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Preface

This special publication includes 16 papers on characterization, modeling and
simulation of asphalt mixtures, asphalt pavements, and concrete mixtures, addressing
a variety of timely issues in pavement mechanics. They include five papers on
modeling and simulations of asphalt concrete by incorporating the microscopic
structures of the material, the interactions between aggregates, mastics and voids, and
the use of Finite Element Method (FEM) and Discrete Element Method (DEM); two
papers on the continuum approaches including nonlinear viscoelastic analysis and
temperature dependency; four papers on pavement stress and strain analysis; two
papers on laboratory characterization of modified asphalt concrete; one paper on
pavement fatigue analysis, one paper on tire-pavement interaction, and; one paper on
coefficient of thermal expansion of concrete for rigid pavement design.

Each paper published in this GSP was rigorously evaluated by peer reviewers and the
editors. The review comments were sent to the authors and they have been addressed
to the reviewers and the editors' satisfaction. The editors sincerely acknowledge
reviewers' time and efforts. The editors also acknowledge Graduate student Shu Wei
Goh at Michigan Technological University in the assistance of the cover design.

The papers in this GSP include eight papers that were presented in the symposium on
Pavement Mechanics and Materials at the 18th ASCE Engineering Mechanics
Division (EMD) Conference, held at Blacksburg, Virginia, June 3-6 2007 and eight
papers submitted for publication only. The symposium was supported by the Geo-
Institute Pavements Committee, the Task Committee on Mechanics of Pavements, the
Inelastic Committee and the Granular Materials Committee of the ASCE Engineering
Mechanics Institute.

The editors of this GSP would like to thank the Board of Governors of the Geo-
Institute for their approving the symposium and the special publication.

Zhanping You, Ph.D., P.E., Michigan Technological University
Ala R. Abbas, Ph.D., University of Akron
Linbing Wang, Ph.D., P.E., Virginia Tech

December 30,2007
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Theoretical Aspects in Modeling Asphalt Concrete and Pavements

Vassilis P. Panoskaltsis1 and Dinesh Panneerselvam2

Associate Professor, Department of Civil Engineering, Case Western Reserve University, Cleveland,
Ohio, 44106-7201, U.S.A., (corresponding author); vpp@nestor.cwru.edu

2Advanced Application Engineer, Dassault Systemes Simulia Corp., Northville, Michigan 48167

ABSTRACT: A new nonlinear second order hyperelastic-viscoplastic-damage
constitutive model in multi dimensions is developed and its theoretical foundations
are presented. The model is used to analyze experiments for asphalt concrete both in
the elastic as well as in the irreversible domain of the material. Model's comparisons
to experiments are very favorable. The experiments are analyzed both as
homogeneous and as boundary-value problems.

INTRODUCTION

Rutting defined in ASTM Standard E 867 as "a contiguous longitudinal depression
deviating from a surface plane defined by transverse cross slope and longitudinal
profile" is rated as the most significant distress type regarding damage in pavements.
The longitudinal depressions (sometimes referred to as "ruts") are accompanied by
upheavals to the side. In the asphalt - concrete layer, the rutting is caused by a
combination of densification (compaction) and shear flow. The initial rut is caused by
densification of the pavement under the path of the wheel. However, the subsequent
rut is a result of shear flow of the mix. In properly compacted pavements, it has been
found that shear flow in asphalt - concrete layer is the primary rutting mechanism,
see e.g. Eisenmann and Hihner (1987). Also, the mix exhibits volumetric/deviatoric
coupling behavior; this manifests as the mix dilates under shear loading. A multi-
dimensional hyperelastic-viscoplastic-damage model is developed to describe and
predict the permanent deformations and coupling behavior of asphalt concrete. The
elastic behavior of asphalt concrete is modeled by a second order hyperelastic model,
since the volumetric/deviatoric coupling behavior of the mix is observed even at very
small strain values and at lower temperatures. The rate-dependent behavior of
asphalt concrete, as well as its permanent deformations are described by a
constitutive model based on viscoplasticity and damage theories.

1



PAVEMENTS AND MATERIALS

CONSTITUTIVE MODEL

In this section we present the aforementioned constitutive model. The model is
developed in series and consists of a hyperelastic part and a viscoplastic-damage part.

Hyperelastic Model

Asphalt concrete exhibits volumetric/deviatoric coupling within its elastic region as
is clearly evident in a repeated simple shear test at constant height (RSST-CH)
experiment, developed at the University of California, Berkeley (Sousa et al. 1993).
In this test, cylindrical specimens of 0.15 m (6 in.) in diameter by 0.05 m (2 in.) high
are used. The height of the specimen is kept constant (by applying a vertical load
provided by a vertical hydraulic actuator), while horizontal loads are applied by a
horizontal actuator. The horizontal load is described by a haversine function with
0.05 s loading and 0.05 s unloading time followed by rest time of 0.6 s and is applied
on a 0.2 in thick steel plate, which is glued to the cylindrical specimen. As is
observed in these experiments, in which the evolution of the normal force was
recorded, the normal force starts evolving from the very first cycles of the experiment
during which no permanent shear strain has occurred. In order to describe this
coupling behavior in the elastic regime we propose a second order hyperelastic
model, that is, the stress is a second-order polynomial of the strain. A third-order
hyperelastic model has been earlier proposed by Bahuguna et al. (2006). Clearly, a
linear elastic model, which can be considered as a first order elastic model, cannot
describe this behavior.
The strain energy function W (s) :R6 —>R (where R6 is the six dimensional

Euclidean space of strains) that we propose here for the second order hyperelastic
isotropic model is given by

where s is the strain tensor and bi, b2, b3, b4, and b5 are material parameters. This
form satisfies the condition that at zero strain state (material's natural state) the value
of the strain energy function and the stress tensor be zero. //, I2, h are the invariants
of the strain tensor defined as I\ = trs, h — trd, h — trd.
The stress tensor is given by

where Sy is Rronecker delta and repeated index implies summation convention.

To determine the five material parameters in the second order hyperelastic model,
the tests conducted by Sousa et al. (1993) are used. The following three experiments,
simple shear test, volumetric compression test and uniaxial strain compression test

2
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were conducted in the elastic range. In other words, the experiments were conducted
at low strain levels to minimize the irreversible effects and at low temperature (4°C)
to minimize viscous effects. It is therefore assumed that the strains measured are
elastic strains, since in the experiments no unloading has been reported. The simple
shear test is the same as the repetitive simple shear test (RSST-CH), except only the
loading part of one cycle is considered. In this test evolution of normal stress is also
observed. In the uniaxial strain compression test the axial stress is applied while the
lateral expansion of the specimen is prohibited. In the volumetric compression test
the strain is the same in the three principal directions. All three tests are fitted
simultaneously by using a nonlinear optimization scheme and a unique set of
parameters is obtained. The objective function for the optimization procedure is a
least square function given by

where NI, N2, and N3 are the number of data points taken from the uniaxial,
volumetric and shear experiments, respectively; crn, is the normal stress predicted

by the hyperelastic model for the ith data point, cr121 is the shear stress predicted by

the model for the ith data point and cr^ is the stress value at f1 experimental point.
The minimization of the objective function was performed using the optimization
toolbox of MATLAB. The values obtained for the parameters are tabulated in Table
1.

Table 1. List of parameters

Parameter
Value

bi
0.0004xl08

b2
0.4175x 108

b3
-5.53x 108

b4
0.005 x 108

b5
-5.85x
108

Fig. 1, Fig. 2 and Fig. 3 show the model simulations for shear, volumetric and
uniaxial tests respectively. In Fig. 2 confining stress is the crn stress and radial strain
is the principal strain. All figures show very good fit between the model results and
experimental data. With the values of the parameters obtained from the parameter
estimation procedure, the model's prediction of dilatancy behavior is compared to
experimental results. Fig. 4 shows model prediction of the normal force developed
during the simple shear test and the experimental data for the same. As is seen from
the figure the model's prediction is very good.

3
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strain.
Fig. 1. Shear stress vs. shear Fig. 2. Confining stress vs. radial

strain.

strain.
Fig. 3. Axial stress vs. axial Fig. 4. Axial stress vs. shear strain.

Stability Analysis: Positive Definiteness of Tangent Stiffness

It is well known that the work done on an elastic body by any external agency on
the changes in displacements it produces is positive. This is manifest in terms of
stresses and elastic strains as follows:

where a superimposed dot indicates tune derivative. Materials which satisfy the
above condition are called stable. It is necessary that constitutive laws proposed to
characterize elastic material behavior satisfy the stability criterion given by Eq. 4.
This stability criterion when applied to the hyperelastic model developed here
requires that the Hessian matrix of the strain energy function be positive definite.
This can be shown as follows: By differentiating the stress tensor with respect to
time and using the first part of Eq. 2 we have that

4
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Substituting Eq. 5 into the stability condition Eq. 4 we obtain the following inequality

that is, the quadratic form given in Eq. 6 must be positive for arbitrary values of the
components of strain rate. The inequality may be rewritten as

where Hijld is the tangent material stiffness and is a fourth order symmetric tensor
given by

where s is the [6x1] vector containing the elastic strain rates and H is the [6x6]
symmetric tangent stiffness matrix, also known as the Hessian matrix of the function
W. The Hessian matrix H must be positive definite since Eq. 9 must hold for all

When strain is expressed in a vector form, the elements of the Hessian matrix of W
are written as

Rewriting Eq. 7 in matrix form we obtain,

5
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Positive definiteness of the Hessian matrix ensures that the surfaces corresponding
to constant W in strain space are convex. We will now perform the stability check on
our hyperelastic model for the three different experiments described above and we
will establish the strain ranges within which the model satisfies the stability criterion.

Stability Analysis for a Uniaxial Strain Compression Test

In this case the strain tensor is given by

By using Eq. 1 we obtain the strain energy function for this case and from this the
only non zero component of the Hessian matrix as

Substituting the values of the parameters from Table 1 we have that

6



PAVEMENTS AND MATERIALS 7

The above condition in Eq. 13 requires that for Hessian to be positive definite, the
magnitudes of compressive strains have to be less than 2.08 x 10"4. This condition is
satisfied as is seen in Fig. 3 and hence the Hessian is positive definite and the strain
energy function is convex.

Stability Analysis for a Volumetric Compression Test

The strain state is given by

For a volumetric compression test, the Hessian matrix has all elements equal to zero
except the first three main diagonal elements,

The Hessian matrix is positive definite for £0< 1.49x10 and the strain energy
function is convex. This condition is satisfied for almost the whole range of strains as
is seen in Fig. 2.

Stability Analysis for a Simple Shear Test

The strain state is given by

The Hessian matrix has only one non zero element which is
#4444 = 265 = 0.0 1x1 O8 > 0 and the eigenvalues of the Hessian matrix are positive.

Hence, the Hessian matrix is always positive definite and the strain energy function is
always convex.

Substituting the values of the parameters from the Table 1 we obtain
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In Fig. 5, the strain energy function corresponding to a uniaxial compression test is
plotted against axial strain. From the graph it can be seen that

This is in complete agreement with the limiting value found earlier for the uniaxial
case. Similar plots could also be shown for shear and volumetric tests.

Fig. 5. Strain energy vs. axial strain in the uniaxial compression test.

Viscoplastic Model

To model the rate effects, as well as the irreversible deformations in asphalt
concrete, we develop a constitutive model based on viscoplasticity theory.
Viscoplasticity is a local internal variable theory. We will follow the theory which
was proposed by Perzyna (Perzyna, 1963). This theory is based on the existence of a
yield surface in stress space that separates the states in its interior (elastic domain)
from states outside it. The stress states outside the yield surface lead to the evolution
of inelastic deformations. The theory is a generalization of the classical theory of
plasticity, and classical plasticity is included in as a special case. If the function
f:R6^>R, where/?6 denotes the six-dimensional Euclidean stress space, denotes
the yield function, then the viscoplastic strain rate is zero when / < Oand is finite
when/ > 0. The surface corresponding to / = 0 is the yield surface and in the subset
of the stress space which is within this surface the viscoplastic strain rate is zero. At
stress points outside the yield surface the viscoplastic strain rate is different than zero
and is normal to the surface / = c, where c is the value of / corresponding to the
stress coordinates outside the yield surface (associative viscoplasticity). The surface

8
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corresponding to / = c belongs to the same family of surfaces as the yield surface
and is called the dynamic loading surface. The surface / = 0 is sometimes called the
quasistatic yield surface.

Based on the above discussion, the viscoplastic strain rate is given by

where y° is a material constant, h is a scalar function of / and the Macauley bracket
operator (.) is defined as

The function {/*(/)} is chosen differently to describe different experimental results.

For other approaches to modeling viscoplasticity and rate effects in materials one can
refer to Panoskaltsis et al. (1998) and Panneerselvam (2005).

One important characteristic of asphalt concrete's behavior is that the accumulation
of permanent deformation with an increasing number of loading cycles under
repetitive shear loading is almost linear on a log-log scale (Sousa et al. 1993). This
means that the accumulation of permanent deformation has a polynomial relation
with decreasing rate to the number of cycles on a linear scale. Similar results have
been reported by Witczak et al. (2002). This behavior also characterizes granular
materials as well as metals and sometimes is called ratcheting. Bahuguna et al.
(2006) were the first to model this behavior of asphalt concrete by using generalized
plasticity theory. In our work we will model this behavior by using the theory of
viscoplasticity. Clearly, this behavior cannot be captured by classical plasticity
theories.

Damage is also included in the model to characterize the softening behavior of
asphalt concrete. Apart from the loading surface, other ingredients of a
viscoplasticity theory are the flow rule for the evolution of viscoplastic strain and the
hardening rule for the evolution of hardening parameter. A nonassociative flow rule
is adopted in order to prevent excessive dilation predicted by an associative one. The
proposed loading surface, flow rule and hardening law will be described next.

Loading Surface

The concept of loading surface plays an important role in viscoplasticity theory and
the ability of the theory to model real material behavior depends crucially on the
choice of the loading surface. The form of the loading surface proposed here is based
on the following observations. Asphalt concrete consists of aggregates bound
together by the viscous bituminous material. Due to the presence of these aggregates
the behavior of asphalt concrete is similar to the behavior of granular materials like
sands in many respects, one of them being that both materials exhibit dilation under

9
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where I[Jl and 73
C are the modified first, second and third invariants of stress

tensor, K is the hardening variable, H is the hardening parameter and a is a material
parameter. The invariants are properly modified, in order to account for the damage,
as follows: The damage variable & is defined as

where 4, is the initial area of the undamaged section and A is the area lost due to
damage. It is a positive, monotonically increasing function, i.e. d> > 0 ; in other
words, damage is irreversible. The effective stress aa is

shear loading. Therefore, the loading surface proposed here is similar to the yield
surface proposed by Vermeer (1982) for sands. The form of the loading surface is

where a is the nominal stress. The damage is incorporated in the model and stress
invariants are modified accordingly:

where /;, /^ and 7? are the stress invariants defined as

The damage variable is assumed to be a function of the total viscoplastic strain, i.e.

where a1 and a2 are parameters (for more details see, Panneerselvam, 2005).

Flow Rule (Evolution Equation for Viscoplastic Strain Tensor)

Following the general form given in Eq. 17 the flow rule proposed here is given by
Eq.25
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where v represents the direction of the plastic flow and h is a scalar function of
loading surface and hardening variable. The following form of h is proposed here on
the basis of the observed evolution of permanent shear strains in RSST-CH
experiments,

where rj is the viscosity parameter and x, m and / are material parameters. This is a
modified version of the form proposed by Bahuguna et al. (2006) in the context of
generalized plasticity. Eq. 25 because of Eq. 26 becomes

Because an associative flow rule predicts excessive plastic dilatancy, a non-
associative rule will be adopted here, i.e. v will be normal to a viscoplastic potential
surface Q and not to the loading surface/ The viscoplastic potential chosen is of
Drucker-Prager form and it is given by

where JC
2 is the modified, because of damage, second invariant of the deviatoric

stress tensor s given by JC
2 = J2 /(I - co)2, where J2 is the second invariant of the

stress deviator and y is a material parameter. The normal to the viscoplastic potential
is therefore given by

where / is the unit tensor.

Hardening Rule (Evolution Equation for Hardening Variable)

The evolution equation of the hardening variable, which we propose here, is given
by
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For the complete hyperelastic-viscoplastic-damage model in series, the above
equations are supplemented by the additive decomposition of the strain tensor into
elastic and viscoplastic components and the hyperelastic stress-strain relations, i.e.

where sel is the elastic component of the total strain.

MODEL SIMULATIONS AND PREDICTIONS

The hyperelastic model and the complete hyperelastic-viscoplastic-damage model
are implemented within the finite element program ABAQUS. The implementation
is done through user subroutine modules UHYPER and UMAT respectively. For the
implementation of the model see Panneerselvam and Panoskaltsis (2005). First, the
three experiments, whose simulation we showed in a previous section describing the
hyperelastic model, are analyzed again. In the previous analysis the experiments
were considered as homogeneous and the results were interpreted as providing stress
and strain at a point of the specimen, i.e. the stresses and strains are assumed to be
uniform within the specimen; we can call them local fitting results. Now the
experiments are analyzed as boundary-value problems so that the reality is better
represented. For the finite element model we used 1560 fully integrated 8-noded
linear brick elements. With parameter values already determined (Table 1) the
obtained results are shown in Figs. 6, 7 and 8. The agreement is remarkable. (In all
figures the legends 'model' refer to local fitting results also shown in a previous
section.) Figures 6, 7 and 8 represent the finite element analysis predictions.

Next, the repeated simple shear test at constant height is also modeled as a
boundary-value problem and the results obtained from finite element analysis are
compared to experimental results. The experiments are from Sousa et al. (1993).
The same number and type of elements as before are used. In this case, the complete
hyperelastic-viscoplastic-damage model is employed. First, the model is fitted to
experimental results with amplitude of shear stress equal to 8 psi. For the parameters
of the hyperelastic model b\ to b$ the values already obtained in Table 1 are used,
since the material used in the RSST-CH experiments is the same as the material used
in the experiments described in a previous section. The parameters of the
viscoplastic-damage model are obtained by a nonlinear optimization procedure
similar to the one described in a previous section. The values of the parameters are
given below:

2>t = 4e4, b2 = 4.175^7, b3 = -5.53eS9 b4 = 5e5, b5 = -5.S5eS

a = 12, Tj = 2.82e69H = 5, m = l, x = 1.30-3, 7 = 2.1, / = -2.39 ^=3.7, a2=2
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With these values of the parameters the model's prediction for the RSST-CH
experiment with amplitude of shear stress equal to 10 psi is found. The results are
shown in Fig. 9, where the evolution of permanent shear strain with number of cycles
is depicted in log-log scale. As shown in the figure the model's prediction is very
good. It is important that the constitutive model match experimental results at
different stress levels with the same parameter set, because in a boundary-value
problem such as the pavement structure, different points of the pavement are under
different stress states.

It should be mentioned here that the RSST-CH experiment has been criticized as
not representing true simple shear results. With our approach (i.e. to treat the
experiment as a boundary-value problem) we completely bypass this controversy and
we show the validity of this test as a tool to determine asphalt's behavior.

Fig. 6. Axial stress vs. axial strain.
Comparison of finite element
results to experimental data.

Fig. 7. Shear stress vs. shear strain.
Comparison of finite element
results to experimental data.

Fig. 8. Evolution of normal stress with shear strain.
Comparison of finite element results to experimental data.
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Fig. 9. Evolution of permanent shear strain with number of cycles.

CONCLUSIONS

In this paper a new nonlinear hyperelastic-viscoplastic-damage constitutive model
in series for asphalt concrete is developed. The model is developed in multi
dimensions. The second order hyperelastic model is analyzed with respect to stability
requirements and it is shown that the model is stable for the range of strains studied.
The hyperelastic model is used to analyze the uniaxial strain compression test, the
volumetric compression test and the simple shear test, considered as homogeneous.
The model's comparisons to experimental results are very favorable. The model is
also able to predict the evolution of the normal stress during the simple shear test.
Next, the same experiments are modeled as boundary-value problems and they are
analyzed by the finite element method. In this case, the model's predictions, with the
same set of parameters obtained from the tests considered as homogeneous, are
remarkably good.

The complete model is used for the analysis of the RSST-CH experiment, which is
modeled as a boundary-value problem. The model parameters are obtained from the
test for a given stress amplitude and the model's prediction for the test for a different
stress amplitude is very good. With our approach we completely bypass the
controversy regarding the validity of the RSST-CH.
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ABSTRACT: The deformation behavior of hot mix asphalt (HMA) in the indirect
tension test (IDT) is simulated using the discrete element method (DEM). The
internal structure of the HMA is described using two sets of discrete particles
representing the aggregates and the binder. The constitutive behavior of these
materials is defined using linear elastic properties along with a damage model to
capture debonding. Different adhesion and cohesion strength ratios are included in the
analysis along with varying binder film thicknesses. The analysis revealed that
cracking has the tendency to occur at the interface between the aggregate and the
binder due to the high concentration of stresses in that region. Furthermore, it is
noticed that models containing thin films of binder are more sensitive to the adhesive
bond strength than those containing thick films of binder. The latter suggests that
adhesive failure is more critical in thin film specimens, whereas cohesive failure is
more critical in thick film specimens.

INTRODUCTION

Low temperature cracking in asphalt pavements is a non-load associated
phenomenon that is attributed to the shrinkage in the hot mix asphalt (HMA) layer
upon reduction in ambient temperature (Roberts et al. 1996). As the temperature
drops, tensile stresses develop within the HMA layer. Once these stresses exceed the
tensile strength of the HMA, failure takes place. This could be the result of one
extreme temperature cycle or a series of smaller repetitive cycles.

The propensity of HMA to low temperature cracking is commonly characterized
using the indirect tension test (IDT) by determining its tensile strength at
temperatures below 0°C as documented in AASHTO T 322-03. In this test, a
cylindrical specimen measuring 150 mm (6 inches) in diameter and about 50 mm (2
inches) in height is loaded along its diametral axis using a constant rate of
deformation of 12.5 mm/min. The vertical load is measured using a load cell and the
horizontal and axial deformations are measured using two linear variable differential
transformers (LVDTs) attached to the middle of the specimen, with an initial gauge
length of 38 mm. The tensile strength, St, is taken as the maximum tensile stress; and
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where t is the specimen thickness and D is the specimen diameter. Due to the brittle
nature of HMA at such low temperatures, failure occurs within a very short period of
tune (fraction of a second), and hence no distinction can be made between failure and
specimen breakage.

This paper describes a novel approach for modeling the fracture mechanism in the
IDT test using the discrete element method (DEM). It follows by describing the HMA
internal structure using a set of discrete particles interacting through contact points
that incorporate the inter-particle material behavior, and analyzing the material
response upon loading. A commercial DEM code called Particle Flow Code in 2-
Dimensions (PFC2D) is used in the analysis. Two models consisting of the same
volumetric concentration of aggregates, but varying binder film thicknesses, are
artificially generated. Both aggregate and binder particles are defined using linear
elastic particles connected with contact bonds of varying strengths. Three types of
bonds are included in these simulations in order to account for the cohesion within the
asphalt binder, the cohesion within each aggregate particle, and the adhesion between
the aggregate and the binder. Conclusions are driven based on the effect of the asphalt
binder film thickness and the relative magnitudes of adhesion and cohesion strengths
specified.

DISCRETE ELEMENT MODELING OF HMA

The approach towards modeling the HMA micromechanical behavior using the
DEM is based on defining three aspects, namely model geometry, material properties,
and boundary/loading conditions. Each aspect is covered separately in the following
subsections.

Model Geometry

The effect of the asphalt binder film thickness was investigated through the
generation of two models containing consisting of the same amount of aggregates, but
varying aggregate sizes (Figure 1). It can be seen that the use of large aggregates
resulted in thick films of binder, and that smaller aggregates resulted in thin films of
binder. Each model consisted of a total of 36,267 discrete cylindrical particles, out of
which about 21,000 are aggregate particles and the remaining are binder particles.
Each particle has a diameter of 0.5 mm and a thickness of 50 mm. The discrete
particles within these models are arranged using a hexagonal packing, whereby each
particle is in contact with six neighboring particles in advance to loading.

PAVEMENTS AND MATERIALS 17

is related to the vertical load at failure, Pf, according to the following relationship:
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FIG. 1. Discrete Element IDT Models Containing (a) Thin Films of Binder
(b) Thick Films of Binder.

Material Properties

The stiffness of the asphalt binder significantly increases at low temperatures and
exhibits signs of less time-dependency, as can be measured in a creep test such as the
bending beam rheometer (BBR), whereby smaller strain accumulation is noticed as
compared to that at high temperatures. Therefore, it was decided to model the
interaction among the mix constituents using the linear elastic model. An elastic
modulus of 35 GPa was assumed for the aggregate and an elastic modulus of 3 GPa
was assumed for the asphalt mastic. The later is a value that was experimentally
established for most asphalt binders at extremely low temperatures (Christensen and
Anderson 1992).

The Interaction among the particles was modeled using the linear contact model.
This model is defined using two parameters, namely the normal and shear stiffness
parameter. For each contact, an effective normal and shear contact stiflhess is
calculated from the particles' stiffnesses assuming that they act in series,

where,
Kn and K8 = effective normal and shear contact stiffnesses, respectively,
K^11 and K™ = normal stiffnesses of particles 1 and 2, respectively, and

K[1] and K[2] = shear stiffnesses of particles 1 and 2, respectively.

Bonding between the mix constituents was accounted for through the use of the
contact bond model. Two strength parameters along the normal and the tangential
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directions define this model, whereby the bond in either direction breaks once its
strength value is exceeded. In this work, the bond strength was assumed to be equal in
both directions.

Upon cracking, three failure mechanisms are identified within the asphalt mixture,
namely cohesive failure within the binder phase, cohesive failure within the aggregate
particle, and adhesive failure at the interface between the binder and the aggregate.
Due to the difference in stiffness between the aggregate and the binder, high stress
concentrations are expected at the interface. However, due to the physiochemical
interaction between the binder and the aggregate, the adhesive bond strength is
expected to be higher than that of the cohesive bonds within the binder, and thus
depending on the amount of interaction and the binder film thickness, failure might
take either form. For modeling purposes, a strength value of 2.8 MPa that is quite
common for the asphalt binder was used in the simulation to describe the cohesive
failure within that phase. Adhesive failure, on the other hand, was defined using two
strength values of 2.8 MPa and 8.4 MPa in order to simulate weak and strong
systems, respectively. A rather high strength value of 24 MPa was used for the
fracture within the aggregate particles. Lytton (2004) shows that the adhesive and
cohesive tensile strengths are related to film thickness as well as the cohesive and
adhesive bond energies, which are functions of material surface energies. The ratio
of adhesive to cohesive tensile strength used here is motivated by the bond energy
ratios reported by Lytton (2004) and Cheng et al. (2003).

Boundary and Loading Conditions

The upper and lower loading platens in the IDT were represented using two
boundary walls, each of which is 19 mm wide. The boundary walls were generated so
that they barely touch the top and the bottom sets of particles as can be seen in
Figure 1. Due to the dynamic nature of the analysis method utilized, the deformation
rate was gradually increased from zero at the beginning of the simulation to 50 mm
per second using an analysis time step of 10"7 seconds. Higher deformation rate was
applied in the simulation than what is used in the actual test in order to reduce the
computation time. The simulation lasted for about 8 hours using 200,000 time steps.
The deformation rate was selected small enough to ensure that the model remains in
quasi-static equilibrium. The adequacy of the deformation rate was verified by
stopping the analysis within the linear region (i.e., before cracking), and monitoring
the load level at the platens. A constant load was attained, which indicates that the
deformation rate was low enough not to produce large acceleration and thus, high
inertia forces that might result in premature damage to the specimen.

