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Preface

Road infrastructure is essential for the establishment andmaintenance of competitive
and successful industrialized societies. Further, infrastructural investments represent
a huge economic value. While the development of new vehicles and intelligent trans-
portation concepts in Germany is primarily driven by industry, there have not been
significant innovations in the field of pavement structures in recent decades. This
deficit originates from two sources. First, this research lacks research funds that—in
contrast to commercial automotive products—are supplied predominantly by public
resources. Second, relatively strict and inflexible regulations hinder creativity, the
transfer of knowledge, and the innovative capacity of German industry, engineers,
and scientists. These circumstances contribute to the fact that so far, the approaches
of progressive engineering sciences in the construction andmaintenance of pavement
infrastructures have not or have rarely been used. Consequently, current solutions
are often inadequate and lack durability.

To overcome this problem and to prepare road infrastructure for future require-
ments, a paradigm shift towards dimensioning, structural realization, and the main-
tenance of pavements is needed. Research Unit FOR 2089, funded by the German
Research Foundation (DFG), aimed to develop the scientific base for this shift. The
main goal of Research Unit FOR 2089 is to provide a coupled thermo-mechanical
model for a holistic physical analysis of the pavement-tire-vehicle system. Based on
this model, pavement structures and materials can be optimized so that new demands
becomecompatiblewith themain goal—durability of the structures and thematerials.

The development of the scientific base for these new and qualitatively improved
modeling approaches requires a holistic procedure through the coupling of theoretical
numerical and experimental approaches as well as an interdisciplinary and closely
linked handling of the coupled pavement-tire-vehicle system. This interdisciplinary
research provided a deeper understanding of the physics of the full system through
complex, coupled simulation approaches and progress in terms of improved, and
therefore, more durable and sustainable structures.

The inter-and multi-disciplinary research required to approach the challenging
topics to be addressed by Research Unit FOR 2089 has been carried out by five
closely linked sub-projects carried out at the Institute for Structural Analysis (TU
Dresden), the Institute of Highway Engineering (RWTH Aachen), the Institute for

v
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Road and Transport Science (University of Stuttgart), the Institute of Urban and
Pavement Engineering (TU Dresden), and the Institute for Automotive Engineering
(RWTH Aachen).

All reported contributions in this book are outcomes of Research Unit FOR
2089. The financial support of the German Research Foundation is gratefully
acknowledged.

Dresden, Germany
Aachen, Germany
April 2021

Michael Kaliske
Markus Oeser
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Multi-physical and Multi-scale
Theoretical-Numerical Modeling
of Tire-Pavement Interaction

Michael Kaliske, Ronny Behnke, Felix Hartung, and Ines Wollny

Abstract In this chapter, the tire-pavement system as one subsystem of the complex
vehicle-tire-pavement system is investigated in detail. As basic framework, the finite
element method (FEM) is used for both, tire and pavement simulation, to obtain
a detailed representation of the dynamic system, where the special case of steady
state motion of the rolling tire is considered. The finite element (FE) discretization
further enables to study the tire-pavement interface in terms of transmitted stresses
and friction characteristics for different tire and surface properties. For the modeling
of this complex subsystem, new FE based analysis methods have been derived using
the Arbitrary Lagrangian-Eulerian (ALE) framework for tire and pavement. With the
help of the ALE framework, the relative motion of tire and pavement is captured in a
computationally efficient way. Friction in the tire-pavement interface is numerically
represented by a homogenization approachof the friction interface over several length
scales. With the help of a time homogenization technique, spatially detailed long-
term predictions regarding rutting of the pavement become feasible by considering
different time scales of the thermo-mechanical investigation.

Keywords Tire · Pavement · Interaction · Friction · Simulation · Prediction

1 Introduction

As part of our infrastructure, the road network (Fig. 1) fulfills several important
functions to guarantee our today’s road-bound mobility. During the last decades,
new fundamental developments of the automobile population took place and, at the
moment, a further transformation from fossil-fuel-powered vehicles to electrically
driven vehicles is expected. Regarding the pavement structure, less innovations in
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Fig. 1 Road network in Germany, motorway A4 (Dresden)

terms of new materials or construction principles can be observed. To stimulate
fundamental developments of new pavement structures and to increase their dura-
bility/performance [1, 26, 29, 39, 48], new numerical methods have been proposed
for a holistic analysis of the vehicle-tire-pavement system [20] to understand the
underlying basic interaction principles within a larger system approach.

The research presented in this chapter was conducted within a subproject of the
ResearchUnit FOR2089 “Durable Pavement Constructions for Future Traffic Loads:
Coupled System Pavement-Tire-Vehicle” funded by the German Research Founda-
tion (DFG). In this subproject and the present chapter, the tire-pavement subsystem
is analyzed in more detail, see Fig. 2. Here, the tire-pavement interaction plays an
important role for the handling and safety of the vehicles [16, 18] but also for the
correct assessment of the mechanical loading of the pavement [22, 38].

