surface or stabilized base under repeated traffic
loading. The cracking initiates at the bottom of the asphalt layer or
stabilized base where the tensile stress or strain is highest under
traffic load. The cracks propagate to the top surface of asphalt layer
initially as one or more longitudinal parallel cracks. The progress of
fatigue cracking is dependent on the repetition of traffic load. It is
generally recognized that the allowable number of traffic load
repetitions is related to the tensile strain at the bottom of the asphalt
layer. The failure criterion for fatigue cracking is expressed by [1, 17,
18].

N, =fie PE?" 1)

where, N, is the allowable number of load repetitions to prevent

)
fatigue cracking; ¢, is the maximum tensile strain at the bottom of

t

asphalt layer; E is the elastic modulus of asphalt layer; and f,,
f>.and f; are constants determined from laboratory fatigue tests
with f, calibrated to correlate with field performance observations.

The Asphalt Institute used 0.0796, 3.291, and 0.854 for the three
parameters, respectively. In the Asphalt Institute and Shell design
methods [1], the allowable number of load repetitions N, to limit

rutting of permanent deformation is related to the vertical
compressive strain ¢, on top of the subgrade by:

N,=fe " (20)

in which f, and f; are constants determined from road tests.
Values of f, and f, used in the paper are 6.15E—07 and 4.0

[1]. The above two equations will be used to estimate the allowable
number of load repetitions to limit pavement damage on fatigue
cracking and rutting for flexible pavement.
Three Dimensional Tire/Pavement Interaction
Model and Numerical Study

Finite Element Model for Tire/Pavement Interaction

The tire model is created purely for research use and does not
represent any real tire product. The tire is 981mm in diameter and
the tread width is 327mm. The element size of the tire is around 30
mm. A tire consists of tread, sidewall, and shoulder. In the modeling
of a tire, three structural components are considered: rim, sidewalls,
and tread. The tread and sidewalls are made of rubber and are
constructed from fiber-reinforced rubber composites. Generally, the
rubber is modeled as incompressible or nearly incompressible
hyperelastic material, and the fiber reinforcement is modeled as a
linear elastic material. The sidewall is composed of lower, upper,
and intermediate carcass. The sidewall is the part of the tire that bridges
between tread and bead. The sidewall is reinforced with rubber and
fabric plies that provide for strength and flexibility. The sidewall
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Fig. 1. The Geometry of Pavement System.

125mm HMA layer: E = 3,000MPa, v=0.4

300mm Base layer: E = 167MPa, v=0.3

Subgrade soil: E = 34.0MPa, v = 0.45

Fig. 2. The Material Properties of Pavement System.

transmits the torque applied by the drive axle to the tread in order to
create traction. The sidewall, in conjunction with the air inflation,
also supports the load of the vehicle. The tread part is the part of tire
which comes in contact with the road surface. The tread is made of
a thick rubber, or rubber/composite compound formulated to
provide an appropriate level of traction that does not wear away too
quickly. The tread pattern is characterized by the geometrical shape
of the grooves, lugs, and voids, which is not considered detailed in
this paper. The entire tire is discretized using an 8-node linear
hexahedral element. Therefore, the standard displacement-based
finite element model with linear element shows volumetric locking,
which underestimates the tire deformation. In order to alleviate the
volumetric locking, some mixed and hybrid finite element
formulations, such as reduced integration, enhanced/assumed strain,
B-bar approach, or mixed displacement-pressure formulation have
to be used to model the nearly incompressible hyperelastic material
in the nearly incompressible limit. The rim is modeled as a rigid
body using kinematic coupling. The kinematic coupling is used to
maintain the constant distance between the tire center and bead area.
The inflation pressure is applied to the inside surface of tire that can
aso be modeled using hydrostatic fluid element with ABAQUS/
Explicit and represents fluid-filled cavities under hydrostatic
conditions. The vehicle load is applied at each tire hub and acts only
in the vertical direction.

The pavement geometry in the transverse direction is shown in
Figs. 1 and 2, which is a two-lane and one lane in each traveling
direction. The pavement is assumed to deform elastically and the
material properties of the three layer system are shown in Fig. 2. For
the purpose of simplicity, a symmetric model is selected to model
the pavement mechanical behavior under the vehicle load. The
analyzed domain of a three-layer pavement is 12,000mm in length,
5000mm in width, and 3000mm in depth. The assumed vehicle has
two axles and the load distribution is 60% on rear axle and 40% on
front axle. The detailed layout of the four tires can be seen in Fig. 3.
Given all the specifications for the tire and pavement structure, Fig.
4 is the three dimensional finite element model for tire/pavement
interaction. As shown in Fig. 4, the four-tire vehicle is rolling in the
middle of each lane.
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Fig. 3. The Layout of a Four-Tire Vehicle.

Fig. 4. Three Dimensional Finite Element Model of Tire/Pavement
Interaction.

All the pavement part is modeled using 8-node hexahedral
elements. In order to reduce the number of elements, researchers use
fine mesh for the potentia tire/pavement interaction area and
relatively coarse mesh beyond the contact area. The boundary
conditions are fully fixed at the bottom of the domain and only fixed
in the norma direction with other surfaces as shown in Fig. 4.
Tire/pavement interaction is defined by the contact interface
property, which is defined by the tangential friction law. The
interaction between tire and asphalt layer is determined by the
interfacial frictional contact law. The interfacial behavior related to
frictional response is very important to predicting pavement stress
state, which controls the transferring of horizontal force and shear
stress. Generally the friction between two surfaces can be modeled
using the Coulomb model, where a friction coefficient and a shear
stress limit are introduced to define the contact interfacial frictional
behavior and is obtained from tests. The shear stress transmitted
between the two surfaces is computed by multiplying the normal
contact stresses across the interface by the coefficient of friction.
The drawback of Coulomb frictional law is its inability to capture
the rate dependent frictional contact behavior. In this paper, the
Coulomb’s friction law is temporarily employed to define the
tangential friction behavior between tire and terrain. For tire
/pavement interaction, pavement is defined as the master surface.