SIMULATION RESULTS

The stress-strain behavior for the two cases of weak and strong adhesive bonding is
presented in Figure 2. The vertical load was calculated as the average reaction forces
on the upper and lower loading platens and the vertical displacement was taken as the
change in the model height along the loading axis. It can be seen in this figure that the
model containing thin films of binder is more sensitive to the adhesive bond strength
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than that containing the thick films of binder. This implies that fracture is mainly
dominated by the adhesive failure in the case of the thin films, while it is controlled
by the cohesive failure in the case of the thick films. As expected, a sharp drop in
load level is noticed after failure in the case of the thin film model, which is an
indication of a brittle material, while the load level gradually decreased after failure in
the case of the thick film model, which is an indication of a ductile material.

FIG. 2. Resulting Response of Two Models Containing Thin and Thick Films of
Asphalt Binder Using Strong and Weak Adhesion Bonds.

The fracture patterns are presented in Figures 3 and 4 for thin and thick films of
binder, respectively. It can be noticed that cracking was concentrated within the
middle portion of the specimen along the loading direction. It can also be observed
that the cracks are not exactly perpendicular to the loading direction but inclined with
an angle of about 60°. The reason for this is that the particles within these models are
arranged using a hexagonal, in which each particle is surrounded by six neighboring
particles at 60° increments. It can be also seen that cracking has the tendency to occur
at the interface between the aggregate and the binder (i.e., adhesive failure) due to the
high stress concentration. The increase in the adhesive bond strength with regard to
the cohesive bond strength resulted in cracks within the weaker region, and this
fracture was dominated by the cohesive failure mode. Therefore, it is concluded that
if the asphalt binder is present in the asphalt mixture in the form of thin films, the
fracture behavior of asphalt mixture is dictated by the adhesion between the asphalt
binder and the aggregate particles, and if it is present in the form of thick films,
fracture might be dominated by failure within the binder phase should the adhesion
between the aggregate and the binder be higher than the attractions between the
binder particles themselves. This behavior is consistent with what was found by
Lytton (2004), who compared analytical solutions of the tensile strength of asphalt
cement as a function of the binder film thickness to experimental data obtained by
Marek and Herrin (1968).
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(a) Thin Films - Weak Adhesive Bonds

(b) Thin Films - Strong Adhesive Bonds

FIG. 3. Fracture Patterns within the Thin Film Models Presented in Figure 1
Using (a) Weak and (b) Strong Adhesive Bond Strengths.
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(a) Thick Films - Weak Adhesive Bonds

(b) Thick Films - Strong Adhesive Bonds

FIG. 4. Fracture Patterns within the Thick Film Models Presented in Figure 1
Using (a) Weak and (b) Strong Adhesive Bond Strengths.
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SUMMARY AND CONCLUSIONS

The HMA deformation behavior in the IDT test was simulated using the discrete
element method. Two models were generated using large and small aggregates. The
same amount of aggregates was used in both models. The use of large aggregate
particles resulted in thick films of asphalt binder and the use of small aggregate
particles resulted in thin films of asphalt binder. Three types of bonds were included
in the simulations in order to account for the cohesion within the asphalt binder, the
cohesion within each aggregate particle, and the adhesion between the aggregate and
the binder. Low and high strength values were used to describe the cohesion within
the asphalt binder and the aggregate, respectively. Meanwhile, two systems of weak
and strong adhesive bonds were included. It was noticed that the model containing
thin films of binder was more sensitive to the adhesive bond strength than that
containing thick films of binder. Furthermore, it was observed that cracking has the
tendency to occur at the interface between the aggregate and the binder due to the
high concentration of stresses. Therefore, it was concluded that if the asphalt binder is
present in the asphalt mixture in the form of thin films, the fracture behavior of
asphalt mixture is dictated by the adhesion between the asphalt binder and the
aggregate particles, and if it is present in the form of thick films, fracture is
dominated by failure within the binder phase.
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ABSTRACT: This paper presents a numerical study of damage behavior of asphalt
mixtures by using a three-dimensional (3D) micro-frame element network (MFEN)
model and damage mechanics principles. Asphalt mixtures are composed of
aggregates, mastic cement and air voids. The load carrying behavior is strongly
related to the local microstructural load transfer between neighboring aggregate
particles. The 3D finite element scheme used a network of special frame elements.
Each element stiffness matrix was developed based on an approximate elasticity
solution of the stress-strain field in a cementation layer between neighboring particle
pairs. Numerical simulation of this micro-mechanical behavior was accomplished by
using ABAQUS UEL subroutine that incorporated the mechanical load-carrying
response between aggregates. Continuum damage mechanics was then incorporated
within each mastic micro-frame element, leading to the construction of a micro-
damage model capable of predicting typical global inelastic behavior found in asphalt
materials. The Damage behavior simulation was conducted by using the Riks method
(Crisfield 1980; 1986). Model simulation results indicate that the MFEN model is
capable of predicting the damage behavior under the mechanical loading.

INTRODUCTION

Asphalt mixtures are complex heterogeneous materials composed of graded
aggregates, asphalt binder, additives and void space. Recycling of the materials
obtained from the milling of asphalt pavement, known as RAP (Reclaimed Asphalt
Pavement), involves mixing RAP with asphalt cement/emulsion and aggregates in
definite proportions to produce a new asphalt concrete mix or cold-in place recycled
mixture. Due to limited resources, most of the asphalt mixtures are recycled and used
in new pavement construction. A fundamental knowledge of the material behavior is
needed to understand and explain recycling issues, and a micromechanical model
would be an excellent tool to establish such basic mechanisms.

24
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Asphalt concrete pavements must withstand a wide variety of loading and
temperature conditions. For example, traffic loadings can vary from quasi-static to
dynamic impact, and pavement breakdown commonly occurs as a result of fracture
and/or fatigue failure, time-dependent permanent deformation (creep-rutting) and low
temperature (thermal) cracking. Studies on the failure and fracture behaviors of
asphalt materials include the work of (Dai 2004; Dai and Sadd 2004; Dai et al. 2005;
Dai et al. 2006; Luther et al. 1976; Roque et al. 2004; Song et al. 2006a; b; Sousa et
al. 1998; Wen and Kim 2002; You 2003; You and Buttlar 2004).

Many researches have been conducted on the micromechanical behaviors of
particulate, porous and heterogeneous materials. For example, studies on cemented
particulate materials by (Dvorkin et al. 1994; Zhu et al. 1996a) presented the load
transfer between particles which are cemented through an elastic binder, and studies
on inter-particle behavior for two elastic particles bonded through a viscoelastic
binder can be found in the work by (Chang and Meegoda 1997; Zhu et al. 1996b; Zhu
et al. 2001). Such elastic and viscoelastic analyses provide the details in normal and
tangential inter-particle load transfer, and would be the fundamental mechanics in
developing a micromechanical theory for load distribution and failure of such
materials.

The damage behavior of asphalt materials is extremely complex due to its
microstructure. The interior binder is composed of microcracks, microvoids and
defects that result in strength loss. As the load is increased, local cracks would start
to form near the existing-cracks and thus would lead to the interior failure and
interfacial debonding. Continuum damage mechanics is based on the thermodynamics
of irreversible processes to characterize elastic damage behaviors, (Chaboche 1988).
A scalar damage variable is suitable for characterizing isotropic damage behavior,
whereas a tensor-valued variable is necessary in order to account for anisotropic
damage effects, (Simo and Ju 1987).

Damage mechanics was applied to study asphalt mixtures in the past several
decades (Park et al. 1999; Park et al. 1996; Park and Schapery 1997; Schapery 1989;
1990a; b; 1999). This study incorporated the damage mechanics principles into the
finite element approaches. The scope of this work is as follows:
- To develop a micro-frame element network model for simulating the

micromechanical behavior of asphalt mixture
- To present a bilinear damage model based on fracture release energy for crack

propagation
- To show the microstructure effects on damage behavior of asphalt mixtures.

In our previous work, the 2D equivalent MFEN approaches were applied to asphalt
mixtures, where the local interaction between neighboring particles was modeled with
a special frame-type finite element (Dai and Sadd 2004; Dai et al. 2005; Sadd et al.
2004a; Sadd et al. 2004b). The stifrhess matrix of these elements was developed to
predict the load transfer between cemented particles through an effective cement
zone. MFEN model incorporated damage mechanics principles to simulate the two-
dimensional damage behavior. Following these approaches, the 3D MFEN model was
developed for 3D behavior simulation of asphalt mixture. The continuum damage
mechanics principles were also incorporated into 3D MFEN model to simulate the
microstructure-based damage behavior.
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3D MICRO-FRAME FINITE ELEMENT MODEL

Bituminous asphalt concrete can be described as a multi-phase material containing
aggregates, mastic cement (including asphalt binder and fine aggregates) and air
voids. The load transfer between the aggregates plays a primary role in determining
the load carrying capacity and failure of such complex materials. The aggregate
material is normally much stiffer than the mastic, and thus aggregates are taken as
rigid particles. On the other hand, the mastic cement is a compliant material with
inelastic, softening and time-dependent behaviors. In order to properly account for
the load transfer between aggregates, it is assumed that there is an effective mastic
zone between neighboring particles. The micro-mechanical load transfer occurs
through the effective mastic zone. The 3D load transfer between each aggregate pair
includes resultant normal and tangential forces and moments.

For the 3D model, the aggregates were modeled as idealized ellipsoids with
different sizes and shape ratios. The effective mastic zones were simplified as
cylinders with different average thickness h and width w as shown in Fig. 1.

FIG.l. Two cemented particles in a local coordinate system.

These two-node micro-frame elements have the usual six degree-of-freedom, three
displacements and three rotations at each node, and thus require a 12x12 stiffness
matrix to relate nodal (aggregate) motions to the applied forces and moments. The
element displacement-rotation and force-moment vectors (U and F) have 12
components.

where U.. and 6.. are the nodal displacements and rotations, and F.. and Af are the
nodal forces and moments. The finite element model then uses an equivalent lattice
network approach, whereby the inter-particle load transfer is simulated by a network
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where normal force stifmess Knn = (1+« ̂  nR2 and tangential force stifmess

Ktt =j7tR2 are generated from the unit normal and tangential displacement loading

behavior, normal moment stifmess Km = (A+4^ nR4 =jKmR2 and tangential moment
stiffiiess Kn =KttrirJ are obtained from the unit bending rotation loading, torsion

stifmess K^ = -^^R4 = jKttR
2 is from the unit torsion rotation loading, X and n are

the usual elastic moduli, the others are mastic and aggregate geometry sizes as
mentioned before. This elastic stiffness matrix only depends on the normal and
tangential force stiffness Km and Ktt, and the element and particle geometry sizes.
And the element stifmess matrix varies with different particle pair. With this
procedure, the generated elastic stifmess matrix is a function of mastic material
variables and mixture microstructure.

BILINEAR DAMAGE MODEL

Bilinear cohesive zone model was adopted and tailored to simulate the mixed-mode
crack propagation in asphalt concrete by (Song et al. 2005; 2006a; b). Bilinear
cohesive zone model has the improved feature to reduce the artificial compliance by
providing an adjustable initial slope in the cohesive law.

of specially created frame-type finite elements connected at particle centers. The
current network model uses a specially developed, three-dimensional frame-type
element to simulate the inter-particle load transfer. This element elastic equation can
be written with the displacement-rotation and force-moment vectors in the local
coordinate system.

The stresses ax, az and TXZ within the cementation layer can be calculated for the
cases of unit normal, tangential and rotational particle motions. Due to the limited
pages, the details of these stress formulation cannot be presented in this paper and
will be found in a prepared publication by authors. These stresses can then be
integrated to determine the various stifmess terms needed in the element equation.
The final 3D micro-frame element matrix is given by
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To simulate the damage behavior within the asphalt mixture, a bilinear damage
model based on the fracture release energy was developed to combine with the micro-
frame element network. This theory was originally developed for concrete materials
whereby the internal micro-cracks within the matrix cement and around the
aggregates are modeled as a continuous defect field. Inelastic behavior is thus
developed by the growth of damage within the material with increasing loading.

For the multi-axial micro-frame element, the normal and tangential damage
behavior was defined with the separated uniaxial tension/compression and shear
behavior. Fig. 2 shows the stress-strain relations of compression, tension and shear
damage behavior for a micro-frame element between two rigid aggregates. The pre-
peak region represents the elastic part of the bilinear damage model, while the post
failure portion after the peak load accounts for the damage occurring in the fracture
processes. The elastic normal and tangential force stifihess K^ and Ktt defined in
Eq. 3 was still used for elastic region in the bilinear damage model, to account for the
initial material stifmess. The stresses crnt,<Jnc andcr^ indicate the average critical

strength for tension, compression and shear behavior, and s^s^. and ett represent the

corresponding softening strains. From the fracture release energy G^.G^ andGtt of

individual behavior, the post-failure tension, compression and shear stiflhess: (K^ )D,

(Kc j and (Ktt)D are determined to simulate the multi-axial damage behavior.
This damage behavior could lead to a separation or debonding between aggregate

pairs. In order to simulate such total failure, elements were given a mastic failure
criterion for tension, compression or shear based on the average failure strength

where cf is a failure factor related to the average failure strength in each behavior.

For this case, the failed elements still remain in the computation model, but their
stifmess are very small and they carry very little load.

(a)
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(b)

FIG. 2. Stress-strain relationships for compression, tension and shear damage
behavior for a micro-frame element between two rigid aggregates, a) separate
normal behavior, b) separate tangential behavior. (Note that normal
compression/tension behavior is coupled with tangential shear behavior).

The incorporation of bilinear damage and MFEN models were defined in a
nonlinear user defined element (UEL) subroutine of the ABAQUS finite element
code (ABAQUS 2004). UEL subroutine determines the compression and tension
force in each element and performs the required damage calculations in the normal
and tangential directions based on the prescribed softening and failure criteria.
Displacement controlled boundary conditions were employed, and the Modified Riks
method (Crisfield 1980) was used in order to provide a more stable solution scheme.
Also, because aggregate (nodal) displacements became sizeable, the mesh geometry
was updated during each load increment.

DAMAGE SIMULATION ON NUMERICAL SAMPLES OF ASPHALT
MIXTURE

After developing damage-coupled micro-frame element network model, the
preliminary simulation was conducted on numerical samples of asphalt mixture.
Numerical samples were generated with computer program MATLAB. Fig. 3 shows
the damage simulation results including the damage distribution and behavior of
numerical samples A and B.

Sample A has very uniform particle structure with slightly different ellipsoidal
particle sizes: (5.2, 4.5, 5.0), (5.5, 5.0, 5.2), (5.5, 5.5, 5.0), (5.5, 5.5, 5.5). 260
particles were distributed in the four layers with different orientation. The particle
percentage is about 60.8%, calculated with the volume ratio of the total aggregate and
cylinder sample. This mixture sample has about 1849 mastic elements to connect the
neighboring particles in the sample. The geometry of the sample includes the
diameter D = 107 mm and thickness h= 48 mm.
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Sample B was generated from 352 ellipsoidal particles with a graded particle size
and distribution percentage: (2,2,2) - 20.4%, (3.5, 3.5, 3.5) - 37.5%, (5.5, 5.5, 5.5) -
30.7%, and (7, 7, 7) - 11.4%. To simulate the laboratory specimen, the large size
particles distribute in the outer domain and small particles lie in the inner region. The
microstructure of the sample B varies along the thickness. The particle percentage is
calculated about 57.3%. This mixture sample has about 2260 generated mastic
elements. The geometry sizes of this sample are the diameter D = 102 mm and
thickness h= 48 mm.

FIG. 3. Damage simulation on numerical samples A and B: a) computer
generated 3D samples A and B, including ellipsoids connected by mastic
cylinders, b) deformed element structure with removed failed elements, c) elastic
and damage simulation results on numerical samples.
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The indirect tension damage simulation was conducted on these numerical samples.
For the indirect tension loading, the x- and ̂ -displacements of bottom particles and x-
displacement of top particles along the thickness were fixed. Sample loading was
achieved by incrementing the ̂ -displacement of the top particles. The model material
parameters were chosen as E = 1.0 GPa, v =0.3, softening strains of s^ = 0.3, sm —

0.1, stt= 0.1, and the failure criterion with cf =0.05. The simulation results show

that the sample A generated slightly stiffer behavior than sample B with a little higher
aggregate percentage. The comparison between damage and elastic behavior indicate
that bilinear damage model is capable to predict the damage behavior generated
inside the asphalt mixture.

CONCLUSIONS

A three-dimensional MFEN model was developed to study the damage behavior of
asphalt mixtures. This model comprises a network of frame-type element, which
stiflhess matrix was derived from the approximate elasticity solution of the stress-
strain field in a cementation layer between particle pairs. Bilinear damage model was
incorporated to the micro-frame element to simulate the damage behavior within the
materials under the mechanical loading. The proposed model was employed to
conduct simulation on the numerical sample of asphalt mixture. The comparisons
between elastic and damage simulation results indicate this damage model is capable
of predict the micro-damage within the specimen. In the future work, this modeling
scheme will be applied to study the damage behavior of asphalt mixture test specimen
with laboratory calibrated model parameters.
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ABSTRACT: It has been recognized that asphalt pavement performance will decrease
with the presence of water within the pavement structure, while current pavement
mechanics analysis has not taken into account the effect of moisture on dynamic
response of pavement appropriately. Consequently, a 3D finite element simulation
model was performed to study the mechanical response of saturated asphalt pavement
based on Biot consolidation theory. Then, a laboratory test procedure was developed to
analyze the attenuation of mixture performance induced by the coupled water/loading
action. The result indicates that the presence of water changes stress distribution within
pavement structure. What's more, it is interesting to find that the adverse position is in
the middle and bottom HMA layer according to the distribution of pore pressure, which
tallies with the raveling phenomenon of asphalt pavement caused by water. Another
finding from the research is that the fatigue life of specimen subject to the coupled
water/loading action decreases obviously. It is recommended to consider the effect of
water when analyzing and designing flexible pavements.

INTRODUCTION

It is accepted that newly placed HMA pavements are placed at a higher than designed
air void content (generally 6-7%) with the assumption that traffic loadings will decrease
the air void content over time. This air void level can allow water to move through the
pavement (Kanitpong et al. 2001). However, the infiltration of water into the pavement
can develop pore pressure leading to excessive deflection, cracking and reduction in
load carrying capacity of pavement (Choubane et al. 1998).

It is common that some degree of saturation is possible in all pavements, which
indicates that water should not be ignored in mechanics analysis of asphalt pavement.
As a result, some relative researches have been done. Masad et al. (2003) used two
dimensional SEEP/W finite element to study the relationship between the water flow

34
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patterns and the gradients in percent air voids in HMA. Novak et al. (2002) used theory
of mixture to describe the saturated asphalt pavement and studied the effects of vehicle
speed and permeability on pore pressure with a two dimensional finite element
program-PlasFEM. Kringos et al. (2005) is developing a finite element tool-RoAM
(Raveling of Asphalt Mixes) to describe the raveling of asphalt Mixes due to water
damage from the point of microcosmic view. Yang et al. (2006) discussed the use of
Stiffness Matrix Method to calculate pore pressure within a saturated pavement. Zejiao
et al. (2006) finished theoretical derivation and FEM simulation for the saturated
pavement subject to transient vehicle loading.

As a result, in order to account for the water effect on pavement response under
dynamic loading action, layered porous medium system was employed based on Biot
consolidation theory. The pavement response was calculated using a 3D finite element
model in transient dynamic analysis mode. At the same time, a laboratory test was
designed to describe the effect of the coupled water/loading action on the performance
of asphalt mixture. This material performance variation was evaluated with the fatigue
life comparison between the conditioned and unconditioned specimens.

FINITE ELEMENT MODELING

In the saturated pavement analysis, the asphalt layers, base, and subgrade are
composed of two phases, the solid phase or skeleton (road construction material) and
the fluid phase occupying the void volume (water in voids). Biot Consolidation theory is
used to describe the saturated pavement, which consists of balance equations for both
the solid and the fluid phase and conservation of mass of the total system (Biot 1941,
1956,1962). The governing equations can be expressed as follows:

Balance equations for solid phase:

Balance equations for fluid phase:
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Conservation of mass of the total system:

In the above equations, us, vs and ws are the displacements of the solid skeleton in

x, y and z directions respectively; uf, vf and wf are the fluid displacements relative

to the solid skeleton in x, y and z directions, respectively; kx, ky and kz are the

permeabilities in jc, y and z directions, respectively; crx, <jy and az are the effective

stresses in x, y and z directions, respectively; p is the pore pressure; p is the mass
density; pf is the pore fluid density; • and • • denote the first order and second order

differential of displacement variables, respectively.
The theoretical derivation and numerical simulation for the saturated asphalt

pavement in axisymmetric case is performed in Zejiao et al. (2006). Here, we use
ADINA finite element program to carry out the simulation. General information is
listed followed by a brief description of dynamic loading and material properties.

Basic Parameters of Finite Element Modeling

Three dimensional finite element mesh is shown in Figure 1. Eight-node brick
element is used, which gives a comparative accuracy and is not memory consuming at
the same time. The nodes, when analyzed in a transient dynamic saturated state, have
seven degrees of freedom corresponding to the fluid and solid displacements in X, Y
and Z direction as well as pore pressure. The total vertical, longitudinal and transverse
dimensions of the mesh are 3.0 m by 3.0 m by 3.0 m. Elements are finer near the top and
middle (where the wheel load will be applied) of the mesh and gradually grow coarser
toward the sides and bottom of the pavement structure.

FIG. 1.3D finite element mesh.

For the solid phase, the left and right boundaries were free to move vertically and
longitudinally but not transversely, the front and back boundaries were free to move
vertically and transversely but not longitudinally, the bottom boundary was fixed in all
directions, and the top boundary was free to move in all directions. For the fluid phase,
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the surrounding boundaries and top boundary, except for the loading area, were
pervious while the bottom boundary and loading area were impervious.

Transient Dynamic Loading

The wheel load as proposed in Xiaodi et al. (2005) was assumed to be 0.24 m long
and 0.16 m wide with a contact pressure of 651 kPa for a single rectangle loading area,
and the center distance between two loading areas is 0.24 m. A time dependent
haversine function is used to simulate an assumed smoothly varying tire loading,
followed from the definition of Novak et al. (2002). The applied loading at any tune t is
presented by:

Where /^ is the loading peak. T is the total duration of the loading, which is based
upon the vehicle speed and the assumption that the tire has no effect at the distance of its
sextuple length. TTiis paper looked at a wheel load traveling at 60 km/h, 90 km/h, and
120 km/h, or a haversine load duration of 0.0864, 0.0576 and 0.0432 seconds,
respectively.

Material Properties

The material parameters used in the simulation are shown in Table 1, which are
common for many dense graded HMA in China.

Table 1. Material properties used in three dimensional finite element simulation

Properties

Thickness(m)
Elastic modulus(MPa)

Poisson's ratio
Solid bulk density

(kg/m3)

Fluid bulk modulus
(MPa)

Fluid density(kg/m3)
Permeability(cm/s)

Upper
asphalt
layer
0.05
1400
0.30

2400

l.OE+11

1000
l.OE-04

Middle
asphalt
layer
0.06
1400
0.35

2400

l.OE+11

1000
l.OE-04

Lower
asphalt
layer
0.08
1400
0.35

2400

l.OE+11

1000
l.OE-04

Upper
base layer

0.20
1600
0.20

2100

l.OE+11

1000
l.OE-04

Lower
base layer

0.20
600
0.30

1900

l.OE+11

1000
l.OE-05

Subgrade

2.41
50

0.40

1900

l.OE+11

1000
l.OE-06

Figure 2 shows the pore pressure history for the center of one tire area at different
depths. In this case, the vehicle speed is 60 km/h. For each depth level, the pore pressure
increases very rapidly with the increase of loading at the initial stage, as the applied
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loading is transferred to the fluid in the voids mostly. Subsequently, as the fluid starts to
escape the voids, the pore pressure decreases. Then the positive pore pressure changes
to the negative suction pressure and the surrounding solid skeleton recovers from the
loading and sucks fluid back into the voids gradually. The maximum negative pore
pressure reaches when the loading is almost gone. Finally, as the loading has already
gone, the negative pore pressure starts to dissipate.

It is interesting to find that the peak time of pore pressure is earlier than that of the
applied loading. The possible reason is that, there has already certain time for the fluid
to escape through the surrounding interconnected voids after the initial stage of the
loading, although the applied loading increases to its peak value subsequently, the
transferred pressure to the fluid could not continue to go up.

The similar reversals from positive pore pressures to sizable suctions, as the wheel
loading is applied, are found at all the depth, while the different point is their peak value.

FIG. 2. Pore pressure histories at different depths.

FIG. 3. Pore pressure histories for different speeds.
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Figure 3 shows the pore pressure history for the center of one tire area at the interface
between the upper and middle asphalt layer (at the depth of 0.05 m) for different speeds.
In this case, the vehicle speed varied from 60 km/h to 120 km/h. As the vehicle speed
increases, the positive pore pressure increases slightly, from 242 kPa at 60 km/h to 321
kPa at 120 km/h, which is caused by the less escaping time for the fluid at higher vehicle
speed. The results here are similar with the work done by Novak et al. (2002) with
PlasFEM, which indicates the validity of the simulation presented here.

As it can be seen from Figure 4 which illustrates the pore pressure distribution of
M-N section at different time, pore pressure mainly concentrates in asphalt layers, both
the arising and dissipating phase. What's more, the transverse influencing scope is the
widest at the depth from 0.05 m to 0.2 m, which are just right the middle and bottom
asphalt layer. This means that the adverse position is the middle and bottom HMA layer
once water enters the pavement structure, which tallies with the raveling phenomenon
of asphalt pavement due to water action. As a result, the concentration in certain area for
pore pressure, combining with its reversal from positive to negative during the vehicle
loading, may be thought as one of the reasons for the stripping failure caused by water,
which is similar with Figure 5, from the results presented here.

FIG. 4. Pore pressure distribution for different time.

(a) t=0.026(sec) (b) t=0.056(sec)

(c)t=0.082(sec) (d)t=0.102(sec)
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FIG. 5. Coring of asphalt pavement with initial failure.

Figure 6 presents the comparison result of vertical stress distribution between the
saturated and dry condition, at the loading peak time (vehicle speed is 60 km/h),
assuming that all the parameters used in FEM simulation are the same except for the
moisture condition. Larger vertical tensile stress occurs outside the two wheels in the
saturated case comparing with the dry case, although vertical compressive stress under
the applied area is smaller in the former. The fluid under the tire is forced to flow to the
surrounding area when loading, which results in the increase of pressure transferred to
the ambient solid skeleton. This means water existing within pavement structure is more
likely to induce the lifting outside the two wheels, comparing with the dry case. This
further demonstrates that moisture makes asphalt pavement weak.

(a) Saturated condition (b) Dry condition

FIG. 6. Comparison of vertical stress distribution between dry and saturated case.

LABORATORY TEST DESIGN

To identify the effect of pore pressure, a laboratory test procedure was developed.
Differing from the procedure developed by Jimenez et al. (1974) and Mallick et al.
(2003), which separated the pore pressure action from vehicle loading, a procedure of
laboratory test with a repeated loading directly on specimens in a conditioned chamber
is carried out. Then, the fatigue life of conditioned specimen is used to present the
influence of the coupled water/loading action. The sketch map of the test is shown in
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Figure 7. Indirect tension and uniaxial compression modes are used to simulate the
repeated tension and compression stress state in real pavement structure, in which pore
pressure arises spontaneously. Authors believe that this is an easier and simpler method
to simulate the coupled water/loading action comparing with other researches.

The specimens are compacted to 6 % to 8 % voids firstly, and subjected to a water
preconditioning which includes vacuum saturation of specimens for 15 minutes with a
saturation level between 55 % and 80 %, then cured in the water for 48 hours at 25 °C.
After these treatments, the specimens can be used for the proposed test. Here, traditional
dense grading mixture AC-16 is used. The penetration of asphalt is 90, while aggregate
is basalt in Heilongjiang Province. Further information is listed in Zejiao et al. (2006).