The objective is to propose a numerically efficient continuum mechanical macro-
scopic and thermo-mechanical finite element (FE) formulation of the coupled tire-
pavement model based on a stationary Arbitrary Lagrangian-Eulerian (ALE) for-
mulation for both, tire and pavement. The consistently coupled models consist of
an inelastic thermo-mechanical ALE FE tire model, a homogenized friction model
considering different length scales of the friction surface and an inelastic thermo-
mechanical ALE FE pavement model. This global FE approach enables to study the
deformation of tire and pavement at steady state rolling contact. Macroscopic mate-
rial parameters for the asphalt materials are identified based on experimental tests
presented in chapter “Experimental Methods for the Mechanical Characterization of
Asphalt Concrete at Different Length Scales: Bitumen, Mastic, Mortar and Asphalt
Mixture”.
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Fig. 2 Vehicle-tire-pavement system with tire-pavement subsystem (tire, tire-pavement interface
with friction characteristics and pavement)

The thermo-mechanical contact formulation uses the numerical framework of a
multi-scale friction analysis. In this framework, a general macroscopic friction law
considering the frictional effects of hysteresis and adhesion of the contacting partners
(rubber and pavement surface) at different length scales is obtained by numerical
homogenization. A comparison of this friction model to friction tests is included in
chapter “Numerical FrictionModels Compared to Experiments onReal andArtificial
Surfaces”.

Special attention is paid in the present chapter to the numerical modeling and
assessment of long-term processes of the pavement subjected to rolling traffic load
and changing temperature conditions (climate). The numerically efficient treatment
of the long-term processes influencing the durability of the pavement structure
(i.e. rut formation) is accomplished by a temporal multi-scale formulation of the
tire-pavement system. With the help of a time homogenization technique, repeated
mechanical impact on the pavement (passing of tires) in the short term as well as
climate effects (varying temperature fields due to day-night change, seasonal change)
in the long term are computed to assess the consequences for tire and pavement.

A coupling of the macroscopic pavement model to a microscopic asphalt model
is shown in chapter “Multi-scale Computational Approaches for Asphalt Pavements
under Rolling Tire Load”. The models presented in this chapter are, further, included
in chapter “SimulationChain: From theMaterial Behavior to the Thermo-mechanical
Long-term Response of Asphalt Pavements and the Alteration of Functional Prop-
erties (Surface Drainage)” to obtain an overall coupled simulation approach.

Outline. In Sect. 2, the FE discretized tire model and the thermo-mechanical frame-
work for its analysis at steady state rolling are introduced. In Sect. 3, friction in the
tire-pavement interface is assessed by a developed numerical framework of multi-
scale friction analysis. The loadingof the inelastic anddeformable pavement structure
by rolling tires is then investigated in Sect. 4. Here, the ALE FE pavement model
for short-term loading is introduced for thermo-mechanical analysis. In Sect. 5, the
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afore-discussed submodels are combined to study tire-pavement interaction phe-
nomena. In Sect. 6, a computationally efficient method for the long-term analysis of
the pavement structure is presented and discussed. A conclusion and outlook of the
chapter is given in Sect. 7.

2 Tire Model

In Fig. 3, different approaches to represent the tire within a numerical simulation
are illustrated. While simplified rheological models with a reduced set of degrees of
freedom (DOF) aremainly employed in analytical vehicle simulations, more detailed
information on the tire response can be obtained by the belt-spring tire model used
in multi-body simulations of vehicles driving on a flat or uneven surface (see chapter
“Experimental and Simulative Methods for the Analysis of Vehicle-Tire-Pavement
Interaction”) or via an FE discretized tire model. However, in the latter cases, the
number of DOF and the computational effort increase. Hence, detailed information
regarding the tire contact patch or the tire structure itself might be expected by an FE
model of the tire, but normally, the computational effort of an FE discretized model
for a dynamic tire simulation is too high.

2.1 Thermo-mechanical FE Tire Model

In order to obtain a detailed FE representation of the tire at low computational cost,
an inelastic ALE FE approach has been developed and applied to the tire models
used in this study. The ALE FE approach allows to reduce the DOF of the tire

Fig. 3 Different approaches for the numerical representation of the tire within the tire-pavement
system: a 1-mass model with reduced rheology, b belt-spring models with simplified rubber ring,
tread stiffness and rigid rim, c full 3D FE model of the tire, see [10]
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Fig. 4 FE discretized cross-section of the 175 SR 14 passenger car tire (PCT) used as benchmark
tire, see [6] (carcass layer with polyethylene terephthalate (PET) cords)

since only the contact region of the tire requires a finer discretization by FE and the
motion of the tire (rolling) is represented by flow of the material through the fixed
FE mesh of the tire structure rather than using the tire as a moving body/load in a
transient framework [11]. In [5], the procedure is described for the incorporation of
inelastic effects stemming from dissipative rubber compounds. In the following, a
brief overview of the methodology is provided.

In Fig. 4, the cross-section of the tire model used for benchmark tests in the further
analyses is shown. Additional information on the discretization in circumferential
direction and the components/material characteristics of the simple passenger car tire
(PCT) is available in [6]. For the rubber compounds and cords, nonlinear material
models have been developed and used to obtain a thermo-mechanical description of
the tire structure at large strains. For dimensioning-relevant tire-pavement configu-
rations, different FE discretized truck tire models are employed.