Tire Footprinting

The aim of this numerical example is to simulate the tire footprint.
The numerica test simulates a truck with two axles and four tires.
Also, it is assumed that the centroid of vehicle is not exactly in the

middle of two axles. The rear axle load is 80kN and is applied over
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Fig. 5. The Stress Contour of Tire/Pavement Interaction.

Fig. 8. Tire Contact Pressure During Rolling.

two tires. The front axle load is 60kN. The tire/pavement interaction
model is exactly the same as shown in Fig. 4. The materid
properties of the pavement part are shown in Fig. 2. The coefficient
of friction between tire and pavement is assumed to be 0.5. Fig. 5
shows the Mises stress contour of tire/pavement interaction system
a a tire rolling instant. Stress bulbs appear at the tire/pavement
contact areas, which indicate stress concentration. Fig. 6 shows the
tire footprint on the pavement and the corresponding tire
deformation for static and rolling instants. Figs. 7 and 8 show that
the contact pressure contour is projected on the deformed tire
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Fig. 9. Vertical Stress Contour of the HMA Layer.

Fig. 10. Vertical Stress Contour of the Base Layer.

Fig. 11. Vertical Stress Contour of Subgrade Soil.

and is not uniformly distributed. Also the shape of tire contact areas
is neither rectangle nor circular, which confirms to researchers that
the general assumptions made in the previous calculations are not
very accurate.

Application to Predicting Pavement Damage

In this part, researchers obtain the tensile strain at the bottom of
asphat layer and maximum compressible strain at the top of
subgrade soil from tire/pavement interaction model to predict
fatigue cracking of flexible pavement. The axle load model
parameters are exactly same as used for tire footprint. The vehicleis
driven through rear axle by applying an angular velocity and is
gradually increased to 2rad/s within one second. The trandation
velocity 7, of the tire hub will be gradually increased to the

desired value, which is equal to the product of angular velocity and
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Fig. 12. Vertical Stress Versus the Depth of Pavement Structure.
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Fig. 13. Allowable Number of Load Repetitions to Limit Fatigue
Cracking Versus Inflation Pressure.

rolling radius. Figs. 9-11 show the vertical stress (MPa) contour
projected upon the configurations of asphalt layer, base, and
subgrade soil. Clearly, the contact areas are the stress concentrated
areas, which have the maximum compressive stress. Fig. 12 shows
the vertical stress distribution along the depth of pavement structure,
which are extended from the center of tire contact areas. The stress
decreases dramatically with depth and agrees very well with field
observation or other numerical simulations [1]. Fig. 13 shows the
allowable number of load repetitions to limit fatigue cracking,
which is obtained based on Eqg. (20). The maximum tensile strain at
the bottom of asphalt layer is obtained from the three dimensional
finite element models. Fig. 14 shows the allowable number of load
repetitionsto limit rutting or permanent deformation, which is obtained
based on Eq. (21). The compressive strain at the top of subgrade soil
is also obtained from the three dimensional finite element model.
Based on the prediction, the rutting is the dominant concern for this
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Fig. 14. Allowable Number of Load Repetitions to Limit Permanent
Deformation Versus Inflation Pressure.

pavement system. Both alowable numbers of load repetitions to
limiting fatigue cracking and rutting decrease when the tire inflation
pressure isincreased. The reason is that the tire becomes stiffer with
increasing inflation pressure. Under the same axle load and given
tire structure, the tire contact area will decrease and therefore
increase contact pressure. Relatively higher tensile strain and
compressive strain for both asphalt layer and subgrade soil are
produced for a higher inflation pressure compared to lower inflation
pressure. Lower inflation pressure will increase contact area and
accordingly reduce the strain and stress within pavement structure
and, therefore, extend the pavement service life. But low inflation
pressure vehicle consumes much more energy than high inflation
pressure vehicle.

Concluding Remarks

In this paper, afinite strain hyperelasticity model for rubber material
and three dimensiona finite element models for tire/pavement
interaction are developed. For tire rolling over flexible pavement,
two negative impacts of vehicle on pavement are fatigue cracking
and rutting, which have been studied empiricaly in the past. The
criteria for fatigue cracking and rutting need the input of tensile
strain at the bottom of the asphalt layer and maximum compressive
strain on the top of subgrade soil, which are used to estimate the
alowable number of load repetitions to limit fatigue damage and
permanent deformation. The accurate way to calculate these two
parameters is to fully conduct tire/pavement interaction analysis.
This has rarely been done in the past. In order to accurately model
tire/pavement interaction, a tire has to be modeled as deformable
body and better modeled as finite strain hyperelasticity, which was
done in this paper and rarely conducted in previous research. Some
technical issues on developing finite element models for
tire/pavement interaction were discussed in this paper. A lot of
efforts need to be further pursued on the tire/pavement interaction
topic to better understanding pavement damage. This paper simply
offers a full picture on modeling tire/pavement interaction, which is
an issue of great significance on the application of finite element
techniques to pavement engineering.
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