(a) Indirect tension mode (b) Uniaxial compression mode

FIG. 7. Sketch map of specimens subject to the coupled water/loading action.

ANALYSIS OF THE LABORATORY TEST RESULT

The repeated haversine pulse load of 10 Hz, approximately simulating vehicle
traveling at the speed of 60 km/h (its loading frequency is 11.6 Hz), is used in both
loading modes. The magnitude of loading is determined by the corresponding strength
test after the specimens are preconditioned. Figure 8 shows the result of the repeated
indirect tension test. Retained life varies from 67 % to 84 %, and increases slightly as
the stress level increases. That means fatigue life decreases 20-30 % due to the coupled
water/loading action.

FIG. 8. Result of the repeated indirect tension test.
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Figure 9 presents the result of the repeated uniaxial compression test. Retained life
varies from I % at 0.7 MPa to 45 % at 1.1 MPa, and decreases obviously with the
increase of the compression stress. This rule is different from that shown in the repeated
indirect tension test. In the compression mode, the pore fluid was compressed to scour
asphalt film wrapping on aggregate surface. The larger the compression stress, the
larger the positive pore pressure occurs, resulting in a relatively smaller retained life. In
contrast, the larger the tension stress, the larger pore size becomes between aggregates,
and the less scouring action on the film, which leads to a relatively higher retained life.
In any case, it shows that the coupled water/loading action has a visible adverse
influence on the performance of asphalt mixture, which requests that the adverse effect
caused by water should be considered in asphalt pavement analysis.

FIG. 9. Result of the repeated uniaxial compression test.

CONCLUSIONS

This paper presents a three dimensional finite element simulation of a saturated
asphalt pavement system subject to a dynamic vehicle load, and develops a laboratory
test procedure to quantitate the adverse effect caused by the coupled water/loading
action. Some key observations from this analysis were:
1. A reversal of pore pressures occurs in the saturated asphalt pavement due to the
dynamic vehicle loading, which may induce the stripping and scouring phenomenon.
2. Pore pressure arising in the saturated pavement is relevant to the vehicle speed.
Higher vehicle speed will result in a higher pore pressure, due to the shorter time for the
fluid under the tire to flow.
3. It shows that the adverse position is in the middle and bottom asphalt layer as the
arising and dissipating of pore pressure concentrates here, which tallies with the
raveling phenomenon of asphalt pavement caused by water.
4. Larger vertical tensile stress occurs outside the two wheels of vehicle in the saturated
pavement comparing with the dry case, which is more likely to cause the lifting outside
the two wheels.
5. A simple laboratory procedure is developed to simulate the coupled water/loading
action, which indicates that the presence of water weakens the mixture performance,
and higher compression stress makes asphalt mixture have more stripping potential.
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It is recommended that the relationship between permeability and pore pressure
should be analyzed, as the former highly influences the latter. Further improvement and
refinement of the test procedure should be carried out so that it can be used widely.
Recommendation is also made for further research work with different types of mixes.
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ABSTRACT: The effect of fiber on the asphalt mixtures has been concerned at all
times. Bearing this problem in mind, four kinds of polyester fiber, one kind of methyl
cellulose, one kind of mineral fiber, AC-16 and SMA-16 asphalt mixtures, AH-70 and
the SBS (I-D) modified asphalt were chosen and used in the present study. Practical
performances such as Marshall Test indexes, low-temperature split strength, residual
stability, freezing and thawing splitting strength ratio and dynamic stability of the
mixtures made of the above mentioned materials were studied. Though there is optimal
asphalt content contained in the mixture, the improving effect of fiber on the asphalt
mixtures (AC-16 and SMA-16) performance is not apparent. Therefore from a general
view of economy and technology, it seems unnecessary to put fiber into AC asphalt
mixtures with high-quality modified asphalts. However, the effect of fiber as a
stabilizing agent is bigger than that of as the agent strengthening the wheel tracking
resistance capacity in the SMA mixtures.

INTRODUCTION

Asphalt pavement is the main form of Pavement Structure of the freeway. The
chief forms of the destructions of freeway are wheel tracking, split and fatigue
destructions. Since 1960s, most of the research about asphalt pavement has focused
on these destructions. However, in the past 10 years of China, in most cases, the life
of asphalt pavement of freeway are shorter than the design life, therefore, the other
two destructions - water damage and reflection cracks, have gradually caught the
attention of engineers and become a world-wide problem. In addition, China's
Asphalt Pavement Design (e.g., Ministry of communications of PRC 2004a) notes that
adding fiber to asphalt concrete can improve its performance when it is allowed.

In china, the asphalt pavement under heavy carry and the gradient is very steep,
which result in the wheel tracking of asphalt pavement is serious. Bearing this
problem in mind, the study attempts to improve the wheel tracking resistance
capability of asphalt mixture by asphalt modified and adding fiber in the asphalt
mixture, then to make a contrast analysis of its results.
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What role can fiber play in AC and SMA asphalt concrete? Are they effective?
Bearing this problem in mind, Four kinds of polyester fiber, one kind of methyl
cellulose, one kind of mineral fiber, AC-16 and SMA-16 asphalt mixture, AH-70 and
the SBS(I-D) modified asphalt were chosen and used in this study. Practical
performances such as Marshall Test index, low-temperature split strength, residual
stability, freezing and thawing splitting strength ratio and dynamic stability of the
mixtures made of the above mentioned materials were studied.

RAW MATERIALS AND THE TYPES OF MIXTURE

Asphalt

Ordinary asphalt in test is Zhonghai 36-1 AH-70. Zhonghai AH-70 was chosen as
raw asphalt of modified asphalt, and modified agent was Shenzhen Luante SBS (I-D),
with a content of 3.8%. Asphalt content used in the Marshall Test is the optimal
asphalt content

Aggregate

Aggregate adopted basalt detritus, which was produced by stone factory of
Lantian Kewangda in Shanxi. The mineral powder, which was produced by cement
factory of Pingliangxiazhong in Shanxi, was used as filler.

Fiber

Many fiber such as Dolanit® AS polyacrylonitrile fiber, ARBOCEL methyl
cellulose, BoniFbers® polyester fiber, FORTA® AR fiber which was composed of
polypropylene and Aramid Fiber, DCPET polyester fiber which was made in China,
and FIBROX mineral fiber which was made in Canada were chosen and used in this
study.

Asphalt Mixture

The middle value gradation of AC-16 and SMA-16 asphalt mixture were chosen
and used in this study (e.g., Ministry of communications of PRC. 2004b).

THE INFLUENCE OF FIBER ON THE MARSHALL TEST INDEX OF
ASPHALT MIXTURE

The Influence of the Fiber Content on the Marshall Test

The study using Dolanit® AS polyacrylonitrile fiber and ordinary asphalt to
analyze the influence of the fiber content on Marshall Test, AC-16 middle value
gradation was used in all of the gradation of mineral aggregate. The ratios of fiber,
which were chosen in the study, were 0%, 0.25%, 0.30%, 0.35% and 0.50%. Marshall
Test in laboratory determined the optimal bitumie-aggregate ratios under different
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fiber content, and then the study tested every Marshall Test index under the optimal
bitumie-aggregate ratio. From the results of the test, there is an optimal fiber content
for the fiber asphalt concrete. Under present study conditions, the optimal Dolanit®
AS polyacrylonitrile fiber content is 0.3%, and 4.7% for the corresponding quantity
of asphalt.

The Influence of the Fiber Type on the Marshall Test Index

Ordinary asphalt, modified asphalt and optimal fiber content were chosen in this
study. The effects of six kinds of fiber on the Marshall Test of the AC-16 middle
value gradation can be seen from Table 1 and Table 2.

It is shown from Table 1 and Table 2 that there is no notable difference among the
effects of six kinds of fiber on the Marshall Test index of the AC-16 middle value
gradation, but polyester fiber of BoniFbers® is the one upon others.

In order to study the effect of fiber on the SMA-16, the tests of adding fiber and
no fiber were made separately for contrast, Dolanit® fiber was chosen for the study,
ordinary asphalt and modified asphalt were chosen for contrast. The result of the tests
can be seen from Table 3, for the Marshall Test index of SMA-16 mixture, the
function of fiber is quite apparent while the performance of the modified asphalt is
not.

Table 1. The Effect of Ordinary Asphalt Concrete AC-16 with Different Kinds of
Additional Fiber on the Marshall Test Index

Fiber type

Wiftiout
fiber

Dolanit^AS
BomFbers*
FQRIA®

AR
DCPET
Methyl
cellulose
Mineral

fiber

Amount
of asphalt

(%)

4.6

4.7
4.7

4.7

4.7

4.7

4.7

Stability
(KN)

9.96

11.22
11.47

11.16

11.09

10.64

10.85

Flour value
(mm)

3.68

3.83
3.91

3.74

3.79

3.77

3.85

Density
(g/cm3)

2.454

2.444
2.446

2.441

2.439

2.435

2.437

W
(%)

3.548

3.805
3.727

3.923

4.002

4.160

4.056

VA
(%)

10.508

10.683
10.691

10.670

10.661

11.462

11.155

VMA
(%)

14.056

14.488
14.418

14.593

14.663

15.622

15.211

VFA
(%)

74.760

73.735
74.153

73.115

72.706

73.374

73.335

The Influence of the Asphalt Type on the Marshall Test Index

From Table 1 and Table 2, it is easy to find that the application of the modified
asphalt AC-16 can have the same effect as the ordinary asphalt with additional fiber;
Of course, the performance of the modified asphalt concrete with additional fiber can
be further enhanced. From Table 3, for the SMA-16 mixture under the Marshall Test
index, the performance of the modified asphalt is insignificant.
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THE INFLUENCE OF FIBER ON THE CRACK-RESISTANCE CAPACITY
IN THE LOW TEMPERATURE OF ASPHALT MIXTURE

Indirect tensile test (Splitting test) under different temperatures was chosen for
this study, the asphalt mixture of six kinds of fiber and two kinds of asphalt were
chosen for splitting test. The results are shown in Table 4.

From Table 4, in the AC-16 ordinary asphalt concrete, fiber almost has no
contributions to enhance the crack-resistance capacity in the low temperature, and
there is no difference among various kinds of fiber. In the AC-16 modified asphalt
concrete, although fiber has certain contributions to enhance the crack-resistance
capacity in the low temperature, it does not meet expectations, and there is no obvious
difference among various kinds of fiber too. It is also found that the contributions of
the modified asphalt are bigger than that of fiber, which is worth considering.

For SMA-16 mixture, the contributions of fiber to improve the splitting strength
are increased compared with the fiber in AC-16 asphalt mixture, but with only
10-15% of increase which is not sharp while there is 15-40% of increase in the
modified asphalt mixture.

Table 2. The Effect of Modified Asphalt Concrete AC-16 with Different Kinds of
Additional Fiber on the Marshall Test Index

Fiber type

\\fthout
fiber

Dolanit"
AS

BomFbers®

FORIA®
AR

DO>ET

Mefoyl
cellulose
Mineral

fiber

Amount
of asphalt

(%)

4.7

4.8

4.8

4.8

4.8

4.8

4.8

Stability
(KN)

13.25

14.56

14.830

14.52

14.36

13.78

13.91

Flour value (mm)

3.72

3.89

3.96

3.78

3.81

3.83

3.88

Density
(g/cm3)

2.458

2.450

2.451

2.444

2.432

2.439

2.440

W
(%)

4.131

4.224

4.147

4.283

4.356

4.475

4.394

VA
(%)

11.205

11.236

11.244

11.229

11.211

12.188

11.834

VMA
(%)

15.336

15.460

15.391

15.512

15.567

16.663

16.228

VFA
(%)

73.063

72.678

73.056

72.389

72.018

73.144

72.923
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Table 3. The Influence of Dolanit® AS Polyacrylonitrile Fiber on the Marshall
Test Index of SMA-16

Type of mixture

AH-70
SAM-16

without adding fiber
AH-70

SMA-16
with additional fiber

Modified asphalt
SAM-16

without adding fiber
Modified asphalt

SMA-16
with additional fiber

Amount of
asphalt

(%)

5.80

5.90

6.00

6.10

Stability
(KN)

6.03

7.44

7.68

8.95

Flour value
(mm)

4.28

3.47

3.82

3.01

Density
(g/cm3)

2.433

2.428

2.439

2.436

W
(%)

4.257

3.832

4.133

3.746

VA
(%)

14.108

13.651

14.003

13.512

VMA
(%)

18.365

17.483

18.136

17.258

VFA
(%)

76.820

78.082

77.215

78.294

Table 4. The Influence of Fiber upon the Splitting Strength under Different
Temperature of Asphalt Mixture

Type of
mixture

Ordinary

Modified
asphalt

I>pe of fiber

\\fttioutfiber

DolanifAS

BomFbers*
FOKIA^AR

DCPET
Methyl
cellulose

Mineral fiber
WSfcout fiber
DdanifAS
BomFbers*
FOKIA*AR

DCPET
Methyl
cellulose

Mineral fiber
AH-70 SMA-16

with additional fiber
SBS modified asphalt

SMA-16
wifcout adding fiber
SBS modified asphalt

SMA-16
win additional fiber

151C (MPa)

1.523

1.648

1.614
1.585
1.576

1.553

1.568
1.855
1.962
1.986
1.950
1.916

1.875

1.892

0.885

0.903

1.020

lOXXMPa)

2.424

2.565

2.587
2.502
2.533

2.465

2.479
2.782
2.873
2.849
2.895
2.864

2.806

2.819

1.428

1.520

1.729

OlC(MPa)

3.501

3.577

3.550
3.592
3.535

3.514

3.527
3.577
3.815
3.772
3.839
3.795

3.623

3.686

2.058

2.164

2.491

-10r(MPa)

4.192

4.272

4.256
4.245
4.232

4.211

4.226
4.318
4.642
4.600
4.566
4.518

4.379

4.445

2.637

°C°C2.745

3.008

-201C
(MPa)
3.236

3.366

3.331
3.309
3.287

3.268

3251
3.523
3.847
3.888
3.804
3.726

3.597

3.653

3.124

3.282

3.643

Notes: a. The fiber type which was added in SMA is Dolanit® AS polyacrylonitrile fiber
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Table 5. The Influence of Fiber on Marshall Residual Stability (%) of Asphalt
Concrete AC-16

Asphalt
type

Ordinary
asphalt

Modified
asphalt

Without
fiber

85

87

Dolanit®
AS

92

93

BoniFbers®

90

92

FORTA®
AR

88

92

DCPET

89

90

Methyl
cellulose

85

87

Mineral
fiber

87

89

Table 6. The Influence of Fiber on Marshall Residual Stability of Asphalt
Concrete SMA-16

l^pe of gradation

Residual stahfliryMSo (%)

AH-70
SMA-16
without

adding fiber

72

AH-70
SMA-16

with
additional

fiber

84

SBS
modified asphalt

SMA-16
Without adding

fiber

89

SBS modified asphalt
SMA-16

with additional fiber

93

THE INFLUENCE OF FIBER ON THE WATER STABILITY OF ASPHALT
MIXTURE

The Test Results and Analysis of Soaking Marshall Test

The test results of AC-16 are shown in Table 5, the test results of SMA-16 are
shown in Table 6.

Conclusions can be drawn from Table 5: there are certain contributions of fiber to
enhance the residual stability of asphalt concrete either in ordinary asphalt AC-16 or
in modified asphalt AC-16, and the polyester fiber has more contributions than other
types of fiber, but it still does not meet the expectations.

From Table 6, it is found that the contributions of fiber to enhance the residual
stability of SMA are greater than that of AC-16 (17% of increase for ordinary asphalt,
4.5% of increase for modified asphalt); but it is also found that in the standard SMA
mixture, the contributions of modified asphalt to improve residual stability are 11%
higher than fiber. These two findings indicate that the binding power between asphalt
and aggregate is a critical factor.

The Results and Analysis of Freezing and Thawing Splitting Test

Samples were divided into two groups: Six kinds of fiber and two kinds of asphalt
were chosen for contrast in the experiment, the results are shown in Table 7.

From Table 7, it can be seen that fiber has a certain effect to TSR of AC-16 but
not notable, its conclusion is almost the same as the other experiment's conclusion -

Notes: a. The fiber type which was added in SMA is Dolanit® AS polyacrylonitrile fiber.
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the influence of fiber on the splitting strength under different temperature of asphalt
mixture. The effect of fiber on the TSR of SMA-16 mixture is more noticeable than
that of AC-16 mixture. In the standard SMA mixture, the mixture with additional
fiber can improve the freezing and thawing splitting strength by 13.6% while the
modified asphalt only enhances the strength by 8.2%.

Table 7. The Influence of Fiber on TSR (%) of Asphalt Mixture

Asphalt type

Ordinary asphalt
AC-16

Modified asphalt
AC-16

AH-70SMA-16
without adding fiber
AH-70 SMA-16

With additional fiber
SBS modified

asphalt
SMA-16

without adding fiber
SBSmodified

asphalt SMA-16
With additional fiber

Without
fiber

82

85

73

81

Dolanit*
AS

85

89

85

92

BoniFbers®

89

91

FOBTA*
AR

86

90

DCPET

88

91

Methyl
cellulose

85

90

83

88

Mineral
fiber

86

88

87

90

Table S.The Influence of Fiber Dose on the Residual Stability of Asphalt
Concrete

Fiber content (K)

Residual stability (%)

0.00

84

0.20

87

0.30

92

0.35

90

0.50

88

Table 9. The Influence of Fiber Dose on the TSR (%) of Asphalt Concrete
Fiber content (%)

TSR (%)
0.00

82

0.20

83

0.30

85

0.35

84

0.50

82

The Influence of Fiber Dose on the Water Stability of Asphalt Concrete

In order to analyze the influence of fiber content on the resistance to water
damage capability of asphalt concrete with additional fiber, Dolanit® AS
polyacrylonitrile fiber and ordinary asphalt were adopted in the study. The radios of
fiber chosen in the study were 0%, 0.25%, 0.30%, 0.35% and 0.50%. The optimal
bitumie-aggregate ratios under different fiber content had been determined by
Marshall Test in the laboratory, so that the influence of different fiber content on the
index of resistance to water damage capability could be discussed in the later. The
results are shown in Table 8 and Table 9.

The results in Tables 8 and 9 indicate that for the fiber asphalt concrete, there is
an optimal fiber content. Under present study conditions, the optimal amount of
Dolanit® AS polyacrylonitrile fiber is 0.3%, nevertheless, with only not more than
9.5% of increase to the residual stability and 3.6% of increase to the freezing and
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thawing splitting strength ratio, so the further conclusion can be made that the effect
of fiber on enhancing the water stability of asphalt concrete is not significant.

THE INFLUENCE OF FIBER ON THE HIGH TEMPERATURE STABILITY
OF ASPHALT CONCRETE

FIG. 1. The contrast of dynamic stability of SMA-16 by wheel tracking test

FIG. 2. The contrast of dynamic stability of ordinary asphalt SMA-16.

FIG. 3. The contrast of dynamic stability of modified asphalt SMA-16 and
AC-16.



PAVEMENTS AND MATERIALS 53

In this study, the high temperature performance of asphalt concrete with
additional fiber was characterized by dynamic stability and deformation rate. It is
known to all that if the dynamic stability is enhanced, the wheel tracking resistance
capability will be enhanced too. Asphalt mixture of AC-16, SMA-16, and five kinds
of fiber were chosen for dynamic stability test to make a contrast analysis of its
results. The results are shown in figure 1 through 3. It can be noticed that when fiber
is added, the dynamic stability of SMA mixture is higher than the SMA mixture
without adding fiber, and modified SMA is higher compared with ordinary SMA.
Especially, the dynamic stability of modified SMA-16 mixture which is added
Dolanit® AS is highest compared with others; the dynamic stability of ordinary
SMA-16 mixture is higher than that of ordinary AC-16 asphalt mixture with
additional fiber; the dynamic stability of modified SMA-16 mixture is higher than
Modified AC-16 asphalt mixture with additional fiber. The order of dynamic stability
is illustrated as follows: ordinary AC-16 asphalt mixture with additional fiber <
ordinary SMA-16 mixture < modified AC-16 asphalt mixture with additional fiber <
modified SMA-16 mixture.

When fiber is added in asphalt mixture, because of the absorption effect of fiber
on asphalt, especially, after the lighter oil of asphalt is adsorbed by fiber, softening
point of asphalt, viscosity and cohesive strength are increased. This increases the
asphalt glue stiffness, enhances the dynamic stability of mixture greatly and improves
the high temperature stability of mixture.

The results also show that the contributions of SBS modified asphalt is greater
than that of modified asphalt with additional fiber. The conclusion is almost the same
as the American research achievements but with different approaches (e.g., Brown et
al. 1997a and Brown et al. 1997b). The dynamic stability of SMA gradation mixture is
higher than intensive gradation asphalt mixture; the increase of dynamic stability of
modified asphalt with additional fiber is higher than that of ordinary asphalt concrete
with additional fiber. For the asphalt pavement under heavy carry, if the condition
permits, it is suggested that the mixture of the modified asphalt with extra fiber
should be used and the SMA mixture which with the highest dynamic stability should
be adopted to enhance the wheel tracking resistance capability.

CONCLUSIONS

Judging by the Marshall Test index for the asphalt concrete, the fiber content in
the mixture has an optimal content as shown from the ratio of residual stability and
frozen and thawing splitting strength.

There is no notable difference in the effects of six kinds of fiber on the Marshall
Test index of the AC-16 middle value gradation. For the Marshall Test index, the
application of the modified asphalt can have the same effects as the ordinary asphalt
with additional fiber.

For the SMA-16 mixture under the Marshall Test index, the effect of fiber is quite
apparent while the performance of the modified asphalt is insignificant.

It is also found that the contributions of the modified asphalt are bigger than that
of fiber. It is shown that the binding power between asphalt and aggregate is a critical
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factor.
Through soaking and freezing & thawing splitting tests under the Marshall Test, it

has been found that fiber has smaller contributions to the water stability in the AC-16
asphalt concrete, its contributions are even smaller than the contributions of the fiber
in the modified asphalt.

In the standard SMA mixture, the modified asphalt contributes more (by 11%) to
the residual stability than fiber contributes, the mixture with additional fiber can
improve the freezing and thawing splitting strength by 13.6% while the modified
asphalt only enhances the strength by 8.2%. The effect of fiber on the water stability
in the SMA mixture is more noticeable than that on the AC-16 mixture.

It is known to all that if the dynamic stability is enhanced, the wheel tracking
resistance capability will be enhanced too. For the asphalt pavement under heavy
carry, the dynamic stability of the pavement of AC-16 modified asphalt mixture with
extra fiber or SMA-16 modified asphalt mixture with extra fiber is the strongest, so
its wheel tracking resistance capability is the strongest too. However, if the
investment is limited, adopting the modified asphalt pavement to increase the wheel
tracking resistance capability is an economic measure.

REFERENCES

Brown, E.R., Haddock, I.E., Mallick, R.B. and Lynn, T.A. (1997a). "Development of a
Mix Design Procedure for Stone Matrix Asphalt (SMA) Mixtures." Journal of the
Association of Asphalt Paving Technologists. 66: 1-30.

Brown, E.R., Mallick, R.B., Haddock, J.E., and Bukowski, J. (1997b). "Performance
of Stone Matrix Asphalt (SMA) Mixtures in the United States." Journal of
Association of Asphalt Paving Technologists. 66: 426-457.

Ministry of communications of PRC (2004a). "Specifications for Asphalt Highway
Pavement Design (JTJ D50-2006)." China Communication Press, Beijing: 81-83.

Ministry of communications of PRC (2004b). "Specifications for Construction and
Acceptance of Highway Asphalt Pavements (JTJF40-2004)." China
Communication Press, Beijing: 79-93.



DEM Models of Idealized Asphalt Mixtures

Zhanping You1, Sanjeev Adhikari2 and Qingli Dai3

^omasini Assistant Professor, Department of Civil and Environmental Engineering, Michigan
Technological University, 1400 Townsend Drive ,Houghton, MI, 49931-1295; zyou@mtu.edu
2Graduate Research Assistant, Department of Civil and Environmental Engineering, Michigan
Technological University, 1400 Townsend Drive ,Houghton, MI, 49931-1295; sadhikar@mtu.edu
3Research Assistant Professor, Department of Mechanical Engineering-Engineering Mechanics,
Michigan Technological University, 1400 Townsend Drive ,Houghton, MI, 49931-1295;
qingdai@mtu. edu

ABSTRACT: The stiffness behavior of an idealized asphalt mixture at the different
air void levels was investigated in this paper. The asphalt mixture was modeled with
the discrete element modeling (DEM) approach by randomly generated air voids in
two dimensions (2D) and three dimensions (3D). Air voids were calculated within the
DEM model to meet the specific air void level (i.e. 4%, and 10%). Sixteen different
2D idealized models were generated with 4% and 10% air void levels. A 3D idealized
model was generated using the 16 2D models. Then the 16 replicates of the 3D
models were prepared with 4% and 10% air void levels. Both 2D and 3D models
were used to compute the stress-strain response under compressive loads. The moduli
of specimens were computed from the stress-strain curve. The result showed modulus
decreased with air void increased. The 3D model predicted higher modulus than the
2D models. When air voids increased from 0% to 10%, the modulus decreased 30%
on the 3D models and 48% on the 2D models. When comparing modulus prediction
of 2D and 3D models, it was found that, at 0% air void level, the prediction was the
same for both 3D and 2D. However, at 10% air void levels, 3D models yielded 26%
higher modulus than the 2D models. It was found that the modulus deviation on the
3D models was much lower than the 2D models.

BACKGROUND OF MODELING ASPHALT MIXTURE

Asphalt mixture is a heterogeneous material and consists of aggregates, air voids,
and asphalt binder. Air voids play an important role in determining the resistance of
asphalt mixtures to major pavement distresses including rutting, fatigue cracking, and
low temperature cracking. The effects of air voids on the mixture moduli are related
to the asphalt mixture design, compaction, pavement structure design, and pavement
performance. Therefore, the prediction of the moduli of asphalt mixtures at different
air voids levels is an important topic.
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The prediction of an asphalt mixture is based on the micromechanical model of
mineral particles (coarse and fine aggregates, sand, and fines), binder and air voids. A
number of research studies addressed micromechanical models with both non-
interacting and interacting particles (Buttlar and You 2001; You and Dai 2007). Most
of the existing micromechanical models greatly over- or under-predict the stiffness
(or modulus) of asphalt mixtures (Buttlar and Dave 2005). This is due primarily to the
inability of the models to properly predict the contribution of the aggregate interlock
(i.e., lack of microstructure in the model) to the overall response of the mixture (You
and Buttlar 2006). Therefore, microstructure based modeling techniques for asphalt
mixture materials are needed to improve the understanding of the fundamental
properties of asphalt mixtures and pavements.

In the past decades, the discrete element method has received considerable
attention. The application of DEM was extended to many other fields such as the
asphalt pavement (Chang and Meegoda 1997), clays (Yao and Anandarajah 2003),
granular materials (Zeghal 2004), and tunnels (Melis Maynar and Medina Rodriguez
2005). Buttlar and You (2001) proposed a microfabric approach to model asphalt
mixture using the discrete element methods, where various material phases (i.e., air
voids, aggregates, and mastic) in the asphalt mixture were modeled with bonded
clusters of discrete elements. You and Buttlar (2004) applied the microfabric discrete
element modeling approach to predict the asphalt mixture complex modulus across a
range of test temperatures and load frequencies. The 2D model had under-predicted
the complex modulus. However, it was found that a calibration approach is needed to
improve the 2D models or the 3D models are needed to be more representative of the
actual 3D behavior. You and Buttlar (2004) applied a clustered DEM to simulate the
hollow cylinder tensile (HCT) test, in which various material phases (e.g., aggregates
and mastic) are modeled with bonded clusters of discrete elements. It was observed
that the mixture complex moduli predicted in the HCT simulations were in good
agreement with experimental measurements across a range of test temperatures and
loading frequencies for the coarse-grained mixtures.