For its thermo-mechanical analysis at steady state rolling, a sequentially coupled,
modular analysis scheme has been implemented, see Fig. 5. The analysis consists of
a mechanical module and a thermal module. In the mechanical module, the energy
dissipation stemming from the inelastic (i.e. viscoelastic) rubber compounds is com-
puted from the current steady state motion of the rolling tire at fixed cross-sectional
temperature profile. The cross-sectional temperature profile of the tire is then com-
puted and updated via the current information on the dissipated energy of cross-
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Fig. 5 Sequentially coupled thermo-mechanical simulation approach for the thermo-mechanical
investigation of steady state rolling inelastic tires, see [5]

sectional points of the tire. The method is described in detail in [5], where different
tires have been analyzed at different rolling conditions. Special attention has been
paid to the correct implementation of thermal boundary conditions as a function
of the temperature of the environment (air, road) [35]. Infrared surface temperature
measurements of the rotating tire have been carried out on a drum test rig to validate
the developed simulation strategy, see [5].

From the dissipated energy at rolling, the rolling resistance of the tire is computed
by the sequentially coupled simulation approach as a function of the elapsing time
and the current temperature state of the tire. Due to the incorporation of inelastic
effects within the mechanical simulation of the tire, the rolling resistance can be
obtained as reaction force or moment as a direct outcome of the tire simulation or
as an integrated quantity from an energetic approach. These different procedures are
described in more detail in [5].

3 Friction

Friction (defined as force resisting the relative motion of solid surfaces, fluid lay-
ers and material elements sliding against each other) is a complex phenomenon and
has significant importance in daily life. This challenging field of research is also
associated with tire industry, because tire-pavement interaction affects every driving
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maneuver. Friction in general consists of different contributions: hysteresis, adhe-
sion as well as viscous friction and interlocking effects. Hysteresis friction due to
internal dissipation of the viscoelastic material and adhesion friction in consequence
of molecular bonding to the surface represent the main friction contributions. Adhe-
sion as well as hysteresis friction strongly depend on e.g. contact pressure, sliding
velocity and temperature conditions. In Sect. 3.1, an adhesion model is introduced
which can be coupled to a developed multi-scale approach for hysteresis friction (see
Sect. 3.2).

3.1 Adhesion Friction

Adhesion in contrast to cohesion mainly describes the molecular bonds between two
different surfaces. The debonding process can also be called decohesion between
two different materials [46]. In the FEM, adhesion friction can e.g. be modeled by a
nonlinear traction-separation-law with the adhesional stress vector

σ = (1 − D) · K · δ (1)

that is a function of the relative separation vector δ between two contact points
in normal and two tangential directions, the initial adhesional stiffness K and the
damage function D. The evolution of damage is comparable to the devolution of the
intensity of adhesion proposed in [32]. Different analytical functions to describe the
evolution of the damage value, e.g. a bilinear formulation, can be used. A nonlinear
approach

D = G

G tot
= 1

G tot

∫ δmax

0
σ̂ dδ (2)

with only two unknown parameters (K , G tot) is chosen to decrease the numerical
effort of parameter identification. As soon as the damage value is zero, no stresses
can be transferred between the contact points (total debonding). In Eq. (2),G andG tot

represent the current and total fracture energy (corresponds to the area underneath
the transferred stress, see Fig. 6), whereas δmax = max (‖δ‖) is the largest separation
and σ̂ = ‖σ‖ stands for the absolute adhesion stress.

The adhesion model distinguishes between normal (without contact) and tan-
gential adhesion (with contact). Therefore, only one damage value is required to
characterize transmitted stresses. The damage value described in Eq. (2) is reset to
zero (healing) as soon as the fracture energy is reached in normal direction. After
the points come into contact again (bonding), damage can evolve repeatedly due to
further tangential or normal separation. For some scenarios (e.g. remaining stress
transmission after D = 1), it is suitable to ensure minimal friction after tangential
debonding. Therefore, a classical Coulomb law (represented by μadh,0) is added to
the adhesion model via hyperbolic tangent regularization, see [46].
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Fig. 6 Traction-separation-law of adhesion model

Fig. 7 Patch test for
adhesion model

A patch test to represent the functionality of the adhesion model is shown in Fig. 7
that is comparable to [47]. There, a cube with edge length of 1 mm is pressed by
1 N/mm2 on a rigid surface. Then, the upper nodes (5–8) are moved 0.1 mm along the
x-axis (Step I). In the second step, the same nodes are moved back to the original
position. Then the upper nodes are lifted up 0.1 mm along the z-axis (Step III).
Within Step IV, the cube is moved back to its initial position. Finally, all upper block
nodes are shifted diagonally (0.1 mm in x-direction and 0.1 mm in y-direction).
The duration of each step is one second. The bottom nodes (1–4) are coupled in z-
direction to avoid tippingwhich could occur at high shear forces. The initial adhesion
stiffness K is set to 100 N/mm3 and the total fracture energy G tot is 0.01 N/mm. The
additional Coulomb friction coefficient to characterize friction between the cube and
the rigid surface is μadh,0 = 0.5.

The damage value D of Node 1 (identical to Nodes 2–4 due to coupling in z-
direction) as well as the reaction forces of the rigid body surface are shown in Fig. 8.
During the first step, the adhesion stress (only in first tangential direction) is observed
until the total fracture energy is reached. As soon as D is equal to zero, only shear
stresses due to Coulomb friction are transmitted. The shear stress changes the sign
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Fig. 8 Damage values and reaction forces during the patch test

while moving back in Step II. In the third step, the adhesion stress in normal direction
is activated. Since the bottom nodes of the cube are in contact with the counter surface
at the end of Step IV again, adhesion stresses as well as Coulomb friction in both
tangential directions appear in the final Step V. Note that the peaks of the adhesion
stresses in Step V are lower than in Step I and III, because there is separation in more
than one direction. Moreover, the total fracture energy G tot is reached earlier.

Further developments, e.g. usage of different initial adhesion stiffness parameters
for normal and tangential adhesion, would be conceivable, but also include increased
complexity regarding parameter identification.

3.2 Hysteresis Friction

The so-called hysteresis effect is a consequence of the internal dissipation of the
viscoelastic material of e.g. rubber. Hence, the substrate structure is characterized
by many asperities and it is important to understand the physical background of
hysteresis friction on different length scales. The analytical approaches for multi-
scale friction of Persson (see among others [31]) and [23] are common and show
suitable results compared to frictionmeasurements. Numericalmodels like themulti-
scale approaches [14, 17, 36, 47], which base for instance on the FEM, give the
opportunity to consider additionalmulti-physical phenomena. In the following part, a
scale identificationmethod and homogenization for hysteresis friction are introduced
to build up a multi-scale friction approach which is validated numerically.
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Scale Identification. Due to the different asperities of a rough surface, e.g. asphalt
pavement, it is necessary to consider the entire frequency spectrum or length scales.
The height difference correlation function (HDCF)

CHDC (ζ ) = 〈
(z (x + ζ ) − z (x))2

〉
, (3)

which compares the height z of two points with the distance ζ , is one method to
characterize a multi-scale surface texture (compare [14, 47]). The brackets 〈. . .〉 in
Eq. (3) denote themean value of the expression associatedwith. By applying e.g. sine
waves to describe the surface on each length scale analytically, an approximation of
the HDCF

C̃HDC (ζ ) =
n∑

i=1

Bi

π

π/Bi∫

0

[Ai sin (Bi x + Bi ζ ) − Ai sin (Bi x)]
2 dx

=
n∑

i=1

2 A2
i sin2

(
Bi ζ

2

) (4)

can be used to identify the sine wave parameters Ai and Bi within a fitting algorithm
explained in [17]. Other surface characterization methods like the power spectral
density function proposed in [36] or bandpass filters introduced in [37] are also
applied in multi-scale rubber friction models.

Friction Homogenization and Scale-Dependent Friction Law. Friction features
on a specific length scale can be homogenized to generate friction characteristics for a
next coarser length scale. For this purpose, FE simulations are performed on the block
level. During every simulation, a rubber block is pressed on a periodic rigid surface
that is generated by the scale identification algorithm. The block length is identical to
the current wave length λi . Then, the block is sliding over the rough rigid surfacewith
a constant velocity. Periodic boundary conditions at the leading and trailing block
edge are applied. The top nodes of the block are coupled in z-direction to ensure
uniform vertical displacements. Temperature evolution is neglected within the FE
simulation. The ratio of the total horizontal and vertical reaction forces forms the
friction coefficient μhyst (t) as a function of time. A time homogenization algorithm
of the friction coefficient

μhyst,hom = 1

ttot − tst

ttot∫

tst

μhyst (t) dt (5)

is introduced to take only the steady state part, starting at t = tst, into account. Via
an abort criterion

Q ≤
∣∣∣∣1 − μ̄hyst,k

μ̄hyst,k−1

∣∣∣∣ (6)
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Fig. 9 Time
homogenization of the
friction coefficient

with

μ̄hyst,k = v

λ

k· λ
v∫

(k−1)· λ
v

μhyst (t) dt , (7)

the steady state time tst = k · λ/v is defined. The required height and discretization of
the rubber block aswell as the time inwhich the imposed pressure is applied influence
the friction coefficient significantly and need to be identifiedwithin a parameter study
[12]. In Eq. (7), parameter λ represents the current wave length and k stands for the
number of elapsed waves. In Fig. 9, tst is reached after six periods. A friction law for
the next upper scale is created by piecewise cubic spline interpolation

μhyst,spl (p, v) =
np∑
i=1

nv∑
j=1

ci, j · (
p − ξp

)np−i · (v − ξv)
nv− j (8)

with np = nv = 4 (cubic spline generation), the breakpoints ξp and ξv (load and
velocity conditions in eachblock simulation) and the spline coefficients ci, j . Figure10
shows the homogenized friction coefficients (red dots) at breakpoints ξp and ξv as
well as the spline evaluation (friction map) for a micro- and mesoscale exemplarily
(compare [36]).