In this paper, the 2D and 3D micromechanical discrete element models were
developed to simulate and characterize the modulus of an idealized asphalt mixture.
The asphalt mixture models used in this study are limited to idealized "mixture,"
which is modeled as a homogenous material (including aggregate and asphalt binder
phases) with randomly distributed air voids. Therefore, the aggregate and asphalt
phases are not modeled separately in this paper. The discrete element models utilized
in this study used the disks, or balls (spheres) to represent the microstructure of the
idealized mixture with air voids. The 2D discrete element model is used to
characterize the mixture moduli at different air voids. Then, the 3D discrete element
model was generated with a number of layered 2D discrete element models. The
major challenges included the modeling of the 3D microstructure and air void
consideration in the models.
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PREPARATION OF THE IDEALIZED DISCRETE ELEMENT MODELS

In order to examine the stiffness behavior of an idealized asphalt mixture, 2D and
3D discrete element models were used to predict mixture moduli of asphalt mixture at
different air voids. The 3D model was generated by using a number of 2D discrete
element models. Both 2D and 3D were generated by using face-centered packing
balls/spheres.

Air Void = 0% Air Void = 4% Air Void = 10%

FIG. 1. Air void distribution in 2D models.

The 2D idealized discrete element model was generated with a rectangular
specimen, which has a height of 80mm (0.08m) and a width of 40mm (0.04m). The
radius of each ball (i.e. disk or discrete element) is 1mm. Therefore, there are 800
total balls in the idealized asphalt specimen without air voids. Then, air voids were
introduced at 4% and 10% of total volume. When air voids were increased, the total
number of balls was decreased. Fig. 1 shows 4% and 10% air void distribution. In
order to examine the effect of different air void distribution, 16 replicates of air void
distribution were prepared. Fig. 2 shows 16 randomly generated air voids with black
color.

The 3D idealized asphalt mixture was generated with a rectangular prism specimen,
which has a height of 80mm (0.08m), a length 40mm (0.04m) and a width of 32mm
(0.032m). The rectangular prism was generated using sixteen 2D models. The radius
of the ball is 1mm. Therefore, there are 12,800 balls in this idealized specimen
without air voids. The air voids were introduced at 4% and 10% of total volume. 16
different 3D specimens at a specific air void level were randomly prepared to
represent the idealized asphalt mixture. Fig. 2 shows the idealized rectangular prism
specimen with 4% air voids. The figure shows the air void distribution (in a different
color) in the idealized mixture specimens in 3D space. In order to provide a better
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visual effect, the air void distribution within the 3D space is given without the mix
elements. It should be noted that the air voids were randomly distributed in the 3D
space by randomly layering the 2D models together.

FIG. 2. Illustration of the creation of the 3D model from the 2D models using 4%
air voids.

SIMULATION OF THE COMPRESSION TEST

The idealized DEM model was simulated on a compression test by confining the
stress environment. Four walls were used for the 2D models and six walls were used
the for 3D models. The walls were made longer than necessary to allow for large

Slice
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amounts of strain to occur during the test. Walls interact with balls, not with one
another. The axial compressive force was applied to the top of the specimen with
constant speed. 2D specimens are computed by biaxial test and 3D specimens are
computed by triaxial compression test. The simple stiffness model was used as a
contact model in this study. The stiffness model is an elastic relationship between the
contact force and relative displacement between particles. The specimen is loaded by
specifying constant velocities on the top and bottom walls and the stress is computed
by taking the average wall forces and dividing by appropriate areas. The modulus was
computed from the plots of axial deviator stress (i.e., the difference between axial
stress and confine stress) versus axial strain (You and Buttlar 2006).

RESULTS OF THE 2D AND 3D DISCRETE ELEMENT MODELS

The modulus of the idealized mixture was predicted under different air void levels.
Fig. 3 shows the modulus prediction of the 2D and 3D mixtures of different air void
levels. It includes one model without air void, 16 models with 4% air voids, and 16
models with 10% air voids. At each air void level (except 0%), 16 different
specimens were prepared with random air voids. From Fig. 3, it is clear that the
modulus prediction decreases with increasing air void levels. For a single air void
level, each random air void distribution yields a different modulus. When the air void
level is higher, then the modulus has more variation. The results of the study have
indicated that the coefficient of variance (COV, the percentage of the standard
deviation over the mean) increases with the air void level. The results explain that the
asphalt mixtures from the field or laboratory usually have a larger deviation in
strength and modulus at higher air voids.

FIG. 3. Idealized mixtures modulus using 16 randomly generated specimens
with different air void levels.
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When comparing the prediction results of the 2D and 3D, as shown in Fig. 4, it was
found that the 3D model predicts a higher modulus than a 2D model. The modulus
difference between 2D and 3D increased with the air void level. For example, both
3D and 2D models yield a modulus of 19.55GPa at a 0% air void level. 3D models
predicted an average of 17.24GPa while the 2D models predicted 16.09 at a 4% air
void level. 3D models yield an average modulus of 13.74GPa compared with the 2D
models' 10.19GPa at a 10% air void level. When the air void increased from 0% to
10%, the modulus decreased 30% in the 3D models, compared with 48% in 2D
models. Therefore, when the air voids are larger, the 2D mixture modulus prediction
is less reliable than that of the 3D models.

In both 2D and 3D predictions, it was found that the larger the air void level, the
more the variation of the modulus prediction. However, the variation of 3D models is
relatively small in comparison to that of the 2D models. Fig. 5 shows the difference
of the COV of the modulus prediction from 2D and 3D models. The 3D models have
a COV of 0.08% while 2D models have a COV of 1.27% at a 4% air void level. At a
10% air void level, 3D models have a COV of 0.33% and 2D models have a 10.21%
COV. The data indicate that a 2D prediction usually yields inconsistent results
compared with those of 3D.

FIG. 4.3D and 2D mixture modulus Comparison for 0%, 4% and 10% air void
levels.
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FIG. 5. The coefficient of variation of the modulus prediction from 2D and 3D
simulations.

SUMMARY AND CONCLUSIONS

The idealized asphalt mixture was modeled with 2D and 3D discrete element
approaches. The effect of air void content and the distribution of air voids for specific
air void level were studied. The air voids in the models were randomly generated
within the models to reach a specific air void level. The 2D and 3D models were
computed by using compressive load to calculate the moduli of the specimen, which
were derived from the stress-strain curve. It was found that modulus prediction
decreased with increasing air void levels. When comparing the modulus predictions
from the 2D and 3D models, it was found that the 3D models yielded higher modulus
than the 2D models. The modulus difference between 2D and 3D was increased with
air void levels. The average of the predicted modulus difference was 26% at 10% air
voids. The COV from different randomly generated 2D models were much larger
compared with the 3D models. The results indicate that 3D predictions were more
consistent than those of 2D. The 2D models under-predict the mixture modulus,
especially when the air void level is high.
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ABSTRACT: In this work, the displacements and stresses at any point in a
transversely isotropic layered half-space under multiple horizontal loads are studied.
The transversely isotropic plane is assumed to be parallel to the surface plane, and
uniformly distributed circular loads with different magnitudes, radii and orientations
are applied to the pavement surface. Based on the cylindrical system of vector
functions in the transformed domain, the governing equations are first decoupled into
two sets of equations related to the ZM-type and JV-type respectively. Solutions for
the multilayered half-space in the transformed domain are then derived by virtue of
the propagator matrix method. Solutions in the physical domain are then expressed in
terms of the Bessel function integration. The method of superposition is finally
utilized for multiple loads. We remark that while the propagator matrix method has
been frequently used to solve the vertical loading problem in layered half-spaces,
which only involve the ZM-type equation, the corresponding horizontal loading
problem involving multiple circular loads in a transversely isotropic layered half-
space has not been addressed in the literature. A computer program has been coded
by the authors' research group and numerical results obtained from this program for
the isotropic layered half-space have been verified with existing ones. Further
presented in this paper are the results for the transversely isotropic layered half-space,
with examples elucidating clearly the effect of material anisotropy on the responses,
especially on pavement failure. It is also observed that, in terms of computation, the
developed program is very accurate, efficient and flexible. For instance, our program
can easily handle more than 10,000 field points with more than 1,000 pavement
layers.
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INTRODUCTION

The Kelvin solution (e.g., Love 1927) for the concentrated load acting in an infinite
solid is well known, and many problems of science and engineering importance can
be obtained from this fundamental solution. The classical Boussinesq solution (e.g.,
Love 1927) dealing with a vertical force applied at the surface of a semi-infinite solid
has found a number of practical applications in foundation engineering, pavement
engineering, et al. While the Cerruti solution (e.g., Love 1927)) is for the problem of
a horizontal force applied at the surface of a half-space, the Mindlin solution
(Mindlin, 1936) is to solve the problem with the point load in the interior of the half-
space. The Mindlin solution can easily be deduced to the other three classical
solutions mentioned above. It should be mentioned that all these classical solutions
are for the point load and homogenous material.

By integrating solutions of the concentrated load over the loading domain, solution
for the case of a uniformly distributed load within a circle can be arrived. However,
this solution cannot be extended to the multi-layered structure. Burmister (1943,
1945) pioneered the analytical solutions using layered elastic theory, first for a two-
layered pavement and later for a three-layered pavement. It should be noticed that a
lot of research for multi-layered structures are focused on the vertical loads, an
extension of the Boussinesq problem, whilst the research for the responses of a
layered half-space structure to the horizontal load is usually omitted. For example, in
the pavement engineering, the vehicle load acting on the pavement surface is usually
modeled as a vertical load, omitting the horizontal load in practice, such as the
friction force between the tire of the vehicle and pavement surface.

Among the few studies closely related to horizontal loads, Wang (1983) proposed a
method, named recursion and back-substitution, and discussed the solution of layered
elasticity under vertical and horizontal loads. Pan (1989a) proposed the special vector
function to deal with the problem of isotropic layered half-space structure under
single load, either vertically or horizontally. Pan (1989b) then introduced two sets of
vector functions in both the cylindrical and Cartesian coordinates and derived the
general formalism for the transversely isotropic layered half-space under general
loads. It should be mentioned that for the layered structure problem, the solutions are
extremely complicated as compared to the classical Boussinesq and Cerruti solutions.
Thus only single vertical and horizontal load was considered. Later on, Pan (1997)
proposed the static Green's functions in the multilayered transversely isotropic half-
space, and displacement and stress fields under vertical and horizontal point load
were presented and compared. An independent work was presented by Yue and Yin
(1998) dealing with similar problems. Matsui et al. (2002) used Hankie transform and
biharmonic function to deal with the problem of layered isotropic half-space structure
under multiple horizontal loads, and developed a program named Analysis of Multi-
layered Elastic Structure (AMES) based on their method.

The goal of this research is, therefore, to discuss in detail the problem of horizontal
loading on a multi-layered pavement surface based on the vector functions introduced
by Pan (1989b), and to develop a computer program for analyzing the responses of a
multilayered pavement system by the horizontal load. By expressing the governing
equations in the cylindrical system of vector functions, the original coupling
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equations can be decoupled into two types of equations in terms of the vector
functions, and solutions can be obtained in the form of integration of Bessel function,
including first kind of zero and first orders. In addition, the propagator matrix method
is utilized to deal with the layered half-space structure. The principle of superposition
thereafter is adopted for multiple loads, and thus the final solutions for transversely
isotropic layered half-space structure to multiple loads are established.

A computer program, which is the extension of MultiSmartBD coded by the
authors' research group (Pan et al. 2007), was generated and numerical results for the
isotropic layered half-space were compared with existing ones to demonstrate the
accuracy of this method. Also presented are the numerical results for a transversely
isotropic layered half-space with examples elucidating clearly the effect of material
anisotropy on the pavement response.

GENERAL SOLUTIONS

The transversely isotropic layered half-space is first modeled as in Fig. 1, where the
z-axis is positive downward, and the isotropic plane is chosen to be parallel to the
horizontal plane. In this model, there are p layers lying on the homogeneous half-
space with hi (i=l9 2... p) being the layer thickness, and H the total thickness above
the half-space. The uniform horizontal load acting on the surface z=0. The load
configuration is presented in Fig. 2, where X-Y is the global coordinate and P/ is the
horizontal projection of the field point zf. The local coordinate x-y is also chosen with
x along the loading direction, and a, p the orientations of the horizontal load and field
point to jc-axis, respectively.

FIG. 1. Geometry of a transversely isotropic multilayered half-space.

By introducing the vector functions in the cylindrical coordinates as in Pan (1989b),
the displacement and traction vectors can be expressed as:



where r,9, z are unit vectors along the r-,0-, z- directions, and
L(r,0;A,,m) = zS(r,0;A,,m)

M(r,9\^m) = grad(S) = rdS Idr + BdS I(rd0)

N(r,0;A9m) = curl(zS) = rdS I dr-6dS I(rd0)
are vector functions with S(r,0;A,m) = Jm(Ar)exp(//w#)/(2;r)1/2 . Jm(Kr) is the Bessel
function of order m.

FIG. 2. Geometry of surface loading.

It is noted that for any integrable vector F in the physical domain, its expansion
coefficients in the vector function system can be found from the following relations:

and the vectors £*,AfVv*are the complex conjugates ofLJHJV-
Thus, using the vector functions a relationship between the physical domain

F(r,0^) and transformed domain Fj{^z)(T=L,M,N) is established. Then the physical
domain problem can be first solved in the transformed domain, which is more
convenient as will be shown below.
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where:



PAVEMENTS AND MATERIALS 67

After certain manipulation, the solutions in any layer in terms of the vector
functions can be obtained

and the two column matrices [K\ are X-dependent. The expressions for [Z] are listed
in Pan (1989b). As can be seen from (4) that, using the vector functions, the coupled
6x6 equations in the physical domain are decoupled into two sets of equations, called
ZM-type and TV-type equations. It should be addressed here that these two sets of
equations are independent of each other with a dimension of 4x4 and 2x2,
respectively, and thus are computational convenient and efficient.

To solve the multilayered pavement, the propagator matrix method is employed.
The propagating relations in the &-th layer with the interfaces zk-\ and zk can be
expressed as

where [<^z)]=[ajk][ak+i]...[ap-i][ap][Zn(H)] with [a^] being the propagator matrix
from field point z/ to the layer interface zk and [Kp+i] being the unknown column
matrix in the homogeneous half-space.

In the cylindrical coordinate (Fig. 2), the boundary conditions in the physical
domain are

Using the boundary condition on the surface, the solutions in the transformed

are
By virtue of (3), the corresponding boundary conditions in the transformed domain

where [ak] is the propagator matrix and its elements are listed in Pan (1989b).
Assuming that the displacement and traction vectors across the layer interface are
continuous, solutions for an arbitrary field point can then be expressed as

where
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domain can be obtained, and then the solutions in physical domain can be arrived.
The final solutions are the real part of the following expressions:

where, UT(i)(i=l929...7) and UTN(i)(i=l,29...5) are listed in Appendix I. It should be
stressed that the UTs are related to ZM-type whilst UTNs to N-typQ.

Based on the above solutions for single loads, coordinate transform is first applied
to convert the solutions from local coordinates to global coordinates, and the
superposition principle is then employed to derive the final solutions in the global
Cartesian coordinates, which are expressed as

In (11) and (12), the superscript / means the contribution of the i-th load.

NUMERICAL SOLUTIONS

The solutions in the physical domain using vector functions are in the form of
Bessel function integration which requires numerical computation. The infinite
integration can be approximated as the summation of partial integration as

for stresses with

for displacements and
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The accuracy of the partial integration can be controlled by the pre-chosen error
tolerance and satisfactory result can usually be achieved by balancing the time cost
and accuracy. In this paper, the error tolerance is fixed at 10"4 for the relative error
and 10~5 for the absolute error. To deal with the possible overflow problem caused by
multiplication of propagator matrices, the forward and backward propagating
approaches proposed by Pan (1997) and later by Yue and Yin (1998) are also adopted
here.

Verification of Results

An example dealing with a three-layered half-space pavement presented in Matsui
et al. (2002) is given first to verify the present formulation. The pavement parameters
are:

#i=2500MPa, vi=0.35,/zi=0.1m
£2=280MPa, v^=0.35, /*2=0.35m (14)
£3=50MPa, v3=0.4

In this example, two horizontal loading cases are considered. The first one is a
single circular uniform load with g=49kN and ^=0.15m; the second one is double
circular uniform loads with g1=e2

==49kN, Ri=R2=0.15m, 0i(0,-0.15,0)m,
02(0,0.15,0)m, ai—;z/6, a2=;z/6, where Q9 R, O9 a are load magnitude, load radius,
load center and load direction, respectively.

Numerical results of displacements and stresses using present formulations and
those using BISAR under both single and double horizontal circular loads are
presented in Fig. 3 and Fig. 4, respectively. It is clearly observed that present results
agree very well with those by BISAR, which therefore provides an indirect
verification to our program.

Effect of Horizontal Load

Figs. 5 and 6 show the strain contour of the pavement under vertical and horizontal
loads. The horizontal and vertical strains are computed at depth z=0.0999m (within
the first layer) and z=0.4501m (within the half-space substrate, i.e., in the third layer),
respectively. The pavement structure is still the one used in previous section as in
(14). It is evident that the strains under the two kinds of loads are quite different.
Under the vertical load in Fig. 5, the strains are symmetric with respect to both x- and
j-axes, and e^ and % are identical to each other after 7d2 rotation. Under the
horizontal load in Fig.6, on the other hand, the strains are anti-symmetric with respect
to y-axis and symmetric to jc-axis. The locations of the maximum strains and the
corresponding magnitudes also change greatly. For example, under the same
configuration, for the vertical load case the maximum horizontal tensile strains are
£xx=3.3xlO~4, %=3.3xlO"4, and vertical compressive strain is £^=-7.42xlO~4, all
located at ( ,̂,y)=(0,0), whilst under the horizontal load the corresponding strains are
6*x=1.33xlO'4 at about (0.30m,0), %=1.36xlO'4 at about (-0.18m,0), and
6^=-1.34xlO'4 at (0.25m,0).

Table 1 predicts the effect of the horizontal load on the maximum strains, where b
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is the ratio of the horizontal load to vertical load. To predict the fatigue and rutting
performance, the following model (Timm and Newcomb, 2006) is used:

where
Nf= number of cycles until fatigue failure;
Nt= number of cycles until rutting failure;
st = critical horizontal tensile strain at bottom of asphalt layer;
Sv = critical vertical compressive strain at top of subgrade layer.

FIG. 3. Comparison of present work and BISAR (single load).
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FIG. 4. Comparison of present work and BISAR (double loads).
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FIG. 5. Vertical loading. FIG. 6. Horizontal loading.
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Table 1. The Effect of Horizontal Load on Fatigue and Rutting Performance

£-xx(x!0"4)
6=0 3.3

6=0.25
b=l

3.4
3.4

Fatigue
%,(xlO'4) #(xlO-4)

3.3 3.3
3.4
4.0

3.4
4.0

AKxlO24)
1.9929
1.8142
1.0877

Rutting
£i,(xlO"4) ^(xlO28)

-7.4 1.3064
-7.6
-7.8

1.1783
1.0660

As can be seen from Table 1, with increasing b, the maximum strains increase,
leading to the decrease of Nf and Nr. Thus horizontal load could reduce the fatigue
and rutting lifetime. Consequently, ignoring horizontal load would overestimate the
failure performance. It also can be observed that the effect of the horizontal load on
fatigue is severer than that on rutting. For example, consideration of the horizontal
load (e.g. 6=1) will reduce a lifetime about 45.42% for fatigue and 18.40% for rutting
as compared to the estimation without the horizontal load (e.g. 6=0).

Effect of Material Anisotropy

To investigate the effect of pavement anisotropy, Fig. 7 presents the strain contours
at depth z=0.0999m for different transversely isotropic pavements (Table 2) under the
horizontal load. As mentioned above, the horizontal load would greatly influence
fatigue performance which is controlled by the horizontal strain. Thus in Fig. 7 only
horizontal strains e^ % are presented. It is also noted that for the seven transverse
isotropy configurations in Table 2, Case 1 is actually isotropic with the results akeady
being shown in Figs. 6a and 6b. The maximum strains for the seven different cases
are also presented in Table 2. The material property definitions in Table 2 are: E and
E are the Young's moduli in the plane of isotropy and in the direction normal to it,
respectively; v and v' are the Poisson's ratios characterizing the lateral strain
responses in the plane of isotropy to a stress acting parallel or normal to it,
respectively; G' is the shear modulus in planes normal to the plane of isotropy, and
G=E/2(l+ v). The pavement is again a three-layered structure. However, the material
property in each layer is now transversely isotropic. More specifically, the Young's
modulus E and Poisson's ratio v in the first, second and third layers are the same as
those listed in (14), and the corresponding E'and v' in each layer are determined using
Table 2 for different cases.

Table 2. The Effect of Anisotropy on Fatigue

Casel
Case 2
Case3
Case 4
Case 5
Case 6
Case?

E/E'
1.0
1.0
1.0
1.5
3.0
1.0
1.0

G/G'
1.0
2.0
3.0
1.0
1.0
1.0
1.0

vlv'
1.0
1.0
1.0
1.0
1.0

0.75
1.5

^(xlO'4)
1.4
1.2
1.0
1.3
1.2
1.4
1.4

%(xlO-4)
1.4
1.3
1.2
1.5
1.8
1.4
1.3

S(*10"4)
1.4
1.3
1.2
1.5
1.8
1.4
1.4
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FIG. 7. Effect of anisotropy on horizontal strain.
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For Cases 1, 2 and 3, it can be seen that with decreasing G', the maximum strain
decreases. It is interesting to observe that the maximum strains are all reached by %.
Cases 1, 4 and 5 show that maximum strain increases with decreasing E'9 and the
increase is more apparent than the decrease shown in Cases 1, 2 and 3. Thus the
strains are more sensitive to E' than to G . Similarly, the maximum strains are also
reached by %,. From Cases 1, 6 and 7 it is easy to conclude that the maximum strain
slightly decreases with decreasing v' and are reached by e^.

It is also interesting to find that the maxima e^ for all the seven cases are located
within the domain xe (0.24m, 0.36m) and ye (-0.06m, 0.06m), whilst for the maxima
Syy they are in the domain *e(-0.24m, -0.12m) and ye (-0.06m, 0.06m), although
their magnitudes are different. It can be anticipated that under the same horizontal
load configuration the critical strains will always be in the same domains without
being affected by the anisotropy configuration.

CONCLUSIONS

In this work, the response of a layered half-space pavement to multiple horizontal
loads acting on the surface is established, and a FORTRAN program is developed
based on the present solution. The effect of the horizontal load is then discussed
showing that the horizontal load has a great influence on the pavement fatigue
performance. For example our results show that ignoring the horizontal load would
result in an overestimate on the lifetime expectance of the pavement. Further
discussed in this paper is the effect of the pavement anisotropy on the strains,
showing that the critical strains are mostly sensitive to E, then to G and less to v. The
anisotropy will change greatly the magnitude of the critical strain but slightly its
position. Thus to predict the failure performance in pavement engineering, it is
anticipated that only certain domains, rather than the whole field, need to be
computed, which will greatly reduce the computation time.

APPENDIX
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ABSTRACT: Asphalt mixtures are a type of thermorheologically simple materials,
so the study work on thermal stresses in asphalt pavements should be carried out
beyond the scope of thermalviscoelasticity theory. Taking thermalviscoelasticity
theory as a guide, the stress relaxation test of asphalt mixtures is studied in different
temperature environment. The test data are analyzed and the interrelated model
parameters are fitted by use of the time-temperature equivalence principle of the
thermo-rheologically simple materials. Based on the test results, a generalized
Maxwell model is established to simulate the viscoelastic property of asphalt
mixtures. And the incremental thermalviscoelastic constitutive relation under
nonconstant, nonuniform temperature condition is obtained from theoretical
derivation. Furthermore, a numerical method for thermalviscoelastic analysis of
asphalt pavement is provided by using the incremental constitutive relation. At last,
the rationality for the constitutive relation is examined by simulating Thermal Stress
Restrained Specimen Test (TSRST), and an application case is given.

INTRODUCTION

Under the conditions of natural environment, the pavement is subjected to varying
climate, which leads to a continuing time dependant and space dependant change in
pavement's temperature field. And this change in temperature results in the
occurrence of stresses in the restrained pavement.

Thermal stresses are a leading cause for asphalt pavement deterioration. In the past
several decades, many researchers have carried out numerous studies on this topic
(Monismith et al. 1965, Zheng et al. 1992, Shields et al. 1998, Bouldin et al. 2000,
Christensen et al. 2000). However, most of them made several assumptions which are
disadvantageous to accuracy of calculated results while calculating thermal stresses,
as following: 1) Asphalt mixtures are assumed to be elastic; 2) Temperature
distribution is uniform space-wise; 3) Temperature variation is linear; 4) Contractions
in base are ignored.

Asphalt mixtures are a type of thermorheologically simple materials and sensitive
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to temperature. In order to obtain accurate thermal stress results, the study work
should be carried out beyond the scope of thermalviscoelasticity theory.

THERMALVISCOELASTICITY OF ASPHALT MIXTURES

Numerous test results have shown that asphalt mixtures are the type of
thermorheologically simple materials taken to behave in accordance with the time-
temperature superposition principle, and the stress-strain relationship is related not
only to time, but also to temperature. In order to determine this relation, the
formulation of the isothermal viscoelastic constitutive relation should firstly be
considered. Then, the time-temperature superposition principle is used to extend the
results for dependence of mechanical properties upon constant temperature states, and
to model the material behavior under nonconstant, nonuniform states, in which a
temperature shift factor mentioned later is applied.

Stress Relaxing Characteristics of Asphalt Mixtures

Because there exists evident stress relaxing phenomenon in pavement thermal
stresses forming and developing process, learning and quantitatively describing stress
relaxing characteristics of asphalt mixtures is an essential condition for temperature
contracting cracking analysis. So the stress-relaxing test has been done in laboratory
in this research. Stress relaxing test is finished by the thermal stress restrained
specimen test (TSRST) at different temperatures. Testing material is the asphalt
concrete AC-16. Testing results are given in Table 1.

Table 1. Stress Varying with Time in Relaxing Test (MPa)

Time
(s)

10
20
40
70
100
200
400
700
1000
2000
4000
7000
10000
20000

Test Temperature (°C)

-20
0.8703
0.8684
0.8646
0.8590
0.8533
0.8344
0.7966
0.7398
0.6831
0.5496
0.4286
0.3722
0.3375
0.2860

-15
0.5597
0.5492
0.5413
0.5361
0.5299
0.5157
0.4907
0.4544
0.4189
0.3367
0.2625
0.2275
0.2059
0.1739

-10
0.5128
0.4900
0.4520
0.4330
0.4000
0.3741
0.3207
0.2843
0.2503
0.2090
0.1568
0.1110
0.0853
0.0626

-5
0.4090
0.4029
0.3992
0.3616
0.3021
0.2499
0.1892
0.1989
0.1685
0.1328
0.0901
0.0654
0.0595
0.0478

0
0.2932
0.2240
0.1475
0.0916
0.0746
0.0685
0.0637
0.0576
0.0528
0.0418
0.0387
0.0377
0.0375
0.0368

5
0.2765
0.2291
0.1796
0.1376
0.1141
0.0986
0.0824
0.0796
0.0699
0.0551
0.0439
0.0378
0.0361
0.0328

10
0.0938
0.0704
0.0564
0.0517
0.0447
0.0377
0.0318
0.0262
0.0225
0.0173
0.0135
0.0105
0.0086
0.0056
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Relaxation Modulus of Asphalt Mixtures

Because asphalt mixtures are the thermorheologically simple material, the
Arrhenius formula is used for calculating the shift factor cij. in test result analysis
(Bouldin et al. 2000):

where, A is a material factor, as far as the asphalt mixture in this research is
concerned, A=20110 (°K); T is temperature (°K); T0 is reference temperature (°K).