It has to be ensured that the friction map consists of an adequate range of pressure
and velocity breakpoints so that no friction coefficients outside the fitted map are
used during the block simulations on the next coarser length scale. The application
of artificial neural networks (ANN) to interpolate between breakpoints like in [34]
is found to be working alternatively.

Multi-scaleHysteresis Friction. The combination of the length scale decomposition
and the introduced time homogenization leads to a multi-scale friction procedure to
compute macroscopic friction features. Figure10 gives an overview of all required
steps of the multi-scale simulations.
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Fig. 10 Schematic outline of the multi-scale friction approach

Themulti-scale procedure starts on themicroscopic scale, wheremultiple FE simula-
tions are executed in parallel to compute the interaction between the rubber block and
road surface at different loads pmicro and sliding velocities vmicro. The ranges of pmicro

and vmicro are the output of a preliminary study and may need to be adjusted itera-
tively. If adhesion friction is considered, the adhesion model described in Sect. 3.1
is applied on the microscale. For every microscale block simulation, the introduced
time homogenization adds a breakpoint (see red dots within the diagrams in Fig. 10)
into the friction map which is used as a pressure- and velocity-dependent friction
law for the mesoscale via spline interpolation. On the mesoscale(s) (depending on
the scale identification results), the friction law for the macroscale is formed by
performing a sufficient number of block simulations at scale-dependent loads pmeso

and velocities vmeso. Finally, the macroscopic friction coefficient μmacro is gained at
the requested boundary conditions pmacro and vmacro applying the friction map of the
coarsest mesoscale as friction law.

Numerical Validation ofMulti-scale Approach. The multi-scale approach for hys-
teresis friction is numerically validated by a simple 2D academic example using two
different scales represented by sine waves

z (x) =
2∑

i=1

Ai sin

(
2π

λi
x

)
, (9)

which is based on [36]. On each scale, a rubber block with the length λi is sliding
over the corresponding sine wave. The material properties of the rubber block as
well as the mesh sizes are mainly taken from [36]. The macroscopic load and slip



Multi-physical and Multi-scale Theoretical-Numerical Modeling … 13

Fig. 11 Numerical validation of the multi-scale approach using two scales

velocity are 1 N/mm2 and 500 mm/s, respectively. The adhesion model is not applied in
this example.

The macroscopic wave is described by z2 (x) = 0.075mm · sin (2π/5mm x) with
a wavelength of 5mm. In contrast to [36], three different microscopic scales z1,I ,
z1,I I and z1,I I I with wavelengths of 0.5mm, 0.2mm and 0.1mm are investigated
to identify the representative microscale for the predefined macroscale. The ratio
between amplitude and wavelength Ai/λi of each microscopic wave is defined by
0.02. Three diagrams in Fig. 11 display the macroscopic friction coefficients of the
reference models (full) with zi (x) = z1,i (x) + z2 (x) , i = I, I I, I I I (from left to
right) in comparison to the resulting friction coefficients of the macroscopic scale
with (μhyst,macro,1) and without (μhyst,macro,0) microscopic friction.

The multi-scale approach slightly overestimates the coefficient of friction of the
reference model using a wavelength factor between micro- and macroscale of 10.
In this example, a representative microscale must be at least larger than 25. Similar
findings emerge if the macroscopic load and slip velocity are changed to 0.5 N/mm2,
2 N/mm2, 100 mm/s and 1000 mm/s.Whereby, the error of the friction coefficient between
reference and multi-scale model increases at lower wave length factors if higher load
or sliding velocity are applied.

The numerical validation example proves that the quality of the homogeniza-
tion method depends on the distance between adjacent scales. This fact should be
considered within the scale identification to ensure the validity of the multi-scale
approach.

4 Pavement Model for Short-Term Loading by Rolling
Tires

The FE pavement model, which is presented in this section, is the third important
submodel (considering also tire and friction model) that is required to achieve a
realistic coupled tire-pavement-interaction description. Thereby, the pavementmodel
has to capture the layered pavement structure, thematerial properties and the bonding
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behavior between the single pavement layers realistically. The layered 3D structure
of pavements is modeled by 3D finite elements. The material properties are, therein,
described by constitutive formulations, whereby this section focuses on the inelastic
behavior of asphalt. Nevertheless, the overall procedure can be adopted to other
material formulations (e.g. concrete) as well by implementing the corresponding
constitutive formulations. To account for the fact that the single pavement layers are
not bonded rigidly to each other, interface elements are included additionally at the
boundaries between the single layers [42]. The bonding behavior between the single
pavement layers is, then, represented by a viscoelastic, temperature- and (normal)
pressure-dependent traction-separation law, which acts as a constitutive formulation
for the interface element.