Using the shift factor calculated from expression (1), the test data at else
temperature in Tablel are shifted to the results at -5°C shown in Figure 1.

FIG. 1. Results of relaxation test and simulative curve at -5*C.

The Constitutive Model of the Asphalt Mixture

Stress relaxation characteristics of asphalt mixture in temperature varying process
can be expressed by generalized Maxwell model, which is made of several parallel
Maxwell models. The relaxation modulus can be written as following:

where, t. = rj. /E.is the relaxation tune of the ith Maxwell unit.
Using the constitutive equation (2) for fitting the main curve of relaxation modulus

at -5°C as Figure 1(N=6), the model parameters of the generalized Maxwell model
can be calculated as Table 2.
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Table 2. Parameters of viscoelastic model

k
£*(Mpa)

**(s)

1

659.95
4215497.30

2
10406.02
32.12

3
2534.92
986.37

4

431.99
145124.72

5
4148.22
191.58

6
1612.87
7569.68

The relaxation modulus at different reference temperature can be obtained by the
shift factors calculated from expression (1). They are shown in Figure 2.

FIG. 2. The Relaxation Modulus vs. Time of AC-16.

METHOD FOR CALCULATING THERMAL STRESSES

The incremental-iterative finite element method taking displacement as the basic
unknown quantities are used for calculating thermal stresses in pavement. The
incremental thermalviscoelastic constitutive relation under the plane-strain condition
is derived by Qian (2006). For viscoelastic asphalt surface, this stress-strain
relationship is given by:

where,
// o = Poisson ratio of asphalt mixtures,
n = number of the incremental step, [Note : The time interval (0,tk) is divided into k
sub-intervals, as follows (0, ti), (ti, t2), (t2, t3), ..., (tk-i,tk), and A t = tn - tn-i. Every
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variable occurred in the nth step will be marked with "n" as a superscript or a
subscript.]
En (z) — Equivalent relaxation modulus, defined by:

where,

For an arbitrary element e, the balance equation is obtained from principle of
virtual work, as follows:

where,

Stiffness matrices of element e,

Corrective loading column of element e,

Column matrix of nodal displacement of element

e.

where,

[B] = Strain matrix,
Ve = element volume,
[D]= Corrective matrix of plane-strain, given by:



PAVEMENTS AND MATERIALS

In this study, eight-node isoparametric elements are used in the thermal stress
analysis. The viscoelastic elements are applied to asphalt surface, element mode of
which is given by:

where,

where,

Linear elastic elements are used for the base, sub-base and sub-grade, calculating
mode that can be found in general literature and will not be introduced here.

Then, the equation of FEM can be formed according to a specific method that also
can be found in general literature. Finally, results are obtained from solving the
balance equation of FEM.
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EXPERIMENT VALIDATION AND APPLICATION CASE

In order to validate the rationality for the thermalviscoelastic constitutive relation,
the incremental-iterative finite element method is used to simulate one TSRST test
process. The initial test temperature is 10°C, temperature change rate is -5°C/h and
discrete time is 5s. The test results and theoretical calculation results are shown in
Figure 3. (Note: when temperature was -32°C in the TSRST test, the test sample
began to crack).

Figure 3 shows that test results dovetailed fundamentally with theoretical
calculation results under working temperature, which revealed that
thermoviscoelasticitical constitutive relation established in this paper can truly reflect
the stress-relaxation characteristic of bituminous mixture, and the related numerical
method is credible. Consequently, the constitutive relation and numerical method
both can be used for thermoviscoelasticitical calculation of thermal stress of asphalt
pavement.

FIG. 3. TSRST test results and simulative curve.

Typical four-layer system is taken as the mechanical model of asphalt pavements
and the asphalt concrete is considered as thermal-viscoelastic material and the time
increment finite-element method is applied for computing pavement thermal stress
corresponding temperature varying process. The temperature field of asphalt
pavement can be computed using the method presented by Qian (2001).

In the calculating process, typical climatic conditions are: maximum of daily air
temperature 10C,minimum of daily air temperature OC, maximum of daily solar
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radiation 8MJ/m2, wind speed 2m/s, and sunshine time 8 hours. The pavement
material and structure parameters are given in Table 3. Figure 4 gives the calculated
temperature field at different depths of surface and Figure 5 shows the variation of
thermal stress field with time at different depths of surface.

FIG. 4. Temperature field

Table 3. Pavement Material and Structure Parameters

Materials

Asphalt
Surface

Base

Subbase

Subgrade

Modulus
E(MPa)

^ Note a

1600

600
40

Poisson
ratio//

0.25

0.15

0.35

0.35

Expansion
coefficient
10-5(1/°C)

2.0

1.0

1.5
50

A i
(W/mk)

1.0

1.2

1.1
1.2

ai
(m2/h)

0.0022

0.0028

0.0026

0.0030

Thickness
(cm)

15

36

20
N/A

Note: a. Viscoelastic parameters of asphalt surface are obtained from the relaxation
test; b. Solar radiating absorption ratio of asphalt surface as=0.85.
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CONCLUSIONS

By means of the Thermal Stress Restrained Specimen Test (TSRST), the stress
relaxing behavior of asphalt mixtures at different temperature are obtained through
direct tension test. The viscoelastic fluid feature and thermorheologically simple
behavior of the asphalt mixtures are confirmed by laboratory tests. On the basis of the
experiments, a general Maxwell model is set up to describe the forming and growing
process of thermal stresses in pavement, and a thermo-viscoelastic constitutive model
of asphalt mixtures suitable for non-isothermal process is proposed.

The computational model of thermal stress field in asphalt pavement and the
corresponding time increment finite-element formulate are derived according to
thermo-viscoelastic constitutive equations, in which the calculation of the thermal
stresses is combined with the analysis of temperature field in pavement. Analysis
results revealed that the derived constitutive equation is suitable for calculating the
thermal stresses of asphalt pavement under environmental conditions.
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ABSTRACT: The structure of steel deck surfacing is different from that of the common
asphalt pavement on highway. The interaction between tyre and surfacing, which took
geometric nonlinearity, material nonlinearity and non-linear interaction into consideration,
was analyzed in this paper. A strain energy density function called Rivilin model was used
to simulate the mechanical performance of tyre. The Lagrange method was adopted to
study the geometric nonlinearity induced by the large deformation of tyre. As the friction
factor between tyre and surfacing doesn't need to be considered in the static calculation,
the restraint function method was used in order to get good convergence efficiency. A
contact model was established to study the interaction between tyre and steel box girder
surfacing. The research results show that the structural difference between road pavement
and steel deck surfacing has some influence on the contact stress. The interaction area,
which is used in the design of steel deck surfacing, is suggested to be simplified as a
rectangle with a length of 250mm and a width of 140mm.

INTRODUCTION

Most newly built long-span bridges in China are welded steel box girders with
orthotropic steel plate decks. Cracking is the main rupture mode of steel deck surfacing
which is mostly caused by the traveling vehicle loads. The aim of this paper is to study the
interaction between tyre and steel deck surfacing, especially the calculating diagram of
the vehicle load for the design of steel deck surfacing.

In the traditional pavement analysis, the uniform distributed load with circle shape is
always used to represent the action of vehicle on pavement. In the Specifications for
Design of Highway Asphalt Pavement (JTJ014-97) of China, the standard axle load is
represented by BZZ-100 (Zeng et al. 2004). The two load patches in Fig. 1 correspond to
the rear axle of a standard truck in JTJO14-97. Each of the two load patches corresponds to
a single wheel, and each wheel load is 25 kN. The diameter of the equivalent circle is
0.213m. A tire contact pressure is TOOkPa. In Fig. 1, P& is the single wheel load, P is the
tire contact pressure, and d is the diameter of the equivalent circle.
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FIG. 1. Calculating diagram of BZZ-100 (Mao 2000).

In the traditional analysis of steel deck surfacing, no unified specification could be
referred to in China. The calculation diagram of vehicle load for the design of steel deck
surfacing was confirmed according to the specifications for pavement. Mao (2000)
assumed that the interface between one single tyre of BZZ-100 and surfacing was in the
shape of a square with sides of 189mm. Li and Deng (2002) assumed that the interface
between one single tyre of BZZ-100 and surfacing was in the shape of a rectangle with a
length of 200mm and a width of 230mm. The contact analysis between tyre and surfacing
has not been applied to determine the calculating diagram of vehicle loads.

In this paper, the basic theory of contact between tyre and surfacing was presented
firstly. Then, a contact model was established including the tyre model and the local
orthotropic steel deck model. Finally, the contact stress of surfacing on steel deck was
analyzed by means of FEM, and a more accurate calculating diagram of the standard axle
load (JTJO 14-97) was put forward for the design of steel deck surfacing.

BASIC THEORY OF CONTACT BETWEEN TYRE AND SURFACING

The material nonlinearity, geometric nonlinearity and contact nonlinearity should be
considered in the contact analysis (Li and Wang 2000; Xie and Zhen 2004).

Generally, the latex material in wheel tyre is an isotropic super-elastic material which
can be described using several strain energy density functions, such as Rivilin model or
Ogden model. The Rivilin model (Wang 1998; Li and Liu 2000) can be expressed as

where W = strain energy density; /i , 72 = the first, second invariable; and Q = material
constant.

Rivilin model can be simplified as follows (Hong and Wu 2006)
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in which [K\o = the tangent stiffness matrix indicating the relation of load increment and
displacement; [K\c = the initial stress stiflhess matrix indicating the influence of initial
stress on structure under great deform; [K\L - the stiflhess matrix of initial displacement
indicating the stiflhess variation of structure due to great deform; {dq} = the vector of
nodal displacement increment; {F} = the vector of body load; {T} = the vector of surface
load; and {P} - the vector of equivalent composition offeree in the nodes.

The contact problem belongs to the extreme problem of fonctionelle with constraint
conditions. In terms of the contact mode of wheel tire and surfacing, as the friction
coefficient is ignored in static calculation, it will achieve better convergence effect if
adopting the constraint function method (Cheng et al. 2004).

where g = the aperture width between the contact areas; A = the normal contact force; and
SN = the small variable.

FE CONTACT MODEL

The wheel tyre 265/70R19.5 (11.00R20) (Hong and Wu 2006) was selected as the
research object. The glue thickness in basement of crest part of meridian tyre is 5mm. The
thickness of belted constraint layer, tyre foundation and inner lining are 6.5mm, 2mm and
2.5mm respectively. The glue thickness in the side of tyre is 3.5mm. The whole thickness
of tyre bead is 28mm. The thickness of tyre shoulder is 34mm.

The calculated parameters (Wu and Guan 1996) are referenced in this paper, as shown in
Tables 1 and 2. In Table I , En, E22 and £33 are the elastic modulus, Gis, GK and Gsi are the
shear modulus. In Table 2, n\9 fa and ̂  are the poisson ratios, and p is mass density. In
Table 3, CIQ, €20 and C2o are the mechanical parameters of the vulcanized rubber, ju is the
poisson ratio, andp is the mass density.

Geometric nonlinearity is induced due to the large deformation of wheel tyre. According
to virtual principle, the relation of Green strain and Kichhoff stress can be expressed as

where $% = Kichhoff stress tensor; E% = Green strain tensor; w - displacement; and t =
time.

The finite element equation of geometric nonlinearity is
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Table 1. Material Properties of Tyre Carcass and Belted Constraint Layer (from Wu
and Guan 1996)

Material

Tyre carcass

Belted constraint
layer

En
(Pa)

9.32e8

l.OSelO

E22
(Pa)

2.76e6

4.13e6

E*
(Pa)

2.76e6

4.13e6

Gl3

(Pa)

3.11e8

3.58e8

G23
(Pa)

4.14e6

4.82e6

G31
(Pa)

4.14e6

4.82e6

Table 2. Material Properties of Tyre Carcass and Belted Constraint Layer (from Wu
and Guan 1996)

Material //i /*i /*3 p (kg/m3)

Tyre carcass 0.47 0.47 0.005 1035

Belted constraint layer 0.47 0.47 0.0004 1200

Table 3. Characteristic Parameters of Material of Tyre Crown, Tyre Side and Tyre
Bead (from Wu and Guan 1996)

Material

Tyre crown

Tyre side

Tyre bead

CM
(Pa)

7.70e5

9.35e5

3.26e5

£20
(Pa)

-6.71e4

-1.90e5

-1.60e4

Cso
(Pa)

9.55e4

1.84e5

1.29e4

^

0.5

0.5

0.5

P
(kg/m3)

1025

1125

1125

Considering the strong locality exists in the contact problem of wheel tyre and surfacing,
the local orthotropic steel deck model was chosen to analyze the contact problem (Qian et
al. 2005). Seven trapezoidal stiffeners along the transversal direction and three spans
along the longitudinal direction of bridge were chosen including four diaphragms. The
spacing of diaphragm plates was 3.75m. The calculation parameters are shown in Table 4.
The contact model established by 8-node solid element is shown in Fig.2.



92 PAVEMENTS AND MATERIALS

FIG. 2. Contact model.

Table 4. Parameters of the Local Orthotropic Steel Deck Model

Geometric size

Thickness of
steel deck

(mm)

Opening width
of trapezoidal

stiff ener
(mm)

Height of
trapezoidal

stiff ener
(mm)

Thickness of
trapezoidal

stiffener
(mm)

Spacing of
trapezoidal
stiff eners

(mm)

Thickness of
pavement

(mm)

14 300 280 8 600 50

Material

Elastic
modulus of

steel
(MPa)

2.1xl05

Poisson
ratio of

steel

0.3

Density of
steel

(kg/m3)

7.85xl03

Elastic modulus
of asphalt
mixture
(MPa)

680

Poisson
ratio of
asphalt
mixture

0.3

Density of
surfacing
(kg/m3)

2.45xl03

As the structure was established, some simplifications (Qian et al. 2007) are taken as
follows:
1. The material of pavement is continuous, elastic and homogeneously isotropic.
2. The displacement and deformation of the orthotropic plate is tiny.
3. The stress/strain between steel deck and pavement is continuous.
4. The bonding layer is taken in the asphalt concrete pavement layer, because the

thickness of bonding layer is much smaller than that of the pavement layer and bridge
deck.

5. The transversal and longitudinal translation of the pavement and steel deck are limited,
whereas the vertical translation of the pavement and steel deck is free. The bottom of
the diaphragm plate is fixed.
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LOAD LOCATION OF WHEEL TYRE

The two load locations of wheel tyre are shown in Fig. 3. The center of tire was located
at the top of web of longitudinal stiflhess rib in case I, and between two webs of
longitudinal stiffness rib in case H These two locations (Qian and Luo 2004) can reflect
the structural characteristics of the orthotropic plate.

FIG. 3. Location of wheel tyre.

SIMULATION RESULTS

The vertical loads of 5kN, lOkN, 15kN, 20kN, 25kN, 30kN and 35kN were imposed on
the center of the tyre profile, respectively. Correspondingly, the inner press of tyre
increased from 0.2MPa to 0.4MPa. The grounding contours of contact area between tyre
and surfacing in case I and n are shown in Figs. 4 and 5, respectively.

FIG. 4. Grounding configuration under FIG. 5. Grounding contour under
various axle load in case I. various axle load in case IL
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The grounding contours are different in case I and case n, especially for small axle load.
When the vertical load is 5kN, the grounding contour in case I is in the shape of an ellipse
with a long diameter in the longitudinal bridge direction, whiles the grounding contour in
case n is rhombic in shape. When the vertical load is 15kN, the grounding contour in case
I is in the shape of a lozenge, and it approaches to be a rectangle in case n. When the
vertical load is 25kN or more, the grounding contour in case I approaches to be a
rectangle, and so does that in case n. The contact problem of tyre and pavement was
analyzed (Liu and Li 2001), and the conclusion shows that with the increase of the vehicle
load, the contour of contact area between one single tyre and surfacing changes from a
circle to a lozenge, and then to a rectangle. The results in this paper indicate that the
structural difference between steel deck surfacing and road pavement has some influence
in the load graphic formula.

The transversal distributions of grounding stress between tyre and surfacing in case I
and case n are shown in Figs. 6 and 7, respectively.

FIG. 6. Transversal distribution of grounding stress in case L

In Fig. 6, when the axle load is small, the grounding stress distribution contour is
triangular in shape. With the increase of axle load, the grounding stress in the sides of
contact area increases obviously and the stress distribution contour is rectangular in shape.
When the axle load of vehicle is lOOkN (the load of one single tyre is 25kN), the
grounding stress in the center of contact area approaches to IMPa and the width of stress
distribution contour is about 250mm. When the axle load is 140kN, the grounding stress in
the center and sides of contact area both exceed IMPa, and the width of stress distribution
contour exceeds 300mm.
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FIG. 7. Transversal distribution of grounding stress in case n.

In Fig. 7, when the axle load is small, the grounding stress distribution contour
approaches to be a rectangle. With the increase of axle load, the grounding stress in the
sides of contact area increases rapidly, and in turn, the stress distribution contour changes
into a saddle. When the axle load is lOOkN (the load of one single tyre is 25kN), the
grounding stress in the sides of contact area is 0.812MPa, while 0.654MPa in the center.

Case I and Case n have the similarity. With the increase of axle load, the grounding
stress in the sides and the center of contact area increase at the same time. The growing
rate of the grounding stress in the center of contact area increases in the beginning and
then decreases. The growing rate of the grounding stress in the sides of contact area
increases all the time, and when the axle load is 20kN, the grounding stress in the sides of
contact area exceeds that in the center of contact area.

SIMPLIFICATION OF CALCULATING DIAGRAM OF VEHICLE LOAD

The load chart formula of steel deck surfacing is complicated, and it is impossible to
take all of the complicated properties into consideration. In the Specifications for Design
of Highway Asphalt Pavement (JT JO 14-97) of China, the grounding area of one single tire
was simulated by a circle with a diameter of 213mm. In this paper, the research results
show the grounding area of one single tire of BZZ-100 is approximate to a rectangle with
a width of 250mm. Therefore, it is more suitable to suppose the contact area to be a
rectangle. In fact, when the vehicle travels on the steel deck surfacing, the tyres can move
in a big range, and the tyres can not be located at the positions exactly in case I or case n.
In order to provide a more accurate calculating diagram for the design and optimization of
steel deck surfacing, the standard vertical load of one single tyre on steel deck surfacing
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can be simplified as a rectangle with a length of 250mm and a width of 140mm.

CONCLUSIONS

The contact model between tyre and steel deck surfacing is established, and the
interaction between tyre and steel deck surfacing is researched. Based on the discussion, it
can be concluded as follows:
1. The external contour and stress distribution of contact area between tyre and steel

deck surfacing are different from that in the highway pavement. With the increase of
axle load, the load area of tyre changes from a strip or a lozenge to a rectangle.

2. When the axle load is small, the grounding stress in the center of contact area is larger
than that in the sides of contact area. When the axle load is large, the result is opposite.

3. The calculating diagram of BZZ-100, which is used in the design of steel deck
surfacing, can be supposed to be a rectangle with a length of 250mm and a width of
140mm.
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ABSTRACT: The objective of this paper is to research the fatigue characteristic of
asphalt. The fatigue characteristic of four kinds of asphalt in continuous loading and
loading with rest interval were both researched. DSR was used to measure the rheology
characteristic of asphalt. The experiments adopted 15°C and stress-controlled condition.
Four indexes were used to evaluate the fatigue characteristic of asphalt in different kinds
of loadings, they are DER (Dissipated Energy Ratio), DR (Damage Rate), 8 and 50%
reduction in initial complex modulus (50% G*). The results show that the indexes used
in continuous loading test can't reflect the fatigue characteristic of asphalt accurately.
Rest periods can lengthen the fatigue life of asphalt, and the modulus of asphalt can
recover during rest periods. It is not available to evaluate the fatigue characteristic of
asphalt only in continuous loading test. Both the fatigue life in continuous loading and
the healing ability should be used to evaluate the fatigue characteristic of asphalt.

INTRODUCTION

At present, fatigue is one of the main distress modes of asphalt pavements in China.
So it is essential to understand the fatigue behavior of asphalt and asphalt mixture in
order to improve asphalt mixture design and pavement performance. Asphalt is an
important composition of asphalt mixture, and its fatigue characteristic has significant
effects on mixture, so researching the fatigue characteristic of asphalt is a chief work.

Now the fatigue characteristic of asphalt is usually determined by continuous loading
test, and the corresponding fatigue evaluation indexes are also proposed in continuous
loading test, such as DER (Dissipated Energy Ratio), DR (Damage Rate), $ and 50%
reduction in initial complex modulus (50% G*) and so on. All the indexes are also used
to evaluate the fatigue characteristic of asphalt mixture. Many researchers have used
50%G* to evaluate the fatigue performance such as Hicks et al. (1993), Smith and Hesp

98



PAVEMENTS AND MATERIALS 99

(2000). Now, more and more researchers would like to use dissipated energy to evaluate
the fatigue characteristic, including DER and DR. Jo Sias Daniel and William M. Bisirri
(2005) used DER to characterize the fatigue in pavement materials. Yan Yuan (2005)
evaluated the merits and drawbacks of DR in evaluating the fatigue performance. Reese
(1997) proposed evaluation of changes in the phase angle during fatigue testing.

All the indexes can reflect the fatigue characteristic of asphalt in some extent. But
they can't explain the fatigue mechanism of asphalt in essence. Otherwise, asphalt
pavements are actually loaded discontinuously due to rest periods between load pulses.
Hence, it becomes pertinent to study the fatigue characteristic of asphalt in loading with
rest interval.

Now there are some researches about the fatigue characteristic of asphalt mixture in
loading with rest interval, such as Goodrich (1988, 1991); Christensen and Anderson
(1992); Smith and Hesp (2000); and Yong-Rak Kim et al. (2003). They used dynamic
mechanical analysis (DMA) to characterize fatigue characteristic of asphalt mixture hi
loading with rest interval. And differences among these studies include the sample
geometry used, the sample composition, and the loading sequence (including rest
periods). Maria Costro and Jose A. Sanchez (2006) used rectangle specimen different
from DMA to do fatigue test. All the researches showed that rest periods can increase the
fatigue life. For asphalt, there are few researches about its characteristic in loading with
rest interval. The study of Bahia et al. (1999) showed significant effects of rest periods
on fatigue damage recovery of asphalt in dynamic shear rheometer (DSR) tests.

All the researches showed that the fatigue life was longer in loading with rest
interval than the fatigue life in continuous loading, and asphalt can heal during rest
periods. It also indicated that only using the fatigue indexes in continuous loading test is
not reasonable. The characteristic after rest periods can also reflect the fatigue
characteristic of asphalt. The fatigue characteristic of asphalt should be studied in both
tests, and it is reasonable to combining the characteristic in continuous loading and
loading with rest interval to evaluate the fatigue characteristic of asphalt.

TEST METHOD

Four kinds of asphalt were adopted, mat was A-90#, A-70#, B-90# and B-70#. They
are all neat asphalt. A and B are used to distinguish their sources, and 70# and 90#
deputy their marks. Their penetration (25 °C), ductility (5°C) and soft point are shown in
Table 1. The penetration results show that among all the asphalt B-90# is the most soft
one. The penetration value of A-70# and B-70# are close. Ductility of A-90# and B-90#
at 5°C is almost the same. A-70# and B-70# presented break fracture at 5°C. The
sequence of soft point is B-70#>B-90#>A-70#>A-90#.

Table 1. The basic performance of asphalt
Asphalt

Penetration(25°C), (O.lmm)
Ductility(5°C),(cm)

Soft Point, (°C)

A-90#
89.2
10.6
47

A-70#
71.5

-
49

B-90#
93.5
10.5
50

B-70#
69.4

-
51
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DSR (Figure 1) was used to measure the rheology characteristic of asphalt. Because
fatigue failure mainly appears at medium temperature, 15°C was chosen in the tests.
Based on the Yu Jia (2005), the plate with the diameter of 8mm should be used and the
distance between the two plates should be 2mm, when the temperature is between 4°C to
40 °C. So the plate with the diameter of 8mm was used in this research. All the asphalt
specimens were in stress-controlled condition. The test frequency was lOrad/s. Stress
level has important influence on fatigue. If the stress level is too great, the fatigue life
will be too short; and if the stress level is too small, the test period will be too long.
Stress sweep test was used to confirm the stress level. Figure 2 is the stress sweep results
of A asphalt. In order to cut the test time and not make the fatigue life too short,
3.0E+05Pa was chosen for A asphalt. In order to compare the performance of all kinds of
asphalt, B asphalt also adopted 3.0E+05Pa. Two kinds of loading modes were used, with
and without rest periods respectively. In continuous loading mode, the specimen was
sheared continuously until it damaged. In loading mode with rest interval, the specimen
was sheared until its modulus reached nearly 50 percent of its initial modulus. Then give
it half an hour for rest. After rest, the specimen was sheared until it gets failure. In both
tests, no distortion was observed in the asphalt at the periphery of the plates. And
combining another observation, fatigue failure appeared to be the result of internal
micro-damage.

FIG 1. Dynamic shear rheometer.
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FIG 2. Stress sweep result.

EVALUATION METHOD

Four indexes were mainly used to evaluate the fatigue characteristic of asphalt in
continuous loading test, they are 50% G*, DER, DR and S. For 50% G*, failure is
defined at the point when the modulus of the specimen reaches 50 percent of its initial
value. DER is an index based on dissipated energy. The formula of DER is shown in Eq.
1. There are two indexes based on DER. One (Np) is the number of cycles at the turning
point in the curve of the number of cycles versus DER, the other (Np2o) is the number of
cycles at the point when the difference between DER curve and K=l reaches 20%. DR is
another index based on dissipated energy. Its equation is shown in Eq. 2. The turning
point in the curve of the number of cycles versus DR is defined as fatigue failure.
Carpenter and Shen (2006) used the ratio of dissipated energy change to evaluate the
fatigue performance, and they name it RDEC. In fact, DR and RDEC is the same in
essence. For phase angle, fatigue is also the turning point of the curve.

where,
coi = Dissipated energy in load cycle i; and
a>n = Dissipated energy in load cycle n .
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where,
= Dissipated energy in load cycle i ; and

fi>M = Dissipated energy in load cycle f-1.

Otherwise, in the loading test with rest interval, complex modulus, dissipated energy
and phase angle before and after rest periods were used to evaluate the healing
characteristic of asphalt.

TEST RESULTS AND ANALYSIS

Figures 3 through 6 show the results of asphalt in continuous loading test. Complex
modulus increases incessantly with the number of cycles increasing, as shown in Figure
3. Phase angle can also reflect the change of fatigue performance of asphalt. In Figure 4,
phase angle increases with time. At first, it increases slowly. When the number of cycles
gets to some level, phase angle increases quickly.

FIG 3. Relationship between the number of cycles and modulus.

wi
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FIG 4. Relationship between the number of cycles and phase angle ratio.

FIG 5. Relationship between the number of cycles and DER.
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FIG 6. Relationship between the number of cycles and DR.

Figure 5 shows the relationship between DER and the number of cycles. There is an
obvious turning point in the curve. When the specimen starts to bear the load, the curve
of DER versus the number of cycles is almost a beeline. With the number of cycles
increasing, the curve starts to departure the curve of K=l. Energy can be used to explain
this phenomenon. In the front part of the curve, the energy loses as the form of
viscouselasticity, and the failure can be ignored. So the DER curve is almost a beeline.
More energy loses for the production of cracks, and DER increases gradually. For more
energy losing, the DER curve starts to departure the curve of K=l. With cracks
expanding, the dissipated energy in a cycle increases rapidly, so the ratio of
accumulative dissipated energy to dissipated energy of one cycle decreases, that is DER
decreases.

The curve of DR (Figure 6) can also be explained by dissipated energy. At the
beginning of loading, the dissipated energy changes very little, and the dissipated energy
ratio approaches zero. With the specimen being sheared continually, cracks start to
expand, so the dissipated energy of one cycle increases and DR increases. This change
principle is similar to DER.

The above figures can also show the relationship among the fatigue performance of
different asphalt. The specific fatigue lives of all the asphalt are shown in Table 2. No
matter using any index, the fatigue life of asphalt A-90# is longer than that of asphalt
B-90#, and the fatigue performance of 70# asphalt are better than that of 90# asphalt.
But the fatigue performance between asphalt A-70# and B-70# are not clear. Using Np,
the fatigue life of A-70# is longer than that of B-70#. Using 50% G*, Np20, DR or 8, the
fatigue life of B-70# is longer than that of A-70#. The results using the four indexes can
only distinguish the fatigue performance between A-90# and B-90#, but can't determine
which one is better between A-70# and B-70#. That explains that the indexes can reflect
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the fatigue performance in some extent, but they have some deficiency. For one kind of
asphalt, the fatigue life may be different using different indexes. The fatigue life
sequence among different kinds of asphalt may be different using different indexes.

Table 2. Fatigue life in 3.0E+05 Pa using different indexes
Index

A-90#

B-90#

A-70#

B-70#

50% G*
1907
1047
3112
3277

DER(NP)

1612
924
2861
2812

DER(Np20)
1610
890
2460

2831

DR
1943
1127
3180
3345

8

2029

987
3313
3379

Note: Np is the turning point in the curve of the number of cycles versus DER, NP20 is
the point when the difference between DER curve and K=l reaches 20%

The above are the characteristics of asphalt in continuous loading. As the
introduction stated, rest periods have important effects on fatigue life, and the
characteristic of asphalt in loading with rest interval will be analyzed in the following
paragraphs.

FIG 7. Response of A-90# in loading with rest interval.

Figure 7 is the response of A-90#. As the figure shown, complex modulus increases
after the rest period, and the introduction of rest periods can lengthen the fatigue life of
asphalt. After the rest period, dissipated energy and phase angle decrease, the increasing
or decreasing rate of different indexes are shown in Table 3. The healing performance of
A-90# is better than that of B-90#, and the healing performance of B-70# is better that of
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A-70#. And the higher the grade is, the better the healing performance is.
Table 3 shows that the healing ability of 90# is better than that of 70# asphalt.

Comparing the fatigue life in continuous loading and the healing characteristic after rest
periods, for 90# asphalt, the healing ability is accordance with the fatigue life, that is the
fatigue life of A-90# is longer than that of B-90#, and the healing ability of A-90# is
better than that of B-90#. For 70# asphalt, the fatigue performance between the two
kinds of asphalt can't be distinguished as Table 2 shows. But the healing performance
can be distinguished using the indexes in Table 3. That means besides the fatigue
characteristic in continuous loading, the healing characteristic of asphalt in loading with
rest interval should also be used to distinguish the fatigue characteristic. But which
index is more suitable both in continuous loading and loading with rest interval needs to
be studied further.

Table 3. Changing rate of each index for different asphalt

Asphalt

A-90#
B-90#
A-70#
B-70#

Index

Increasing rate of G*
(%)

15.09
14.50
10.09
11.44

Decreasing rate of
Dissipated Energy

(%)
25.32
24.88
18.91
20.87

Decreasing rate of
S

(%)
3.3
2.8
2.3
2.7

CONCLUSIONS

The aim of this research is to study the fatigue characteristic of asphalt in continuous
loading test and loading test with rest interval. Based on the experimental findings and
comparison of these results, the conclusions derived from this investigation are as
follows:
1. 50% G*, DER, DR and S can reflect the fatigue characteristic of asphalt in some

aspects, but they have some deficiency. They can't distinguish the fatigue
performance of different asphalt in some conditions. The fatigue life of the same
asphalt may be different by using different indexes.

2. After rest periods, complex modulus will increase, and dissipated energy and phase
angle will decrease. Rest periods can lengthen the fatigue life of asphalt. Asphalt has
healing ability.

3. Healing ability of asphalt has important influence on fatigue performance. Both the
fatigue life in continuous loading and the healing ability should be used to evaluate
the fatigue characteristic of asphalt. But which index is more suitable both in
continuous loading and loading with rest interval needs to be studied further.
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ABSTRACT: The new Mechanistic-Empirical Pavement Design Guide (MEPDG)
requires the coefficient of thermal expansion (CTE) of concrete materials as a direct
input to determine critical pavement distresses. Since equipment for measuring CTE
was not available for commercial procurement at the time of this study, an automated
device was developed in this study in accordance with AASHTO TP 60. The device
is easy to use and provide sufficient data for design applications. Preliminary
precision statements of the AASHTO TP 60 protocol using the developed measuring
device were established for use at this moment, and they would be refined when
additional CTE data become available. Further analyses of CTE data found that the
type of coarse aggregates used for a mixture significantly influenced both the CTE
values and pavement performance predictions. While the effect of nominal maximum
aggregate size on the CTE and predicted pavement performance was not significant in
this study, further evaluation of this effect should be done because of limited nominal
maximum aggregate sizes used in this study.

INTRODUCTION

The coefficient of thermal expansion (CTE) has long been recognized as an
important property of portland cement concrete (PCC). CTE is measured as the
change in length per change in temperature. In the 1993 Edition of the American
Association of State Highway and Transportation Officials (AASHTO) Guide for the
Design of Pavement Structures (AASHTO 1993), CTE is used only for transverse
joint sealant design in jointed plain concrete pavements (JPCP) and longitudinal
reinforcement design in continuously reinforced concrete pavements (CRCP). It is not
a direct input for structural pavement design. In the new Mechanistic-Empirical
Pavement Design Guide (MEPDG) developed under National Cooperative Highway
Research Program (NCHRP) Project 1-37A (ARA 2004), the CTE is required as a
direct input for structural pavement design procedures. It is used directly or indirectly
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to determine joint and crack openings as well as critical PCC slab distresses.
Many state agencies currently do not routinely determine the CTE of PCC

materials. During the design process, a typical CTE is used rather than a mixture
specific value. This, however, may lead to improper predictions of the pavement
thermal responses and potential distress developments using the MEPDG design
procedures in the future. Studies (Hall 2005, Nantung 2005) have identified the CTE
of PCC materials as a very sensitive parameter affecting rigid pavement distress
predictions by the MEPDG software. Thus, conducting CTE tests will help better
predict the effect of mixture specific thermal response on pavement performance and
utilize the benefit of MEPDG.

This paper is prepared based on the results of a research project sponsored by the
Arkansas State Highway and Transportation Department (AHTD), which includes (1)
development of testing equipment for measuring the CTE; (2) establishment of
preliminary precision statements for the CTE test method using the developed
measuring device; (3) evaluation of factors that significantly affect the CTE; and (4)
analyses of the sensitivity of predicted pavement performance to the measured CTE.

DEVELOPMENT OF TESTING EQUIPMENT

The CTE of PCC materials can be determined using the testing procedure described
in AASHTO TP 60, Standard Test Method for the Coefficient of Thermal Expansion
of Hydraulic Cement Concrete. However, the procedure and equipment for this test
method are currently undergoing evaluation, and the equipment is currently not
available for commercial procurement. Therefore, a concrete thermal expansion
measuring device in compliance with AASHTO TP 60 was designed and built by
Challenge Technology for this project. Figure 1 shows the device.

FIG. 1. Coefficient of thermal expansion measuring device.

The device contained a water bath suitable for submerging a measuring frame and
test sample, mounted in a cabinet separate from a heating/cooling recirculation unit.
Isolating the recirculation unit from the cabinet minimized the effect of vibration and
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electronic noise on the measuring system. The measuring frame was made of A304
stainless steel to prevent corrosion problems and to minimize frame expansion during
heating. A high-precision linear variable differential transducer (LVDT) was mounted
on the stainless frame and centered above a saturated cylindrical concrete specimen,
which was supported by three hemispherical points. The LVDT was used with a 16-
bit data acquisition system to precisely record the change in sample length with
corresponding temperature changes.

The device was equipped with a fully automated temperature control and specimen
length measurement to minimize user interactions during testing, and to subsequently
improve reliability and accuracy of the test. The thermistor was used to monitor and
also control water bath temperature. In addition, it was found that water level changes
due to evaporation had a significant impact on length change measurement due to
changes in the submerged part of the measuring frame, which expands and contracts
during heating and cooling. A water level controller was used to insure a constant
water level to eliminate the effect of evaporation.

The device also includes user friendly software developed in compliance with the
AASHTO TP 60 protocol. It monitors all test startup and run parameters. The
software automatically controls a uniform increase and decrease in temperature
between 10°C and 50°C. The software has graphical and text displays of temperature
and length change information while test is running. The software automatically
repeats the test until two successive CTE measurements are within 0.3 ustrain/°C.
Data is saved at 10 minute intervals, allowing for further data analysis. The system
also includes an automated calibration procedure, using an A304 stainless steel
standard sample and calibration software to insure accuracy in various ambient
temperature environments.

PRELIMINARY PRECISION OF AASHTO TEST METHOD USING
DEVELOPED DEVICE

The AASHTO TP 60 test procedure and equipment are currently under evaluation;
no precision or bias has been established for this test. In order for this test method and
the developed device to be used in the future, the precision and bias of the AASHTO
TP 60 protocol using the developed CTE measuring device must be established. Since
development of precision and bias statements for a test method requires a significant
effort, this study only attempted to establish preliminary precision and bias statements
for the AASHTO TP 60 test protocol using the developed CTE measuring device.
These statements will be further refined when more CTE data are available.

The study undertaken to establish the preliminary precision of the AASHTO TP 60
test protocol using the developed CTE device was designed and executed in
accordance with ASTM C802, Standard Practice for Conducting an Interlaboratory
Test Program to Determine the Precision of Test Methods for Construction Materials.
The interlaboratory study was performed in two laboratories at the University of
Arkansas and Challenge Technology. The two laboratories determined the
coefficients of thermal expansion of three cylindrical specimens for each of four
mixtures, including a standard concrete mixture using 3/4" sandstone aggregates,
standard mixture using 3/4" limestone aggregates, self-consolidating concrete mixture
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using 3/8" limestone aggregates, and cement paste. The cement paste was wet-sieved
from the standard mixture using 3/4" limestone aggregates. The specimens were
prepared in accordance with ASTM C31/C192. Thus, the data constitute an analysis
with/? = 2 laboratories; q = four materials; and n = three replicates.

The CTE data measured in the two laboratories are summarized in Table 1. The
analysis of the interlaboratory test results was performed in accordance with ASTM
C802. The analysis included the following steps:
• Processing for outliers - The Dixon test described in ASTM El78, Standard

Practice for Dealing with Outlying Observations, was used to examine the data. No
outliers were eliminated through this process.

• Performing within and between analysis for all materials - The analysis determined
the estimates of precision, including variances, standard deviation, and coefficients
of variation. These precision components were developed in accordance with
ASTM C802 and ASTM C670, Practice for Preparing Precision and Bias
Statements for Test Methods for Construction Materials.

• Investigating for interactions - The analysis shows that the variability of the CTE
results of cement paste is much higher than the variability of the test results for
other materials. Two levels of standard deviation may exist, one for concrete
mixtures with coarse aggregates, and another for cement paste. Thus, the precision
statements may be required for the two materials.

Table 1. Summary of Interlaboratory Test Results

Mixture

Standard with 3/4"
Sandstone

Standard with 3/4"
Limestone

Self-Consolidating
with 3/8" Limestone

Cement Paste

Sample

1
2
3

Average
1
2
3

Average
1
2
3

Average
1
2
3

Average

CTE Oistrain/°C) Typical CTE (jistrainTC)
UofA
12.13
11.84
12.04
12.01
10.37
10.22
10.33
10.31
10.44
10.60
10.73
10.59
12.42
12.76
12.44
12.54

Challenge Average*
11.97
12.02
11.99
11.99 11.7
10.19
10.21
10.17
10.19 9.7
10.69
10.40
10.64
10.58 9.7
12.74
12.53
11.93
12.40

StdDev*

1.4

1.3

1.3

* After Mallelaetal. 2005
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Based on the analyses, the following preliminary precision statements are proposed
for use with the AASHTO TP 60 protocol using the developed CTE measuring
device. It is acknowledged that further research efforts will be needed to refine these
statements. The statements are developed in accordance with ASTM C670.
• Single-Operator Precision - The single-operator coefficient of variation of a single

test result has been found to be 0.9 percent for concrete mixtures with coarse
aggregates and 2.6 percent for cement paste. Therefore, results of two properly
conducted CTE tests by the same operator should not differ by more than 2.5
percent or 7.3 percent of the average of the two results when the cylindrical
specimens are made of concrete mixtures with coarse aggregates or cement paste
only, respectively.

• Multilaboratory Precision - The multilaboratory coefficient of variation of a single
test result has been found to be 1.3 percent for concrete mixtures with coarse
aggregates and 3.7 percent for cement paste. Therefore, results of two properly
conducted CTE tests in different laboratories on the same material should not differ
by more than 3.6 percent or 10.4 percent of the average of the two results when the
cylindrical specimens are made of concrete mixtures with coarse aggregates or
cement paste only, respectively.

EFFECT OF MIX CONSTITUENT PROPERTIES ON VARIABILITY OF
CTE

Further analyses of the CTE results show that the CTE of PCC materials is
influenced by mixture constituent properties, including the content and type of coarse
aggregates used in the concrete mixture. As shown in Table 1, cement paste seems to
have a higher coefficient of thermal expansion than coarse aggregates. This agrees
with earlier findings (Won 2005, Mallela et al. 2005). The observation implies that
the CTE of a concrete mixture will vary if the percentage of coarse aggregates
changes during construction. Thus, the effect of the variability of concrete CTE
during construction on pavement performance should be quantified.

A concrete mixture using sandstone aggregates has a slightly lower thermal
coefficient than cement paste. The difference between the two average CTE values
was less than 0.5 jistrain/°C. Won (2005) reported that some coarse aggregate, such as
gravels, even had a higher thermal coefficient than cement paste. Among four
concrete mixtures used in this study, a standard concrete mixture using 3/4" limestone
aggregates had the lowest CTE. Other studies (Mallela et al. 2005, Hossain 2006) also
reported that limestone aggregates seem to have a lower CTE compared to other
coarse aggregates. The effect of the coarse aggregate content on the CTE is only
significant if the CTE values of the coarse aggregates and cement paste are
significantly different, as for the limestone aggregates and cement paste in this study.

Two nominal maximum aggregate sizes (NMAS) of 3/4"and 3/8" were used in this
study. The two concrete mixtures using these limestone aggregates had very close
CTE results. The difference between the two average values was less than 0.4
jistrain/°C. The effect of NMAS on CTE should be further studied.

Based on these observations, it is recommended that a future testing plan for
developing typical CTE inputs for implementation of the MEPDG in a state should
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include all aggregate and cement types used for PCC materials in rigid pavement
construction.

EFFECT OF CTE VARIABILITY ON PAVEMENT PERFORMANCE

The variability of concrete CTE observed in this study is influenced by two sources:
(1) the variability of the test method; and (2) mixture constituent properties, including
the content and type of coarse aggregates. A sensitivity analysis was performed to
evaluate the effect of the CTE variability on rigid pavement performance predictions
provided by the MEPDG software (version 0.900). A summary of the inputs used in
the sensitivity analysis is presented in Table 2.

CTE values shown in Table 2 included the default CTE of 10 jistrain/°C
recommended in the MEPDG software and the four CTE results determined in this
study - 10.3, 10.6, 12.1 and 12.4 jistrain/°C for a standard mixture with 3/4"
limestone aggregates, self-consolidating concrete with 3/8" limestone aggregates,
standard mixture with 3/4" sandstone aggregates, and cement paste, respectively.
Other inputs which were used in the analysis but not shown in Table 2 are default
values recommended in the MEPDG software. The analyses were performed by
varying the CTE input. Other inputs were kept constant. Three pavement distresses,
including International Roughness Index (IRI), fatigue cracking, and faulting, were
predicted by the MEPDG software for a 20-year design period.

Table 2. Inputs for Sensitivity Analysis of Concrete CTE

Description
General Information

Type of Design
Reliability
Design Life

Traffic Volume
Two-way AADTT
Lanes in Design Direction

Climate
Concrete Layer

Thickness
Coefficient of Thermal Expansion

Granular Base
Thickness
Modulus

Subgrade
Classification
Modulus

Input

Jointed Plain Concrete Pavement
50%

20 years

10,000
2

Fayetteville, AR

30 (cm)
10.0, 10.3, 10.6, 12.1, 12.4 (10"6/°C)

20 (cm)
275 (MPa)

A-7-6
35 (MPa)

It is acknowledged that changing the amount of coarse aggregates in the mixture
also varies the strength of concrete, resulting in different pavement performance
predictions. A thorough investigation regarding the effect of these interactions on
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pavement performance predictions would require a considerable research effort and is
beyond the scope of this study. The main purpose of this analysis is not to quantify
the effects of constituent properties on CTE results and pavement performance
predictions, but to investigate the trends of these effects.

Figure 2 presents predicted pavement distresses, including IRI, cracking, and
faulting. The pavement performance predictions are similar for the two limestone
concrete mixtures having different nominal maximum aggregate sizes. Since the
evaluation of the effect of aggregate size is limited to only two nominal maximum
aggregate sizes of 3/4" and 3/8", this effect should be further investigated.

(a) International Roughness Index versus coefficient of thermal expansion.

(b) Cracking versus coefficient of thermal expansion

(c) Faulting versus coefficient of thermal expansion

FIG. 2. Effect of constituent properties on pavement performance predictions.
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As seen in Figure 2, the predicted pavement distresses for the two standard mixtures
containing limestone and sandstone aggregates are different. The differences are
about 15 percent for IRI and 20 percent for faulting. Thus, the type of aggregates used
for a concrete mixture significantly affects the mixture CTE and predicted pavement
distresses.

Compared to the standard mixture with limestone aggregates, cement paste has a
higher CTE value, resulting in higher predicted pavement distresses. Thus for
limestone aggregates, the content of coarse aggregates significantly affects the CTE
and predicted pavement distresses. However, compared to the standard mixture with
sandstone aggregates, cement paste has a similar CTE value, resulting in similar
predicted pavement distresses. Thus in this case, the CTE is not sensitive to the
content of coarse aggregates. The sensitivity of the CTE and pavement performance
prediction to the content of coarse aggregates is therefore dependent on the type of
coarse aggregates used in the mixture.

CONCLUSIONS

The following observations and conclusions are made based on the results of this
study:
• The CTE measuring equipment developed in accordance with the AASHTO TP 60

for this study is easy to use and provides accurate data for future design
applications.

• The preliminary precision statements proposed in this study can be used at this
moment and should be refined when additional CTE data become available.

• The CTE values and pavement performance predictions are similar for the two
limestone concrete mixtures having nominal maximum aggregate sizes of 3/4" and
3/8". Since the evaluation of the effect of aggregate size is limited to only two
nominal maximum aggregate sizes, this effect should be further evaluated.

• The type of coarse aggregates used for a mixture significantly influences the CTE
and pavement performance predictions.

• Coarse aggregates and cement paste have different CTE. Thus, the content of
coarse aggregates used for a mixture may significantly affect the CTE and
pavement performance predictions, and the effect is dependent on the type of
coarse aggregates used for the mixture. For this study, the effect is significant for
limestone aggregates but not significant for sandstone aggregates.

RECOMMENDATIONS

The following recommendations are made based on the findings in this study:
• The AASHTO TP 60 protocol and the developed CTE measuring device with the

preliminary precision statements can be used for determining the CTE for future
design applications.

• It is recommended that a future testing plan for developing typical CTE inputs for
implementation of the MEPDG in a state or region should include all aggregate and
cement types used for PCC materials in rigid pavement construction. The
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interaction effect of aggregate and cement types on the CTE and pavement
performance predictions should be evaluated.
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ABSTRACT: Hot Mix Asphalt (HMA) is a composite material that consists of
mineral aggregates, asphalt binders and air voids. A Discrete Element Model (DEM)
of the HMA microstructure was developed to study the stiffness behavior in both two
dimensions (2D) and three dimensions (3D). Image analysis techniques were used to
capture the HMA microstructure. The HMA microstructure was divided into two
phases: aggregates phase (i.e., aggregates larger than 1.18mm sieve) and mastic phase
(i.e., with binder and aggregates smaller than 1.18 mm). Air voids were modeled
within the DEM to meet a specific air void level (i.e. 0%, 4%, and 7%) by using a
random algorithm. The 3D microstructure of the asphalt mixture was obtained by
using a number of parallel 2D images. The input data on the models included not only
the aggregate and mastic properties, but also the microstructure of the aggregate
skeleton and mastic distribution. Both 2D and 3D models were used to compute the
stress-strain response under compressive loads. The moduli of the specimens were
computed from the stress-strain curve in the DEM simulation. The moduli of the 2D
and 3D models were then compared with the experimental measurements. It was
found that the 3D discrete element models were able to predict the mixture dynamic
modulus across a range of temperatures and loading frequencies. The 3D model
predictions were much better than that of the 2D model. In addition, the effect of
different ah* void percentages was discussed in this paper. As air void increased, the
predicted modulus decreased.

INTRODUCTION

Hot mix asphalt (HMA) is a complex composite material made of aggregates,
asphalt binder and air voids. The micromechanical behavior of this composite
material is determined by the interaction between its constituents. This multiphase
material has different properties from the original components—aggregate and
mastic. The mastic includes fine aggregate, sand and fines embedded in a matrix of

117
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asphalt binder. A cubic inch of asphalt mixture may include millions of mineral
particles (coarse and fine aggregates, sand, and fines) (Buttlar and You 2001; You
and Buttlar 2005; You and Dai 2007).

In this paper, the 2D and 3D micromechanical discrete element models were
developed to simulate and characterize the modulus of a HMA asphalt mixture
specimen. The discrete element models utilized in this study used disks for 2D and
balls for 3D to represent the microstructure of the HMA mixture with air voids. The
2D discrete element model will be used to characterize the mixture moduli at
different air voids. Then, the 3D discrete element model is generated with a number
of layered 2D discrete element models. One of the unique features of the models is
that the air void phase was modeled in both 2D and 3D.

DISCRETE ELEMENT MODELING

The discrete element method was developed to be used in rock mechanics (Cundall
1971). A micromechanical model for asphalt concrete was developed to investigate
pavement rutting (Rothenburg et al. 1992). An innovative feature of the model was
the inter-granular interactions. Using this model, if the aggregate properties (such as
Young's modulus, Poisson's ratio, aggregate normal stiffness, shear stiffness, and
friction angle) and the binder/mastic properties (such as bitumen viscosity, elastic
bulk modulus, and asphalt content) are known, it is possible to predict mixture
properties. Rothenburg's model is useful for modeling asphalt concrete because it
considers not only the aggregate-binder interaction but also intergranular interactions
in the presence of the binder. Another discrete element model was developed based
on the TRUBAL program to simulate HMA (Chang and Meegoda 1997). An
idealized model was prepared to investigate the mechanical behavior of idealized
asphalt materials (Collop et al. 2004). It was stated that the DEM can be possibly
used to predict initial elastic, visco-elastic and visco-plastic behavior of asphalt
mixtures.

Buttlar and You (2001) showed that the traditional micromechanical models, such
as the composite spheres model and the arbitrary phase geometry model, do not
adequately describe the complex microstructure of asphalt mixtures. These models
over- or under-predict the stiffness (or modulus) of asphalt mixtures due to a primary
inability of the models to properly predict the contribution of the aggregate interlock
(i.e., lack of microstructure in the model) to the overall response of the mixture (You
and Buttlar 2006). The 3D models were expected to have a better capability to predict
the mixture's aggregate interlock and improve the predictions.

The discrete element models can simulate the complex behavior of a material by
combining simple contact constitutive models with complex geometrical features.
There are a number of contact models available. The constitutive model acting at a
particular contact consists of three parts: a stiffness model, a slip model, and a
bonding model (Itasca Consulting Group 2004b). The stiffness model provides an
elastic relationship between the contact force and relative displacement. The slip
model enforces a relation between shear and normal contact forces, such that the two
contacting balls may slip relative to one another. The bonding model serves to limit
the total normal force and shear force that the contact can carry by enforcing bond-
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strength limits. The stiffness model is the most important parameter used in this
study, which focuses on stiffness estimation. The stiflhess model also provides an
elastic relationship between the contact force and relative displacement between
particles. The discrete (distinct) element codes, Particle Flow Code (PFC) 2D and 3D
were used in this study.

PREPARATION OF THE 2D AND 3D DISCRETE ELEMENT MODELS

The asphalt mixture's microstructure was captured using a high-resolution flat
scanner, manipulated using image processing techniques and reconstructed into an
assembly of 2D discrete elements. A three-dimensional image was constructed by
using a combination of different layers of 2D images. The microstructure for this
study was obtained by scanning images of many slices of the mixture, as shown in
Fig. 1. Image processing techniques were used to identify the aggregate skeleton from
the image. For example, in this study an aggregate size larger than 1.18 mm was
selected as the minimum aggregate size in the aggregate skeleton. The particles finer
than 1.18 mm were used as the mastic.

a. Raw image of HMA surface b. Image of aggregate >1.18 mm

FIG. 1. Examples of the images: before and after image processing.

The 2D rectangular shaped specimen was generated with the height of 242 units
(81mm) and width of 160 units (53mm) from the images. The radius of each ball
(discrete element) was 1 unit (0.33mm). There were total of 9,680 balls in the digital
specimen. The aggregate volume was calculated by the number of aggregate elements
by the number of total elements, which was 53% (5,124 balls). Randomly generated
ah1 voids were used throughout the model. The air void was generated in the mastic
element, keeping the aggregate constant. When the air voids were introduced at 4%
and 7%, respectively, the total number of discrete elements was reduced accordingly.
Fig. 2 shows the different images of 2D discrete element models at different air void
levels (i.e., 4%, and 7%), aggregate domain and mastic domains. It should be noted
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that the air voids were not directly modeled with a number of disks in this paper. Air
void balls were deleted in the DEM model.

a) Air void distribution indicated by disks

b) Discrete elements of the aggregate and mastic phase with 0% air void content

FIG. 2. Discrete element models: Air void distribution illustration, the discrete
elements for the aggregate and mastic phase.

The 3D rectangular prism shaped specimen was generated with a height of 242
units (81mm), width of 160 units (53mm) and depth of 96 units (32 mm), using 4
different prepared 2D models. The radius of each sphere was 1 unit (0.33mm). There
were a total of 464,640 spheres in this 3D asphalt mixture specimen without air voids.
The volume of the aggregate was estimated at 53% (245,952 balls). Fig. 3 shows the
generation of the 3D model using the four 2D models at 4% air void level. The 2D
and 3D discrete element models were constructed using regular packing spheres.
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FIG. 3.3D model generation from the 2D models using 4% air voids.
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COMPUTATION OF DEM MODEL

The DEM model of the asphalt mixture was simulated in a compression test by
confining the stress environment. 2D specimens were computed by a biaxial test and
3D specimens are computed by a triaxial compression test. The walls were made
longer than necessary to allow for large amounts of strain to occur during the test.
Walls interact with balls, not with one another. The axial compressive force was
applied to the top of the specimen with constant loading speed. The force, length and
time used were in Newtons, meters, and seconds respectively. A detailed discussion
of the biaxial and the triaxial compression tests can be found in other literature (Itasca
Consulting Group 2004b). The stiffness model used was a contact model and
provides an elastic relationship between the contact force and relative displacement
between particles. Thornton (Thornton 1979) provides expressions for the strength of
closed-packing cubic arrays of spheres.