4.1 Constitutive Material Formulation for the Short-Term
Behavior of Asphalt

Asphalt Material Model. Asphalt is composed of aggregates, bituminous binder,
air voids and additives and, thus, is a heterogeneous material. However, for macro-
scopic computations, which are done on the scale of the whole pavement structure,
asphalt is treated as continuum and its macroscopic material behavior is represented
by constitutive formulations. Due to its composition and inner structure, temperature-
dependent elastic, viscous and plastic deformation components are observed in
asphaltmaterial. Tobe consistentwith the tiremodel and to account for largedeforma-
tions that occur in the asphalt in case of ruts, the finite strain constitutive formulation
of [50] is applied here to the short-term behavior of asphalt. The formulation bases
on the multiplicative split of the deformation gradient

F = Fvol Fiso = (
J 1/31

) (
Fe
iso F

i
iso

)
(10)

into a volumetric (index vol) and an isochoric part (index iso). Thereby, the isochoric
part consists of an elastic part (index e) and an inelastic part (index i). The Jacobian
J represents the volume change ratio related to the reference configuration. The
derivative of the strain energy density function Ψ with respect to the left Cauchy-
Green tensor b yields the Kirchhoff stress tensor

τ = J σ = τ vol + τ iso , (11)

which consists of a volumetric and an isochoric part. σ is the Cauchy stress tensor,
see [19]. The rheology of both parts of the applied asphalt material formulation is
illustrated in Fig. 12. Thereby, the volumetric deformation contribution of asphalt
(compacted) is assumed to be elastic and is modeled by a spring with bulk modu-
lus κ . The isochoric contribution is modeled by five branches in parallel. The first
one is a Neo-Hookean spring with stiffness C10,1 and the second branch is a vis-
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Fig. 12 Rheology of the asphalt material model: a volumetric part, b isochoric part, see [50]

coelastic Maxwell element with a Neo-Hookean springC10,2 and a dashpot with ηv,2

in series. Rate-independent elastoplastic behavior is represented by the third branch
with aNeo-Hookean springwithC10,3 and an endochronic frictional element with the
plastic parameter ηp,3 in series. The forth and fifth branch capture rate-dependent
viscoelastic behavior by fractional Maxwell elements that consist each of a Neo-
Hookean spring C10,4 and C10,5 as well as a fractional element with parameters p4,
α4 and p5, α5, respectively. While p4 and p5 are comparable to the viscosity, α4 and
α5 prescribe the order of the time derivatives.

To capture the temperature-dependent asphalt material response, all parameters
depicted inFig. 12 (except forα4 andα5) aremonotonous functions of the temperature
ϑ . Details of the applied constitutive formulation can be found in [43, 44, 50].

Identification ofMaterial Parameters. The identification of parameters for asphalt
mixtures can be done in different ways. First, parameters can be identified based on
results of experimental tests of asphalt specimens. Another option is to investigate the
behavior of the single asphalt components, especially of the bituminous binder, and
to predict the material behavior of asphalt mixtures based on its inner structure and
the properties of the constituents. This step can be done e.g. based on microscopic
or mesoscopic models of asphalt mixes as demonstrated in chapter “Multi-scale
Computational Approaches for Asphalt Pavements under Rolling Tire Load”. In this
section, the parameters are identified in two steps based on results of repeated load
triaxial tests (RLTT) of asphalt specimens that are described in detail in chapter
“Experimental Methods for the Mechanical Characterization of Asphalt Concrete at
Different Length Scales: Bitumen, Mastic, Mortar and Asphalt Mixture” and in [44].

In the first step of the identification procedure (see [43, 44] for details), param-
eter sets for the discrete temperature values of the experimental tests are obtained.
Therefore, the strain obtained by use of the material model and the strain measured
in the experiments for the same loading are compared to each other. The difference
between both isminimized by an optimization procedure based on a so-called particle
swarm optimization (PSO). By distinguishing between particle and swarm behav-
ior, the PSO approach avoids sticking in single local minima. In the second step of
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the identification procedure, monotonously increasing or decreasing functions are
adjusted to obtain continuous temperature-dependent parameter functions based on
the material parameters at the discrete temperatures from the first step.

4.2 Cohesive Zone Model for Bonding Layers

The bonding behavior between the different asphalt layers influences the overall
structural behavior of the pavement essentially. Experimental cyclic tests of the layer
bond behavior between two asphalt layers caused by a bituminous emulsion showed
that the bonding behavior is not rigid. In contrary, it depends on the loading frequency,
the temperature as well as on the present normal pressure [40]. To capture all these
dependencies, a viscoelastic cohesive zone model (see [51]) is enhanced to describe
the constitutive behavior between bonding traction vectorT and the separation vector
Δ of the interface element. For all normal (tension) and tangential separations (shear)
in the interface layer, the bonding traction T = Te + Tv consists of an elastic and a
viscous contribution.

In case that the normal pressure acts on the interface, a contact algorithm that
increases the normal contact stiffness is applied in order to minimize the penetra-
tion of the two bonded layers [51]. A normal pressure-dependent shear stiffness is
obtained in [43] by the implementation of an additional shear traction in the contact
algorithm. Further, the corresponding layer bond material parameters are identified
based on experimental test results in [43].

4.3 Mechanical ALE FE Pavement Model

Different possibilities are available to model the pavement loaded by a rolling tire. In
a classical Lagrangian formulation with respect to the coordinate system eLi , which is
fixed in space, the tire load is stepwise shifted over the pavement in many time steps,
which is numerically expensive and time consuming. An alternative is the applica-
tion of an ALE formulation. Thereby, a moving reference coordinate system eALEi is
introduced that moves together with the tire through the space, see Fig. 13. In case of
steady state rolling tire and pavement, which is homogeneous in longitudinal direc-
tion, the deformation state of the pavement becomes steady state as well related to
the moved reference frame. This enables time-independent and numerically efficient
computations. However, introducing this moving reference frame leads to the fact
that the material is no more fixed to the mesh but flows along streamlines through it,
which has to be considered in case of inelastic material formulations.

ALE Kinematics. In addition to the initial B and the current configuration Φ (B),
a reference configuration χ (B) that includes all rigid body motions is introduced in
the ALE kinematics, see Fig. 14. The mapping from initial to current configuration
reads then

x = Φ (X, t) = Φ̂ (χ (X, t)) . (12)



Multi-physical and Multi-scale Theoretical-Numerical Modeling … 17

Fig. 13 ALE approach for tire and pavement: FE discretized structures and coordinate systems

Fig. 14 ALE kinematics

Further, a moving coordinate system eALEi is used, which describes the reference
configuration by the coordinates χ and the current configuration by coordinates ϕ.
Thereby, the time-dependent position of the moving coordinate system eALEi with
respect to the fixed Lagrangian coordinate system eLi is given by the vector χALE

0 (t).
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Based on the two different introduced coordinate systems, the current position of
a point P is given by

x = X + u = χALE
0 + ϕ = χALE

0 + χ + û = X + urig + û . (13)

Then, using x = χALE
0 + ϕ as well as ∂χALE

0 /∂X = 0, the deformation gradient

F = ∂x
∂X

= GRAD x = ∂ϕ

∂X
= ∂ϕ

∂χ

∂χ

∂X
= F̂ R (14)

can be split into the rigid body rotations R from initial to reference configuration
with det R = 1 and into the deformation F̂ from reference to current configuration
with the Jacobian J = det F = det F̂ = Ĵ > 0.

Further, the first and second Piola-Kirchhoff stress tensors are definedwith respect
to the reference frame as

P̂ = Ĵ σ F̂−T and Ŝ = F̂−1 P̂ (15)

in addition to the standard continuum mechanical stress measures of the Cauchy
stress tensor σ , the first Piola-Kirchhoff stress tensor P = J σ F−T and the second
Piola-Kirchhoff stress tensor S = F−1 P (compare e.g. [19]), respectively.

One key issue of ALE kinematics is the material time derivative. Due to the
introduced reference frame, the material time derivative of a scalar value f

ḟ = ∂ f

∂t

∣∣∣∣
X

= ∂ f

∂t

∣∣∣∣
χ

+ Grad f · w with Grad f = ∂ f

∂χ
, w = ∂χ

∂t

∣∣∣∣
X

(16)

is decomposed into a relative and a convective part, see [13]. Thereby, w is called
guiding velocity and corresponds to the velocity with that the material flows through
the reference frame. For pavements loaded by steady state rolling tires, the reference
frame and coordinate system is moved with the translational tire velocity through the
space χALE

0 = vtire · t . Further, in contrast to the tire, the pavement performs no rigid
body motion. Thus, with urig,pav = 0 and Eqs. (13) and (16), the guiding velocity of
the pavement

wpav = ∂χ

∂t

∣∣∣∣
X

= ∂
(
X + urig − χALE

0

)
∂t

∣∣∣∣
X

= −∂χALE
0

∂t

∣∣∣∣
X

= −vtire (17)

is known a priori and is equal to minus one times the translational tire velocity, see
[43].

ALE FE Pavement Model. Base for the mechanical FE equation is the balance of
momentum in the reference frame given in the weak form
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∫

χ(B)

ρ̂ v̇ · η dv̂ +
∫

χ(B)

P̂ : Grad η dv̂ =
∫

χ(B)

ρ̂ b · η dv̂ +
∫

∂χ(B)

T̂ · η dâ , (18)

see [27], whereby ρ̂ is the density with respect to the reference frame, v̇ = ẍ is the
material time derivative of the material velocity, η are the so-called test functions, b
represents the volume loads and T̂ is the surface traction due to prescribed loads on
the body surface as well as due to interfacial traction. It is worth noting that for the
steady state case, the inertia term

∫

χ(B)

ρ̂ v̇ · η dv̂ =
∫

∂χ(B)

ρ̂η · (Gradϕ · w)w · n̂ dâ

−
∫

χ(B)

ρ̂ (Gradϕ · w) · (Grad η · w) dv̂
(19)

becomes independent of time, as shown in [27].
The standard steps of linearization ϕ(i+1) = ϕ(i) + Δϕ and discretization lead

finally to the FE equation for steady state motion

(
K(i) − W

)
Δϕ̃ = f̂ext (i+1) − f̂σ (i) − f̂i (i) , (20)

whereby the inertia of the material is considered and represented by the time-
independent inertia matrix W and the inertia forces f̂i, compare [27, 43] for further
details. Since the ALE FE equation is independent of time in the steady state case,
no time consuming time step algorithm is required for the solution, which is one big
advantage of the ALE formulation.