For a cubic array of spheres (with six neighbors), when a radius R is considered, the
relationship of the increment in axial force AFa and increment of axial stress Acra can
be written as equation:

where, R is the radius of the particles.
The increment in strain A^ and the relative normal displacement between two

adjacent particles Aw can be expressed as

The specimen was loaded by specifying the velocities of the top and bottom walls.
The stress was computed by taking the average wall forces and dividing by
appropriate areas. The strains in the radial and axial directions were computed using
the current radius or specimen length, and the original radius or specimen length.
Throughout the loading process, the confining stress was kept constant by adjusting
the radial wall velocity using a numerical servo-mechanism. After the confining stress
state had been reached, the specimen was tested by releasing the top and bottom
platens from servo control and specifying the velocities of the top and bottom platens.
During each test, the servo control kept the confining stress constant at the requested
value. Then the velocities of the top and bottom platens initiated the compression test
in that direction (z, in this case). It was easy to control the simulation, for example,
the simulation was completed when a specific axial strain level was reached. The

Therefore, from these equations, the expression for the apparent Young's modulus
E of the assembly in terms of the input normal stifmess, Kn, can be written as:

This displacement gives rise to a normal force. The apparent normal stifmess is the
series combination of Kn for both particles:
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modulus was computed from the plots of axial deviator stress (i.e., the difference
between axial stress and confine stress) versus axial strain (Itasca Consulting Group
2004a). Contact deviator stress and strain histories were traced to capture the macro
and micromechanical responses in the specimens. The modulus was computed from
the plots of axial deviator stress versus axial strain.

SPECIMEN PREPARATION AND LABORATORY TESTS

Asphalt mixtures, sand mastic and stone cylinders were prepared for the
compression tests. Asphalt mixtures were prepared using 4.8% asphalt content and
4% ah* voids. The aggregate used in this study was a 19 mm nominal maximum
aggregate size (NMAS) mixture. The sand mastic comprised of the portion of the
aggregate gradation finer than 1.18 mm combined with the volume of binder
normally used in the entire HMA. The asphalt content in sand mastic was around
14.4% by weight of the sand mixture, and therefore the sand mastic was flowable at
high temperatures. Stone cylinders were cored from the rock. Dynamic (complex)
modulus was measured for all three different specimens using the uniaxial
compressive tests. The dynamic modulus of both the sand mastic and HMA were
tested across a range of loading frequencies (0.1, 1, 5, and 10 Hz) and test
temperatures (0, -10, and -20°C). The laboratory measurements of the HMA mixture
were compared with the dynamic modulus prediction to evaluate the DEM modeling.
The measurements of the sand mastic were used as input parameters of the HMA
mixture models. The aggregate used in this study was a mix of two or more types of
geological rocks. Two different rock cores were tested and the averaged found. For
this study, an aggregate modulus of 55.5GPa was used in the models.

RESULTS OF THE DISCRETE ELEMENT MODELS

The modulus of the HMA mixture was predicted using the 2D and 3D DEM
models. Compressive test simulations were conducted using the 2D and 3D discrete
element models. The comparison of the predictions and laboratory measurements of
the mixture moduli under a range of mastic moduli is shown in Fig. 4. The asphalt
mixture was compacted to a 4% air void level, and the modeling results were from the
4% models. The dynamic modulus of the asphalt mastic across a range of loading
frequencies (0.1, 1, 5, and 10 Hz) and test temperatures (0, -10, and -20°C) were
measured and used as input parameters in the DEM models. The moduli of the sand
mastic were used as input parameters in the 2D and 3D HMA models. Therefore, at
each loading frequency and test temperature, the predicted HMA modulus was in fact
corresponding to the specific loading frequency and temperature. It was found that for
each temperature, the 3D DEM prediction was very close to the mixture modulus
measurements. Fig. 4 shows that the 3D model prediction is much better than that of
the 2D model.
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FIG. 4. Comparing dynamic modulus (E*) prediction using 3D and 2D DEM
and laboratory measurements of the asphalt mixture at 4% air void.

Fig. 5 shows the 3D model prediction from three air void levels (i.e., 0%, 4%, and
7%). The prediction in the figure at 0% air void level over-predicts the modulus of the
mixture. Therefore, in order to closely simulate the mixture modulus, 4% air void was
introduced into the 3D model by removing some mastic elements, as discussed in
previous sections. With the introduction of 4% air voids, the mixture prediction
decreased. It was also observed that the 4% model prediction closely matched the
laboratory mixture measurements. At 4% air void level, the difference between the
3D model predictions and the laboratory measurements was within 5% on average.
When the 7% air void was introduced into the models, it was found that the
predictions were lower than those of the 4% model. When comparing the 2D and 3D
models, it was found that 3D models yielded a better prediction for this mixture.
When the air void content increased, the mixture modulus prediction decreased. But
when the air void was fixed at a 4% level, the mixture modulus decreased 20% for 2D
and 13% for 3D models on average. From 4% to 7% air voids level, the mixture
modulus prediction decreased 22% and 12% for the 2D and 3D models, respectively.
It was found that the 3D models have higher prediction than the 2D models for the
three air void levels.
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FIG. 5. Comparing 3D prediction and measurement modulus of the asphalt
mixture using 0%, 4%, and 7% air voids.

CONCLUSIONS

The HMA was simulated with both 2D and 3D discrete element models. The DEM
prediction was compared with experimental measurements. The effects of air void
content and the distribution of air voids were studied. The air voids in the models
were randomly generated within the models to reach a specific air void level. The 3D
model of the HMA mixture was obtained by a number of 2D models. The 2D and 3D
models were computed by using compressive loads to calculate the moduli of the
specimen, which were derived from the stress-strain curve. The input data to the 3D
models included not only the aggregate and mastic properties but also the
microstructure of the aggregate skeleton and mastic distribution as well as the air void
microstructure. The moduli of the 3D models were then compared with the
experimental data. It was found that the 3D discrete element models were able to
predict the mixture modulus across a range of temperatures and loading frequencies.
It was found that modulus prediction decreased with increasing air void levels. When
comparing the modulus predictions from the 2D and 3D models, it was found that the
3D models yielded higher modulus than the 2D models. It is expected that the 3D
models of the exact heterogonous asphalt mixture will better assist the understanding
of the mechanism of design and construction of asphalt mixtures.
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ABSTRACT: This paper discusses the changing of aged asphalt's properties with
several neat and modified asphalt binders, and their mixtures performance. Results of
Penetration, softening points, ductility test indicated that thermal-oxidation and
ultraviolet radiation aging are two different aging behaviors to binders, regardless
modified or not. Changes of physical and rheologcial properties after ultraviolet
aging not consist with those after thermal aging, Dynamic Shearing Rheometer
(DSR) and Bending Beam Rheomter (BBR) test indices showed that visco-elastic
properties of both unmodified and modified binder evidently changed after
ultraviolet aging, low temperature performance fallen thusly. Low-temperature
bending and indirect tensile tests results revealed that asphalt mixture moisture
stability and thermal cracking resistances turn to poor due to ultraviolet aging, and
validated the different influences between thermal and ultraviolet aging on
performances of binder and asphalt mixture.

INTRODUCTION

Bituminous binder is easy to age in field, especially under thermal and/or UV
radiation conditions. UV aging and thermal aging are two quite different types of
aging (Ye et al. 2006), but the current asphalt performance evaluation system gives
little consideration on UV aging. Because of the difference in air composition and
length of solar radiation path between plateaus and low latitude plains, plateaus have
a unique climate and environmental feature due to its more intensive radiation
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strength, longer daylight time, and especially the much higher percentage of UV
radiation content, which ranging from 20% to 25% of the total solar light energy, is
five times as that in plains (Xiao et al. 2003). Such intensive UV radiation aging
causes serious degradation on asphalt performance and attenuates the pavement
durability.

EXPERIMENTAL METHODOLOGY

Artificial Aging Procedures

The UV radiation equipment was presented in another paper of the authors, which
was published in 2003(Tan et al.2003). The UV aging test was at 73°C for 9 hours,
so that the radiation energy is equivalent to the total energy received outdoor in 5
months at Lasa, ultraviolet radiation intensity is about 35KJ/cm2-a, a western city of
China. The asphalt mixture UV aging test used similar equipments and procedure:
the mixture was tested in a 'semi-compacted state' at 73°C with air-blowing for 48
hours.

Basic Physical Properties of Binders

The binders used in this study included three neat binders (denoted as KL, LH, and
XT) from different sources with the same penetration grade and two
polymer-modified asphalt binders (K-SBS and K-SBR). Each binder listed in the
following text was assigned an identification code which provides information of the
source and physical state of the material. For example, KL-O means an original
asphalt sample from KL; K-SBS-T means a thermal aged K-SBS sample. Binders'
basic physical properties are summarized in Table 1 and Figure 1.

Table 1. Physical Indices of Original & Aged Binders

Binder variety
Penetration Original bitumen (Po)

(25°C; Thermal aged (Pt)
O.lmm) UVaged(Pu)

Original bitumen (So)Softening point Jr , - ,:L J

( * F Thermal aged (St)
1 ; UVaged(Su)

KL
79
60
46

52.7
36

11.8
46.3
48.1
56.7

LH
82
74
51

74.6
36.2
30

42.6
47.3
48.0

XT
81
54
49

45.3
29.8
23.1
45.9
50

54.2

K-SBS
96
78
69

167.5
153.5
139
61.9
60.7
64.9

K-SBR
99
82
68
165

123.5
113.5
71.7
66

67.3

Ductility
(10OC;cm)

Original bitumen (Do)
Thermal aged (Dt)

UV aged (Du)
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FIG. 1. Physical indices degradation rates of two aged binders.

Bituminous Binder Experiments

The DSR test was conduced with a Gemini-150 rheometer in a parallel-plate
configuration with a gap of 2000um at 0°C to see their performance at critical range
of low- and medium temperature clearly, 0°C is chosen as the test temperature; the
stress was IJxlO^a at a frequency of O.lrad/s. AASHTO MP5 method was adopted
in the BBR test, the temperature was -12°C. ASTM D-4124 method of Corbett was
used to separate the original and aged bitumen samples for chemical component
study. The rheological indices and chemical components before and after aging are
shown in Tables 2 through 4.

Table 2. Loss Modulus (MPa) & Phase Angle (°)

Binder variety

Original binder
Thermal aging

UV aging

KL
d

20.3
18.9
13.8

G"
1.19
1.03
0.8

LH
S

13.1
12.7
12.0

G"
0.97
0.99
0.92

XT
d

13.2
11.2
10.0

G"
0.96
0.85
0.74

K-SBS
3

30.8
30.3
28.4

K-SBR
G" 6
1
1
1

.30

.30

.21

32.1
31.7
18.9

G"
1.32
1.37
1.18

Table 3. Stiffness (S) & m Values (m)

Binder variety

Original binder
Thermal aging

UV aging

KL
5

45.8
62.5
70.3

m
0.54
0.9
0.47

LH
S

120
146
152

m
0.5
0.45
0.45

XT
S

76.6
112
141

m
0.39
0.43
0.39

K-SBS
S

90.3*
99*
30.8

m
0.42*
0.41*
0.49

K-SBR
S

119*
96.1*
52.3

m
0.44*
0.48*
0.39

Remark: * test temperature is -18°C
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Asphalt Mixture Experiment

To exclude disturbing from unrelated factors, the crucial mixture indices such as
gradation and air void were maintained in all tests. An AC-13II gradation was
adopted for these mixtures. The asphalt mixtures' low-temperature flow deforming
ability was evaluated by indirect creep test. By means of measuring the deformation
rate of a three-point bending beam during putting fixed stress on it, the losing of
creep rate of can be calculated. The prism specimen size was 250mmx30mmx35mm,
the fixed stress in this test was about 10% of the failure load, lasted for 20~30mins at
0° C. AASHTO T-283 test was used to investigate the moisture stability of mixtures.
Moisture stability of asphalt mixtures was evaluated on the tensile strength ratio. The
experimental results were listed in Table 5 and Table 6, respectively.

Table 5. Losing of Creep Rate of UV Aged Asphalt Mixtures

Asphalt variety
TSR of un-UV aging (%)

TSR of UV aging (%)

KL
83.8
76.8

LH
81.5
90.7

XT
87.3
79.6

K-SBS
93.1
86.1

K-SBR
76.7
82.7

RESULTS AND DISCUSSION

Influences on Binder Properties

Changes of physical properties

Asphalt variety KL LH XT K-SBS K-SBR
Creep Rate Thermal aging 2.00E-06 1.29E-06 2.86E-06 7.79E-06 3.50E-06
(1/s/MPa) UV aging 2.89E-06 7.82E-07 1.81E-06 6.53E-06 2.04E-06
Losing of creep rate (%) -44.5 39.5 36.8 16.2 41.9

Table 6 Tensile Strength Ratio (TSR) of UV Aged Asphalt Mixtures

Table 4 Chemical Components of Original and Aged Binders

Chemical components KL-OKL-T KL-U LH-OLH-T LH-U XT-O XT-T XT-U
Saturates (symbol : S) 31.5 30.0 29.9 35.9 34.7 34.6 23 19 18.7

Aromatic (symbol : Ar) 33.6 24.5 23.2 35.1 30.9 30.7 45.3 43.5 44.6
Resin (symbol : R) 33.5 43.6 44.9 24.3 27.4 28.1 20.5 25.8 23.7

Asphaltene (symbol: At) 1.5 1.8 2.1 4.7 6.9 6.6 10.3 11.7 13
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Table 2 presents the physical indices of the original, thermal and UV aged binders.
After UV aging, the values of penetration and ductility decreased while softening
points increased. It shows the changes of the physical indexes of bitumen KL and LH.
KL is more UV radiation sensitive because larger physical indices changes can be
seen, showing a poor ability of anti-ultraviolet (Figure 1.). On contrary, LH is not
very sensitive to UV, as only small changes by UV aging.

Changes of Theological properties

This study applied the DSR and BBR tests to investigate the influence on rheological
properties by UV radiation. Rheological properties can be well reflected by the loss
modulus G" and phase angle d. The energy dissipated as flowing deformation to
resist loading is expressed as the loss modulus G", and d is an index for the ratio of
viscosity and elasticity. As degradation of rheological properties, lower values of G"
and d are undesired when the working temperature is lower than normal. Reductions
of these two indices reveal that UV aging changes the viscoelastic character of
asphalt, improves elasticity and decreases viscosity (in Table 3). As a result, the
low-temperature flow property drops.

Two BBR indices, the stiflhess, S, and the slope m-value, m, at 60 sec, were used to
evaluate the low temperature performance. The results are shown in Table 3, where
the effects of UV aging are clearly exhibited by the variations of S and m. It can be
observed that S increased, and m decreased during UV aging. The variation
tendencies of S and m imply rheological properties fall after UV aging.

The above experiment results displayed that UV aging gave noticeable influences on
the binders' physical and rheological properties. Because of the decrease in
rheological properties, low-temperature flow deforming ability falls significantly.

Influences comparison ofUVand thermal aging

To compare the influences of thermal and UV aging on the properties of bitumen, the
penetration and loss modulus of binders were listed in order as shown in Figure 2,
where it can be seen that the changes of the physical and rheological properties after
UV aging are not consistent with those after thermal. It clearly indicates some
noticeable differences in their aging properties.
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FIG. 2. Physical and rheological Indices Compositor of Thermal
and UV Aged Bitumen

Relationship between Waging behaviors and chemical components

The aging mechanisms of UV radiation and thermal are differ in the initiation
process. Thermal oxidation is caused by polymer chemical bond thermal
decomposition, while the initiation process of UV aging is that some chromophores
absorb UV radiation then transfer from ground state to excited state, thus conduce the
breaking of chemical bonds (Wu 2003). Some studies have shown that carbonyl
plays a key role in UV aging. Carbonyl content and its transformation are the
decisive conditions to the reaction degree of photo-oxidation. Carbonyl is converted
from oxidation reaction of cyclophanes, which is mostly contained in aromatics and
resin. Therefore, aromatics and resin are two crucial components.

The transformation trend between components can be briefly expressed as: aromatic
transforms to resin, and resin transforms to asphaltene at the same time. As the
product of the aging reaction, the proportion of asphaltene in gross stably increases at
a consistent speed. Therefore, it is feasible to evaluate aging degree by observing the
variation of the proportion of asphaltene (Petersen 1993 and Jin et al.2001).From
Table 4, it can be find that asphaltene content of KL and XT after UV aging was

(b) compositor of loss modulus

(a) compositor of penetration
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higher than those after thermal aging, with an increase of 40% and 26.2%, but LH
shows an opposite results comparing to thermal aged. The results of asphaltene
amount increasing induced related properties, such as low temperature performance,
temperature susceptibility and fatigue life span changed thusly. The variation trend of
the asphaltene amount reflects asphalts' sensitivities to UV radiation, consistent with
the changes of physical and rheological properties.

Influences on Asphalt Mixture Performance

Influences on low-temperature performance and moisture stability

As the low-temperature performance is mainly binder dependent (Julie et al.1996),
this paper studies influences of UV aging on low-temperature performance of asphalt
mixture with creep test. From the test results shown in Table 6, a falling trend of
creep rate can be seen on most of the asphalt mixtures, displays a degradation of the
anti-cracking ability.

Moisture stability is another aspect of asphalt performance influenced greatly by UV
aging due to the changes on consistency and viscosity. The results of AASHTO
T-283 test show a decrease in TSR (and thus the moisture stability) in four asphalt
mixtures (in Table 5) and the decrease also reveals a strong binder dependency. The
moisture stability is consistent with the binder aging properties.

Relationship Between Aged Asphalt Mixture and Binder To investigate the
relationship of the aging behaviors of asphalt binder and mixture, a regression curve
was established in Figure 3. The curve shows a noticeable linear correlation between
S and the losing of creep rate indicating a clear relationship of the low-temperature
rheological performances of mixture and binder after UV aging; and the curve of
modified binder is very similar to that of neat binder.
The correlation analysis of the binder's physical-chemical properties and TSR was
conducted. As a conditional index for temperature susceptibility, penetration can
reflect binder's consistency as well. Since moisture stability is adhesion determined
to some extent, changing of penetration affects the TSR directly, this is shown clearly
in the regression curve in Figure 4.

It must be mentioned that above curve only can be looked as a raw trend line rather
than regression curve, shown the possible relationships between neat and modified
asphalt, binder and mixture, precise regression correlation depends on further
research sustained with abundant validations in field and test data.
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FIG. 3. Losing of Creep Rate of Mixtures vs. Stiffness of Binders .

FIG. 4. TSR of Mixtures vs. Decease Rate of Penetration .

CONCLUSIONS

This paper presents the study of the influence of UV aging on binder and asphalt
mixture performance by experiments, comparing sensitivities to UV radiation and
thermal and observing changing of asphalt mixture performance during UV aging.
Based on these investigations, some conclusions can be drawn:

• UV radiation aging has obvious effects on the performance of both bitumen and
asphalt mixture, especially bitumen's low-temperature flow deforming ability
and thus the mixtures' anti-cracking ability.

• For the same asphalt, binder's physical aging behavior is highly consistent with
its rheological properties. The transformations taking place in chemical



PAVEMENTS AND MATERIALS 135

components during UV aging ties up to the changes of the properties. In addition,
there are close correlations between the mixture's low-temperature deforming
ability and binder's stiffness; and the moisture stability evaluation index, TSR,
and the penetration, respectively.

• Most bitumen has different sensitivities to thermal and UV radiation. Evaluation
method based on thermal aged asphalt does not truly reflect influences of UV
aging, and there will be some limitations on the substitution of UV by thermal
aging.
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ABSTRACT: Compaction is one of the most important factors affecting the future
performance of asphalt pavement. Hot mixture asphalt materials exhibit significant
time-dependent response under mechanical and thermal loadings, which can involve
elastic, creep and plastic permanent deformation. The irreversible permanent
deformation part will generate compaction. Foam-type model has been considered an
efficient material model to predict compaction effect. In this paper, we extended the
rate-independent crushable foam plasticity model to a viscoplastic model. A user
material subroutine was developed and integrated in commercial finite element
software ABAQUS, which can be used to predict compactor performance. Based on
the large deformation theory and mass conservation, the change of compacted density
can be predicted due to compaction. Some representative simulations are presented to
show the effectiveness of the proposed material model.

INTRODUCTION

Compaction in the pavement engineering is usually taken to mean the increasing
density of a material by applying compactive effort and removing the entrained air,
i.e. decreasing air voids. In pavement engineering, compacted density has been
considered as an important index to evaluate the degree of asphalt compaction, which
has direct impact on the strength and resilient modulus of pavement materials. Many
research efforts have been exerted on understanding the mechanical behavior of
asphalt mixtures, but very few researchers have applied large deformation theory to
predict pavement compaction. Much effort was focused on developing empirical
method and tests. Asphalt material exhibits significant time-dependent response
under mechanical and thermal loading, which can involve elastic, creep and plastic
deformations (Lu and Wright 1998). The response of the asphalt mixtures may be
categorized into three groups: elastic, viscoelastic and viscoplastic (Saleeb et al.
2005). In this paper, we extended the rate-independent foam type plasticity model to
allow for time-dependent viscoplasticity and applied it to predict the asphalt
compaction. Many kinds of viscoplastic theories have been proposed, among them
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are Perzyna-type (Perzyna 1966), the Duvaut-Lions model and Consistency-type
viscoplasticity (Wang et al. 1997). Perzyna's model has been the most popular in
model of computational solid mechanics because it uses commonly available rate-
independent models. This approach represents a modification of the classical
plasticity theory by introduction of a time-rate rule in which the yield function of
classical plasticity is incorporated. An Euler backward algorithm can be used for the
return mapping of the stress to the viscoplastic yield surface. The viscoplastic model
of material behavior is of much practical interest, which allows the treatment of non-
associated plasticity and strain softening situations, which present difficulties in
conventional plasticity approaches. More important is the fact that the viscoplastic
model can be used to model plastic behavior in a simple manner when stationary
conditions are reached and, at the other extreme, can reproduce standard creep
phenomena.

The Foam-type material model has been considered an efficient material model to
predict compaction effect in our previous simulation of landfill compaction.
However, the available crushable foam model in ABAQUS does not contain the
viscous effect, which typifies the asphalt material mechanical behavior. In this paper,
we presented a viscoplasticity model based on the plastic crushable-foam type
constitutive model by introducing a time-dependent effect, which can be classified as
a consistency approach and different from the classical Perzyna and the Duvaut-Lions
model. The application of this viscoplastic foam type model will be focused on the
prediction of compacted density due to the compactor load, which can be extended to
predict rutting for flexible pavement.

CRUSHABLE FOAM MODEL

Crushable foams have been used for the analysis of energy absorption structures
(Abaqus 2007). The elastoplastic constitutive model is able to capture the volumetric
hardening, which is suitable for modeling the compaction process of lower-density
waste materials. The crushable foam model with volumetric hardening is shown in
FIG. 1.

FIG. 1. Volumetric hardening crushable foam model.
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The yield surface and plastic flow potential for the crushable foam models are
defined as follows:

Both yield function and flow potential are represented as an ellipse in the II- \\s\\
stress plane with a and ft representing the shape of the yield ellipse ad the ellipse
for the flow potential, respectively; p0 is the center of the yield surface and defined
as p0 = (pc + /?,)/2, and B is the length of the vertical #-axis of the yield ellipse
and calculated by B = a(pc - pt )/2. The flow potential is an ellipse centered in the
origin. The yield surface and flow potential are depicted in Figure 1. The hardening is
controlled by Pc, which can be assumed to be density dependent or similar
formulation to the general CAP model.

For simplicity and clarity, the viscoplastic constitutive equation of the crushable
foams model is cast here in a small deformation framework first, which can be
directly extended to a finite deformation framework as necessary. For viscoplasticity,
the strain rate can be decomposed into an elastic part ze and viscoplastic part cv/>:

where p and q are defined as the pressure and Mises stress

In this case, we can have the yield function and plastic flow potential as follows:

The elastic response of the material is assumed to be characterized by a constant
isotropic tensor D = K\ <8> 1 + 2Gldev such that the stress response of the material is
given by:

where K is bulk modulus and G is shear modulus.
The viscoplastic component of the strain rate is related to the gradient of a loading
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function with respect to stress (Perzyna, 1966):

In his classical work, 77 is referred to as the fluidity parameter with units of inverse
time and denotes the relative rate of viscoplastic strain. The quantity of dF/da in
Eq. 7 denotes the current direction of the viscoplastic rate, zvp. The scalar function
O is expressed with the argument of yield function, F, which is the yield function
with associative plasticity and also is called the flow function, increases
monotonically with F and defines the current magnitude of the viscoplastic strain
rate. The notation { } implies that

The most commonly used forms of the flow function ®(F) are given by
O(F)=(F l < j y ) , where N is a material parameter and ay is the normalizing
constant with the same units as those of F and has been always employed as the
uniaxial yield stress. In the Perzyna and Duvaut-Lions viscoplastic theories, an
important distinction from the inviscid plasticity theory stems from the fact that the
current stress states can be outside the yield surface and that the yield function may
have a value larger than zero. Therefore, the Kuhn-Tucker conditions are not
applicable. If the external loading remains constant the stresses return to the yield
surface as a function of time. Because of this feature viscoplastic theories are
commonly called overstress laws. Here we consider another approach in which the
strain-rate contribution (viscosity) is important through a similar approach as that of
rate-dependent yield surface. By doing so the Kuhn-Tucker conditions remain valid
and therefore this approach is very close to the consistency method (see Wang et al.
1997). The yield function and the consistency condition for a rate-dependent material
can be written as

where n is the gradient to yield surface; A is a scalar rate term called the viscoplastic
consistency parameter which can be determined via the enforcement of the Kuhn-
Tucker (loading-unloading) conditions. In the consistency approach the yield surface
can expand and shrink not only by hardening or softening, but also by hardening or
softening rate effects.

The basic need of integrating the viscoplastic constitutive equations at integration
point for finite element can be stated as follows. We employ the operator splitting
methodology that leads to elastic-predictor plastic-corrector algorithm, and we
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where An+1 = AAt, the discrete consistency parameter may be obtained by combining
the scalar coefficient to obtain a single nonlinear equation in An+1. Accordingly, we

integrate the constitutive equations via the backward Euler integration algorithm
(Simo and Hughes 1998). We assume that we know the solution state variables
(£M,£j,an,sn,knj at tune tn. The incremental strain As. +l = zn+l -£wover a given
time step [tn,tn+1] and need to update the state variables (*n+1,e

vf+1,<in+l,sn+19kn+1) at
tune tn+1 by integrating the rate constitutive equations. So in the first step, a purely
elastic state is computed. If the trial state violates the constitutive equation, a
correction is needed based on the trial state variables. This correction ensures that an
admissible state variable can be obtained with respect to the viscoplastic yield
surface. The updated stress can be written as follows:

Elastic Predictor:
In accordance with the operator-split, a given strain increment Acw+1 is first assumed
to result in an incremental elastic response which leads to the so-called incrementally
elastic trial stress predictor computed as

where Aew+1 is the incremental deviatoric strain. By taking the trace and deviatoric
parts of the elastic trial stress leads to:

The trial yield function F\p*+l) is then calculated based on the trial stress and
hardening parameters. If F(o"+l) > Tol, then the predicted elastic trial state lies
outside of the elastic domain, a plastic correction must be taken.