Treatment of Inelastic Materials. Inelastic material formulations typically involve
evolution equations of the internal variables α, whereby the material time derivative
of the internal variables

α̇ = ∂α

∂t

∣∣∣∣
X

= f (F,α) (21)

depends on the current deformation as well as on the internal variables themselves. In
Lagrangian computations, where the material is fixed to the FE mesh, the evolution
equation can be solved by numerical time integration

α (P, tn+1) = f (F (P, tn+1) ,α (P, tn) ,Δt) . (22)

In FE implementations, the evolution equation is solved for each integration point.
Thus, the material history α (P, tn) of an integration point P is obtained from the
internal variables of the same integration point from the previous time step tn in the
Lagrangian frame.
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In ALE formulations, the material is no more fixed to the FE mesh but flows,
instead, through the reference frame. The evolution equation of the internal variables
reads

α̇ = ∂α

∂t

∣∣∣∣
X

= ∂α

∂t

∣∣∣∣
χ

+ Gradα · w = f (F,α) (23)

in the ALE frame. Typical solution strategies to solve this evolution equation are
unsplit techniques (see e.g. [3]) and operator split techniques, where the solution is
split into a Lagrangian and an Eulerian step (see e.g. [9, 49]). For the application
to inelastic pavements loaded by steady state rolling tires, the split approach of
[49] is adopted in [45] and, further, an approximated unsplit approach is proposed
in [43, 45]. The latter one is computationally more efficient as shown in [45]. A
validation of the approximated unsplit inelastic ALE approach by comparison to a
transient Lagrangian computation is further included in [44]. In the special case of
pavements loaded by steady state rolling tires, a pavement material particle takes the
time Δt = |Δχ |/|w| to flow with the guiding velocity w a distance of Δχ along the
material streamline through the reference configuration. Then, for the steady state
case, where the relative part of the evolution equation given in Eq. (23) vanishes, the
material time derivative of the internal variables can be approximated in the unsplit
strategy [43, 45] by

α̇(P) = ∂α

∂χ
· w = f (F(P), α(P)) ≈ Δα(P)

|Δχ | · |w| = Δα(P)

|Δt | . (24)

This formulation allows a Lagrangian like numerical time integration for each inte-
gration point k

αk = f
(
Fk,αk−1,Δt k

)
. (25)

Thereby, the history of the material particle is now taken from the integration point
k − 1 that the particle passed previously and the time that the particle took to pass
from integration point k − 1 to integration point k is obtained from the distance
between both points asΔt k = |Δχ k |/|w|, see Fig. 15. Prerequisite for this method is
a regular FE mesh, where the integration points are lying chain-like on the material
streamlines in the reference configuration.

4.4 Transient, Thermal FE Pavement Model

The pavement temperature state mainly depends on the climatic conditions. In con-
trast to the tire, dissipation due to friction and inelastic material behavior in the
pavement has a minor effect on the temperature of the pavement and, therefore, is
neglected. For the short term of one single tire overrun, it is, thus, assumed that the
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Fig. 15 Transport of the
material history [43]

temperature field in the pavement structure is stationary in longitudinal direction. To
save computational cost, the pavement temperature field is computed in a thermal 2D
FE cross-section model [43]. Base for the thermal computation is the heat balance
equation (see e.g. [33]), which leads after linearization and discretization to the FE
form

C ˙̃
Θ + W Θ̃ = Q̃. (26)

Thereby, C is the heat capacity matrix, Θ̃ is the nodal temperature vector, W is
the heat conductivity matrix and Q̃ is the vector of the nodal heat flux. To solve
this transient equation, an implicit Euler backward time step algorithm is applied.
As time-dependent boundary conditions, temperature (Dirichlet boundary condition)
and heat flux (Neumann condition) can be prescribed. The latter one also enables the
prescription of convection boundary conditions qc = hc · (ϑ − ϑ∞) and radiation
boundary conditions qr = hr(ϑ) · (ϑ − ϑr) (see e.g. [33]).

4.5 Thermo-mechanical Pavement Model

The coupled thermo-mechanical pavement model consists of the thermal module
and the mechanical ALE module [43]. In the thermal module, the time-dependent
temperature field of the pavement cross-section is calculated first. Then, the mechan-
ical ALE module can be applied at any prescribed time tALE. Therefore, it reads the
corresponding nodal temperatures Θ̃(tALE) of the thermal cross-section model and
transmits them to the equivalent nodes of the mechanical ALE model. Then, the
mechanical ALE computation is able to consider the temperature-dependent mate-
rial properties within the FE bulk and cohesive zone elements.