Inelastic Corrector:
When the elastic trial stress state leads to F\p*+1)> 0, the behavior is inelastic and
the return map solution for the viscoplastic model given by that trial stress state
should be returned to the yield surface g(o^1)= 0 through the second step inelastic
correction. To complete the stress update, the viscoplasticity consistency parameter
An+l is computed such that the stress state lies on the viscoplastic yield surface
g(0) = 0. The formulation is completed by integration of the constitutive equation
(14) for the time interval tn to tn+1 using a backward Euler evaluation of the integrals
to obtain
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have the discrete constitutive equation. In general, the above equation is nonlinear
and must be solved numerically by using modified Newton or Newton-Raphson
method. For large loading rates, the stress state may lie outside the yield surface. The
function O together with the fluidity parameter 77 reflects the rate dependency of the
model. For nonzero fluidity 77, the presence of A? in Eq. 15 implies a rate
dependency, with results depending on time duration for applying and changing loads
on the continua. When 77 equal zero, the behavior will correspond to elasticity. When
77 goes to infinity, the behavior corresponds to plasticity. Once the inelastic
consistency parameter A*+1 is obtained, the stress can be updated in the exactly same
way as pure plasticity. Since ABAQUS/Explicit was used to simulate the compaction
process and proved to be very efficient. Consistent tangent modulus for this material
model was not needed and not provided in this paper. For large deformation, the rate
of deformation (based on ABAQUS manual) is used to calculate the incremental
strain with respect to the current configuration, the return mapping algorithm for
viscoplasticity is same as that for the small strain formulation. Based on the
ABAQUS manual, the stress rotation will be automatically taken care in ABAQUS
internally, no need to calculate it in the user subroutine.

PREDICTION OF COMPACTED DENSITY

The proposed viscoplastic foam model was integrated in ABAQUS and combined
with the large deformation updated Lagrangian formulation, which can be used to
predict the density change or compaction. In updated Largrangian formulation, an
incremental displacement is defined with respect to the configuration at time tn ,
which is considered as the reference configuration for the current load step. The
updated Lagrangian formulation can therefore be visualized as a series of
intermediate total Lagrangian formulations. Based on the mass conservation, the
volume relationship between reference and current configurations can be established
as

And the relative compaction density can be updated at time tn+1 by

Here p0 is the initial relative density and pn+l is the relative density at time step tn+l.
Therefore, large deformation analysis has a lot of advantage in the predicting soil
compaction in civil engineering. The deformation gradient or intermediate
deformation gradient are defined as follows:



142 PAVEMENTS AND MATERIALS

REPRESENTATIVE SIMULATIONS

To demonstrate the applicability of the viscoplastic model, two finite element
simulations have been conducted and provided here.

Example L

Our first example is a simple problem (see FIG. 2). A column is fixed at the bottom
end and subjected to compression load at the top. In order to qualitatively validate the
model, both plasticity and viscoplasticity cases were investigated. The model
parameters used for the numerical simulation were: Young's Modulus,
E = lO.OMPa, Poisson's ratio 0.35, a = 0.7, J3 = 1.1, Pt = 0.2MPa, Pc = -0.6MPa.
FIG. 3 shows the comparison between plastic model and viscoplasticity model with
different fluidity parameters. For plasticity, the permanent deformation develops
almost instaneously, while the viscoplastic deformation is time dependent. The
deformation rate is controlled by model parameter fluidity 77. The results also shows
that when fluidity parameter 77 becomes bigger, the material will behave closely to
elastic behavior, when fluidity converges to zero, the behavior will behave closely to
plasticity. Therefore viscoplastic behavior can be considered an intermediate behavior
between the two extremes: plasticity and elasticity.

FIG. 2. A compression column, viscoplastic material, boundary condition.
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FIG. 3. Displacement versus time.

Example 2. Asphalt Compaction

This example is designed to simulate the asphalt compaction induced by the wheel-
pavement interaction. FIG. 4 is the three-dimensional finite element model
representing the symmetric part of the wheel-pavement interaction. The top layer is
asphalt mixture and modeled with the proposed foam-type viscoplasticity. The
second layer gravel and third layer subgrade soil are relatively stiffer and assumed to
deform elastically.

FIG. 4. Finite element model for wheel-pavement interaction.
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The initial densities for these three layers are 1900kg/m3, 2700kg/m3,1700kg/m3. The
model parameters used for the top layer are: Young's Modulus, £ = 20.0MPa,
Poisson's ratio 0.32, a = 0.6, /3 = 1.1, Pt = 0.05MPa, Pc = -O.SMPa. The vertical
load was applied at the wheel center. The rigid wheel is driven back and forth by
applying angular velocity at the wheel center. FIG. 5 shows the spatial density
distribution projected onto the deformed configuration during machine rolling
compaction. This demonstrates that large deformation has advantage on prediction of
compaction.

FIG. 5. Density contour due to rolling wheel compaction.

CONCLUSIONS

A viscoplastic foam-type material model with volumetric hardening was proposed
and integrated in the commercial finite element analysis package ABAQUS. We
combined the material model with large deformation theory to simulate wheel-asphalt
interaction, which can effectively predict the density change after each machine pass.
The development of deformations with time can also be included if necessary. The
representative numerical examples showed that the approach employed in this paper
can be used to describe the viscoplastic behavior of asphalt mixtures and
simultaneously simulate the compacted density as well as rutting for flexible
pavement. As mentioned earlier in this paper, asphalt compaction achieved at the
time of construction is very critical to the future pavement performance. In the past
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compaction research has always been focused on empirical and test approaches, very
little effort was exerted on numerical modeling. In fact large deformation formulation
can be directly applied to predict the spatial density distribution induced by
compactor. Clearly this is an important application for geometric nonlinearity. We
believe this should be the future research direction on asphalt compaction modeling.
Certainly some robust HMA and SMA constitutive models should be developed and
integrated in finite element codes.
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ABSTRACT: Low temperature property of asphalt mixture has been one of the
worldwide focuses in pavement research. This paper focuses on property of stone
matrix asphalt (SMA), mastic asphalt (MA) with that of epoxy asphalt mixture, which
are currently widely used in steel bridge deck pavement. During calculation, a
three-parameter soh'd model is employed with its corresponding parameters obtained
by nonlinearly regressing the data from bending creep test. Additionally, based on the
principle of time-temperature equivalence and linear superposition, thermal stress
equation is achieved, through which thermal stress of the three kinds of mixture are
calculated with an assumption of constant cooling rate. By comparing the calculation
results with that of thermal stress restrained specimen tensile test (TSRST), this
equation is found to be adequate to compute the thermal stress at low temperature.
Also in this study, the thermal stress is calculated concerning full bonding conditions
between steel deck and the mixture. It shows that when the thermal expansion
coefficient of the steel deck is ignored, thermal stress will be exaggerated to a great
degree. Also, it is found that epoxy asphalt mixture performs the best in terms of low
temperature performance.

EVTROCUCTION

Low temperature property of asphalt mixture has been one of the worldwide
focuses in pavement research. Exposed to the fluctuating temperature, both surface
and underlying part of the pavement will experience the action of expansion or
contraction due to the heat transfer in the pavement. However, because of the
constraint imposed from both the exterior and interior of the pavement system,
thermal stress is caused .Once thermal stress exceeds the tensile strength, pavement
will crack. Moreover, as a kind of temperature sensitive structure, there is good
chance for the strength, stiffness and thermal properties of asphalt pavement to vary
with temperatures. Besides, the elusive nonlinear relationship between the
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mechanical properties of asphalt mixtures also adds to the complexity of thermal
stress analysis in asphalt pavement (Xia and Wang 2003).

VISCOELASTIC MODELING

As is known, asphalt concrete exhibits noticeable viscoelasticity at low
temperatures, which always requires a reasonable viscoelastic model to conduct the
mechanics analysis. Thanks to the years' research in this respect, till now more than
ten types of viscoelastic models have been developed, which can primarily be
divided into two categories:

Empirical model, that is established based on the regressed data from the test to
address both the initial and stable stage of the creep developing.

Composite model, that is based on the different combination of springs and
dashpot, which occupies a majority of all these kinds of models, such as Maxwell
Model, Kelvin Model, Jeffreys Model, Burgers Model and etc.

Asphalt concrete becomes brittle when temperature drops, that is, viscosity
reduces and elasticity increases. Herein, the three-parameter solid model is adopted,
where an elastic solid model is in series with Kelvin model, as shown in Figure 1.

where a, e = stress and strain of the model, respectively;
Y\\ = the compliance of the dashpot;
E\,E2 = the elastic modulus of the spring in the Kelvin model and the other one;
a', s' = the developing rate of the stress and strain over time;

The creep compliance J(t) and stress relaxation equation 7(t) can be obtained by
mathematic transformation of the constitutive equation.

FIG. 1. The three-parameter solid model (after Zhang 1993).

Therefore, the constitutive equation of the three-parameter solid model is
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where

PARAMETER IDENTIFICATION OF THE VISCOELASTIC MODEL

The key point is to obtain the three parameters for further analysis and
computation. As shown in Eq. 2, the nonlinearity of the parameters makes the
parameter identification a difficult job. Therefore in this study, Levenberg-Marquardt
(L-M) method, which is based on the improvement of Newton's method, is used for
parameter identification of viscoelastic model (Zhou et al. 2001). In Newton's
method, a demanding initial value is required for the parameter, which is usually
difficult to acquire, while L-M method is not so strict in this respect. Therefore, in
this study L-M method is employed.

Bending beam creep test was conducted on the material test system MTS-ZW
with the test temperature at 10 °C below freezing. The stress level is ten percent of
the critical failure stress with loading duration of one hour. The size of the specimen
is 250mm long, 30mm wide and 35mm high.

The bending strain in the creeping test was recorded with time. Creep compliance
simply equals to bending creep strain divided by the constant stress, so the equation
of tune-dependent bending strain is of the same type with Eq. 2, which is the simple
equation of exponential function with time. The relationship between bending strain
and time was, therefore, fitted according to Eq. 2 with the L-M method. The results
of the fitting parameters are shown hi Table 1. Test creeping curves of
time-dependent bending strain of the three kinds of mixtures are illustrated in Figure
2, together with the fitting curves.

Table 1. Viscoelastic parameters of the three-parameter solid model (-10 °C)

Material type

MA
Epoxy asphalt

SMA

Viscoelastic parameters
Ei (MPa)
5.054e+03
8.782e+03
5.064e+03

tn(MPtrs)
9.270e+06
1.008e+07
3.950e+06

E2 (MPa)
2.057e+05
3.139ef05
1.938e+05
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FIG 2. Creeping curves of SMA, MA and Epoxy Asphalt Mixtures.

THERMAL STRESS COMPUTATION

Deduction of thermal stress equation

With time-temperature equivalence conversion, material properties in a
three-dimension space are reflected onto the two-dimension space. Moreover, the test
results in a limited time and temperature range are also extended to a much wider
time and temperature range. Consequently, both test work and technical requirement
for the instruments are significantly reduced. Time-temperature equivalence is
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usually formulated as Arrhenius equation in studying low temperature properties of
asphalt mixture (Franken 1993), shown as (5).

where B(T) = shift factor, used to deduce the relaxation modulus in a temperature
drop process from a reference temperature;

To, T= reference temperature and test temperature, K;
H = surface activation energy, which is to be determined in tests, and is

approximately 2.1xl05 J/mol for asphalt mixture;
R = the universal gas constant, 8.3 1 J/(mol-K).

The relaxation modulus at the reference temperature can be converted to that at
other temperatures through time-temperature equivalence conversion, shown as (6).

Linear superposition principle is one of the most fundamental and important
principles in viscoelastic mechanics, which was initially developed by Boltzmann
only as an empirical relation, also known as Boltzmann superposition principle. This
paper combined the discretization method and Boltzmann superposition principle in
calculating thermal stress concerning continuous and larger drop of the temperature
(Zhang 2006).

As a matter of fact, the actual thermal stress is achieved through the continuous
superposition of the new emerging thermal stress and relaxation stress in the process
of temperature drop. This thermal stress superposition is illustrated in Figure 3.

The time is discretized into M by £, and the temperature is assumed
approximatively to drop instantly at the beginning of the time section Af and keeps
constant in this time section. So the whole process for temperature dropping is in a
stepwise way (Figure 3-a). The contraction strain will be proportional to the
temperature decrement at the rate of linear expansion coefficients a(7), which is also
a constant in the limited temperature scope (Figure 3-b). Therefore, due to the
viscoelastic behavior of the material, the stress development will be a typical
relaxation curve in the whole process. The relation between the relaxation stress and
strain is as follow,

where Asi = the strain in each discretized time section;
Y (t, T) = the relaxation modulus varying over time and temperature obtained by
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creep test of the material at different temperatures, here t = fc - to, T = ( TM + AT; / 2 ).

In the next discretized time section, new stress curve happens. And thermal stress
is attained by superposing the relaxation stress in each ATI by Boltzmann
superposition principle (Figure 3-c). For example, thermal stress at tf is calculated as
fff =(Tfi +<7£2 + 0"f3.

FIG 3. Superposition of contraction and relaxation stresses (after Zhang 1993).

Neglecting steel deck contraction due to temperature drop, the thermal stress of
asphalt concrete pavement can be calculated with Eq. 8. However, in actual situation,
as temperature drops, steel deck will shrink. Because of the different thermal
expansion coefficients between steel deck and asphalt concrete, deformation
discrepancy exists between them. Under these conditions, thermal stress will be
calculated with Eq. 9. Herein in both situations, assumption is made that there exists
full bonding condition between the steel deck and the pavement thereon and the
overlaying pavement is enclosed by all sides. Also temperature field and thermal
expansion coefficients in each material is deemed uniform throughout the dropping
in temperature, so no differential contraction or bending moment is considered.

Fig. 3-c

Fig. 3-b

Fig. 3-a
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Here, Y (tf - fa Tj) represents the relaxation modulus of asphalt concrete from
time tj to tf, TO, 7/represent the initial temperature and ending temperature; AT) is the
temperature decrement from tj to tf, a(T) is the linear thermal expansion coefficient of
asphalt at the temperature T; ft is the thermal expansion coefficient of steel deck.

Through Eqs. 6, 8 and 9, thermal stress in the pavement when temperature drops
will be computed.

Conditions for thermal stress computation in pavement

Pavement structure is largely influenced by variation of climate, like abrupt drops
of temperature, in which the temperature field and thermal stress in pavement
structure are both quite different from those with a periodical varying temperature.
Herein, thermal stress calculation is focused on the condition of continuous
temperature drop.

Some assumptions are made for calculating the thermal stress as follows:

1. Asphalt concrete pavement is homogenous and isotropic and temperature
variations between pavement and steel box beam are consistent, neglecting the
influence of temperature gradients;

2. There exists a full bond between the pavement and the steel deck, neglecting the
stress caused by the movement discrepancy between the steel deck and the
pavement; thermal stress is uniformly distributed along the thickness;

3. Steel deck is an elastic system with a constant thermal expansion coefficient in
the calculation area;

4. The linear thermal expansion coefficient a(T) of asphalt mixture remains
constant during the assumed cooling process. The thermal expansion coefficients
of the materials focused in this paper are given in Table 2.

Table 2. Linear expansion coefficients of materials focused in this paper

Material Type

Linear expansion coefficients (10~5 / °C)

SMA

2.4

MA

3.0

Epoxy Asphalt

1.6

Steel
Deck

1.0
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Comparison of calculated results and tests results

After extensive analysis of different test methods on thermal cracking, it is found
that the thermal stress restricted specimen test (abbreviated as TSRST below) fulfills
the goal best to simulate most of the in-situ conditions of pavement (Hao 2002). In
this study, TSRST is performed and a systematic data acquisition and analysis
method is applied.

Table 3. Thermal stress in asphalt pavements

Time (s)

0
720

2520
4300
5146
6100
7900
8476

Temp. (°C)

2
0
-5
-10

-12.35
-15
-20

-21.6

SMAfMPa)
theory

0
0.82
3.06
5.37

7.7

test
0

0.775
2.57
4.99

7.88

MA(MPa)
theory

0
1.42
4.24
7.32
8.76

test
0

1.43
4.65
7.86
9.08

Epoxy Asphalt (MPa)
theory

0
0.91
2.37
5.86

8.07
9.88
11.72

test
0

0.57
2.69
5.03

7.57
10.48
14.89

Thermal stress was tested on the three materials through TSRST. Size of the
specimens of the materials is 30mmx30mm><200mm. The initial temperature is 2 °C
and the cooling rate of is 10 °C/h. In Table 3 the test results and computation show
good agreement, which means that the method used in this paper works well in
computing thermal stress of asphalt mixture. Comparing the results in Table 3 with
those in Table 4, the thermal expansion coefficient of steel deck considered, the
thermal stress in the asphalt pavement will be much smaller. Of the three types of
materials, epoxy asphalt concrete is the best in low temperature property considering
steel deck effect. This can be explained by the similarity of epoxy asphalt concrete
with steel deck in thermal property at low temperatures. Therefore, despite an
extremely high relaxation modulus (in Table 1), thermal stress in epoxy asphalt is the
lowest, as also explains the rarity of thermal cracking in epoxy asphalt on steel deck.

Table 4. Thermal stress in pavement considering the effect of steel deck

Temperature (°C)
2
0
-5
-10
-15
-20

-21.6

Time (s)
0

720
2520
4300
6100
7900
8476

SMA(MPa)
0

0.47
1.78
3.13
4.48
5.84

MA(MPa)
0

0.78
2.81
4.87
6.92

Epoxy Asphalt (MPa)
0

0.34
0.89
1.82
2.19
3.7

4.39
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CONCLUSIONS

1. Based on the three-parameter solid model and the principle of time-temperature
equivalence and linear superposition, the stress calculation equation is achieved,
whose validity is also verified by the test results.

2. When taking thermal expansion coefficient of the steel deck into account, the
thermal stress is much smaller compared with that neglected.

3. When the steel deck contraction considered, the low temperature property of the
epoxy asphalt concrete is the best among the three kinds of pavement materials.

4. A good bond condition between the steel deck and pavement is recommended,
which will reduce thermal stress to some extent.
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ABSTRACT: This paper presents an investigation in applying the Hirsch model to
predict the mixture modulus through using the binder modulus and the mastic
modulus and their corresponding volume compositions. By comparing the model
predictions using the two different methods with the experimental results, it is found
that the two methods are equivalent.

INTRODUCTION

Permanent deformation or rutting in asphalt concrete develops gradually as the
number of loading applications increases (Anderson et al. 1991; Ishai and Craus
1996; Anderson et al. 2001). Rutting is a combination of the continuing compaction
and shearing due to traffic loading (Bonnaure et al. 1977; Bahia 1995; Roberts et al.
1996; Li and Metcalf 2005). Asphalt concrete being a composite material (Buttlar and
Roque 1996; Buttlar et al. 1999) essentially is comprised of three constituents:
asphalt binder, mineral aggregate, and air voids. Each constituent, as well as the
asphalt-aggregate interface, contributes to the HMA's resistance to permanent
deformation (Mallick 1999; Bahia et al. 2003).

Complex shear modulus G* was introduced in 1993 for asphalt binder specification
as part of the SHRP Program (Jo et al. 1998; Shashidhar and Romero 1998; Stuart et
al. 2000; Roberts et al. 2002). It was intended for a better evaluation of the
rheological behavior of asphalt binders at different temperatures. It was also utilized
for asphalt mixtures through testing using the Superpave Shear Tester (SST). Also,
the elastic dynamic modulus, E*, can be calculated from G* and v, Poisson's ratio
(Hirsch 1962; Shenoy and Romero 2001; Kaloush and Witczak 2002). When
designing asphalt pavement structures, the elastic modulus is a basic design
parameter. Therefore, it is preferable that the modulus of AC be predicted during the

155



156 PAVEMENTS AND MATERIALS

design process in order to improve the design and the pavement performance
prediction.

Micromechanical approaches for predicting the shear modulus of mastics and
mixtures were employed by Buttlar and Roque (1996). The micromechanical model
developed by Christensen et al. (2003) and used in this research estimates the shear
modulus of asphalt concrete using binder modulus and volumetric composition VMA
and VFA (Christensen and Bonaquist 2005). The model is based upon a previous
version of the law of mixtures, called the Hirsch model, which combines series and
parallel elements of phases (aggregate and asphalt binder). The purpose of this
research is to assess the equivalency of estimating the mixture modulus using the
binder modulus and the mastics modulus.

OBJECTIVE

The main objective of this study was to predict the shear moduli of asphalt mixtures
with different asphalt contents by using the binder and mastic complex moduli and
their volumetric compositions (VMA and VFA). One type of binder (PG64-22), in
five percentages by mass, and one type of aggregate (granite) were mixed and tested
at two temperatures (55° and 64 °C) and at a constant air void content of 6%. Binder
and mastic specimens were tested with a dynamic shear rheometer, while the asphalt
concrete specimens were tested with the Superpave shear tester. The major
motivation is to investigate whether it is equivalent to use binder modulus or mastic
modulus for predicting the mixture modulus.

MATERIALS

Filler and Aggregate

The filler used for making the mastic specimens was granite and the aggregate
selected for the HMA specimens was crushed granite. Both materials were provided
by the Louisiana Transportation Research Center. The selected coarse and fine
aggregates were supplied in two sizes, #78 and #9, according to ASTM D 448,
"Standard Classification for Sizes of Aggregate for Road and Bridge Construction".
Properties of the granite aggregate are provided in Table 1 (Waltham 2003). This
aggregate has a rough-textured structure providing good interlock in asphalt concrete
mixes (HMAs). A coarse-graded Superpave mixture was selected for this study. The
gradation of the aggregate is shown in Figure 1.

Table 1. Properties of granite
Aggregate

type

Granite

Dry
density
(kg/m3)
2.720

Dry
UCS

(MPa)
200

Elasticity
modulus

(GPa)
75

Tensile
strength
(MPa)
2.67

Shear
strength
(MPa)

35

Friction
angle

*°
55
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FIG. 1. Granite gradation.

Asphalt binder

The asphalt binder used in this study was a PG64-22 unmodified base asphalt
binder, which is commonly used in Louisiana.

EXPERIMENTAL STUDY

Mastic samples preparation

The granite mineral filler was dried for one hour in an oven at 160°C before being
mixed with the asphalt, in order to remove all the moisture. Then, measured
quantities of 25 (g) of binder were heated at 150 °C for 10 minutes and then mixed
with 20% of filler volume fraction of bulk material. After being heated, the binder
was removed from the oven and the heated filler was added and was mixed until a
homogeneous mixture was obtained; then the mixture was poured into silicon molds
to make samples for the DSR (Dynamic Shear Rheometer) measurements.

HMA samples preparation

Once the aggregate blends were selected and the initial trial asphalt binder content
was calculated, the HMA mixtures were prepared. Aggregates were heated for one
hour in order to eliminate all the moisture. The aggregates and asphalt binder were
heated to 159° ± 3 °C then mixed and short-term aged for 2 hours at 135 °C. After
aging, all the mixtures were compacted in a gyratory compactor at a temperature of
145° ± 3 °C and to a target air void content of 7%.
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All asphalt mixes in this study were prepared at the Louisiana Transportation
Research Center (LTRC) using the gradation from Figure 1 and five asphalt binder
contents, from 3% through 7% (by mass) in 1% increments. Filler content was kept
constant at 20% by mass of total asphalt content. Ten disk-shaped samples, 150 mm
in diameter and 50 mm in height, were produced after cutting from larger specimens,
two for each asphalt content. The portions cut from the large disk for the shear testing
had ah* void contents around 6% (Druta 2006).

DSR testing

The rheological properties of the binder and mastic were measured using an
Automated Dynamic Shear Rheometer (ADSR) using the single shear oscillation
mode. All the samples were tested in the strain mode, at a constant strain rate of 12%
and a frequency of 10 (rad/s) or 1.592 (Hz), in accordance with SHRP specifications.
The plates selected for testing were 25 (mm) in diameter with a gap between the
plates of 1 (mm). The shear complex modulus G* and the phase angle 6 were
calculated automatically during the rheometer testing. Samples were tested at
temperatures of 55° and 64 °C.

SST testing of HMA specimens

The Superpave Shear Tester (SST) was developed under SHRP as a way to measure
the shear characteristics of HMA. Six SST tests can be performed with the SST for
measuring the mix performance characteristics. The Simple Shear, Frequency Sweep,
Uniaxial Strain, Volumetric Shear, Repeated Shear at Constant Stress Ratio, and
Repeated Shear at Constant Height tests measure properties that may be useful in
calculating the resistance to permanent deformation and fatigue cracking. The shear
frequency sweep test performed for this study, which is usually used to evaluate
permanent deformation, is presented below.

Testing Procedures, Results and Discussion

Shear Frequency Sweep at Constant Height (FSCH)for asphalt mixtures

The shear frequency sweep or shear dynamic modulus G* test conducted with the
Superpave Shear Tester (SST) was developed under the SHRP research program to
measure mixture properties that can be used to predict mixture performance (Shenoy
and Romero 2001). During the loading cycles, the specimen height is maintained
constant by applying sufficient axial stress and this is accomplished by controlling the
vertical actuator through an axial LVDT. The data (deformation and load) obtained
from the FSCH test is used to automatically calculate two material properties:
dynamic shear modulus G* and phase angle 8. During testing, the load is applied to
the asphalt concrete specimen until a shear strain of 0.01% is obtained. This ensures
that the sample is solely tested in the linear elastic range. Figure 2 shows the
dependencies of shear complex modulus on frequency loading and testing
temperatures. Similarly to the asphalt mastics, the curves for the mixtures exhibited
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the same trend, with larger G* values at higher frequencies and smaller values at
lower frequencies, compared to the curve at 25 °C. Also, larger values were obtained
for the lower temperature (55 °C) compared to the higher temperature (64 °C).
Compared to the mastic's shear moduli (at 1.59 Hz), the shear moduli for asphalt
concrete mixtures, at the same frequency, increased by three orders of magnitude,
from around 130 kPa to 162 MPa at 55 °C and from 45 kPa to 55 MPa at 64 °C.

FIG. 2. Shear complex modulus dependency on temperature and loading
frequency of asphalt mixtures.

Also, Figure 2 shows that the shear complex modulus depends not only on
temperature, but also on the asphalt binder content. As observed from the figure, the
shear modulus decreases with me increase in asphalt content for both temperatures of
55° and 64 °C. The decrease was around 20 MPa at the 10 Hz frequency and 10 MPa
at 0.01 Hz. This shows that the shear modulus is more affected by the aggregate
interaction while sheared, more asphalt content resulting in less friction between the
aggregate particles due to the increased asphalt film thickness between the particles.

Also, by using the Williams-Landel-Ferry equation and the data from the frequency
sweep and combining it, at the two temperatures (55° and 64°C), and translating the
individual curves along the time axis (using the shift factor aT), single master curves
are obtained as shown in Figure 3 below.
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FIG. 3. Master curves for asphalt mixtures at 55 °C.

Hirsch Model

The Hirsch model developed by Christensen et al (2003) was used to estimate the
complex shear modulus G* of asphalt concrete specimens by using the binder and
mastic shear complex moduli.

The following equation was employed for estimation, in terms of the complex shear
modulus, G*, VFA, and VMA:

Values for G*b (binder) and G*m (mastic) were determined experimentally using the
DSR oscillation at constant strain. The predictions of G*^ can be estimated by two
different methods, one using the binder and aggregates, the other using the mastics
and aggregates. Figure 4 shows that there is a good correlation between the predicted

where: Pc is the contact factor
Ea is the aggregate elastic modulus (MPa)
G*mix is the complex shear modulus for the mixture (mastic) (Pa)
G*binder is the complex shear modulus for the binder (Pa)
VFA is voids filled with asphalt (%)
VMA is voids in mineral aggregate (%)

Expression for Pc is given by:
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values and the measured values using both methods (all R2 being higher than 0.8).
The small difference in the predictions using the two different methods indicates that
these two methods are equivalent.

FIG. 4. Estimated and measured values of G* for asphalt mixtures.

SUMMARY AND CONCLUSIONS

The main goal of this study was to estimate the shear modulus of asphalt mixtures
at different asphalt contents using the binder and mastic shear complex modulus
through testing by Dynamic Shear Rheometer (DSR) and Superpave Shear Tester
(SST) and the Hirsch model. This approach shows that the shear complex modulus of
the asphalt mixtures could be estimated using either the binder or the mastic shear
modulus in the Hirsch micromechanical model. The results obtained from the model
using the shear modulus and volumetric composition provided a good correlation. It
indicates that it is equivalent to use either binder or mastic modulus for predicting the
mixture modulus in the Hirsch model.
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