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Abstract

This paper presents a microstructure-based finite element model by incorporating elastic
aggregates and viscoelastic sand mastic. The microstructure-based finite element (FE)
approach was used to predict the linear and damage-coupled viscoelastic properties of
reclaimed asphalt mixture. The two-dimensional (2D) microstructure of asphalt mixture
was obtained from the scanned image of a smoothly sawn surface of a reclaimed asphalt
pavement (RAP) mixture specimen. In the microstructure, the sketches of highly irregular
aggregates were converted into polygons. The whole microstructure model was divided
into highly irregular aggregate and sand mastic subdomains. The finite element mesh was
generated within each subdomain. The deformation of the aggregate and mastic
subdomains was connected through the sharing boundary nodes. Linear and damage-
coupled viscoelastic finite element model was developed with displacement-based
incremental formulation. The linear and damage-coupled viscoelastic simulation was
conducted on the image sample of test specimen under different sinusoidal force loading
frequencies. The uniaxial compression simulation results showed creep deformation
constant cyclic force loading amplitude and damage-coupled viscoelastic responses have
larger creep deformation. Simulations under different loading frequencies found
compression strain deceases with loading frequencies due to less relaxation time.

Introduction

A sustainable asphalt mixture is designed to consider the economic, societal, and
environmental factors through life cycle analysis. The use of reclaimed asphalt pavement
(RAP) material has been considered as sustainable asphalt mixtures and has obtained
varying degrees of success in the United States. The asphalt pavement recycling methods
include hot mix recycling, hot in-place recycling, cold in-place recycling and full depth
reclamation. Hot mix recycling is the predominant method of structural recycling and the
mix design procedure is basically similar as the one for new mixtures with the additional
requirement for asphalt pavement analysis (Roberts et al. 1996). A recycled mixture
should be designed to produce an asphalt material having the same properties as that in a
new one. The aged asphalt binder must be mixed with the new asphalt binder or recycling
agent to provide the overall desired binder properties. Recent study have reported
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investigations of the performance of Superpave asphalt mixtures incorporating RAP
(McDaniel and Shah 2003) and mechanical properties of RAP (Picado-Santos et al.
2004). However, there still exists uncertainty on proper recycling processes and on the
subsequent performance of the recycled product.

Asphalt mixture is a composite material of graded aggregates bound with mastic
(asphalt binder plus fine aggregates and fines). Recycling processes further complicate
the mechanical behavior by introducing additional variation of these constituents, and by
adding several ageing/time-dependent effects. For such materials, the macro properties
depend on many micro phenomena that occur at the aggregate/mastic level. 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.

Asphalt mixture were investigated by non-interaction particle micromechanics
models without specified geometry (Buttlar and Roque 1996; Buttlar and Roque 1997;
Hashin and Shtrikman 1963; Schapery 1969; Voigt 1889), as well as, with specified
geometry (Buttlar et al. 1999; Christensen and Lo 1979; Hashin 1965; Shashidhar et al.
1996). A two-dimensional (2D) micro-fabric discrete element model (MDEM) concept
was developed and calibrated to predict the stiffness of asphalt mixtures (You and Buttlar
2004; You and Buttlar 2005; You and Buttlar 2006).

Finite element modeling of asphalt concrete microstructure potentially allows
accurate modeling of aggregate and mastic complex constitutive behaviors and
microstructure geometries. Research work has been conducted using finite element
techniques (Bahia et al. 1999; Bazant 1990; Budhu et al. 1997; Guddati et al. 2002; Kose
et al. 2000; Mora 1992; Mustoe and Griffiths 1998; Papagiannakis et al. 2002; Sepehr et
al. 1994; Stankowski 1990). In addition, an equivalent lattice network approach was
applied, 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. 2004b;
Sadd et al. 2004c). A mixed finite element approach was developed to study asphalt
mixture by using continuum elements for the effective asphalt mastic and rigid body
defined with rigid elements for each aggregate (Dai et al. 2006). A unified approach for
the rate-independent and rate-dependent damage behavior has been developed using
Schapery’s nonlinear viscoelastic model. Properties of the continuum elements are
specified through a user material subroutine within the ABAQUS code and this allows
linear and damage-coupled viscoelastic constitutive behavior of the mastic cement to be
incorporated. In these models, the microstructure of real asphalt materials is simulated
with idealized elliptical aggregate and rectangular effective mastic zone (Dai 2004).
Using image processing and ellipse fitting methods, particle dimensions and locations
were determined from digital photographs of the sample’s surface microstructure. The
objectives of this study are 1) develop a microstructure-based finite element model by
incorporating elastic aggregates with viscoelastic sand mastic 2) numerically investigate
the linear and damage-coupled viscoelastic behavior of reclaimed asphalt mixture.

Microstructure of asphalt mixture

In this study, the two-dimensional (2D) microstructure of asphalt mixture was
obtained by optically scanning smoothly sawn asphalt mixture test specimens. A high-
resolution scanner was used to obtain grayscale images from the sections (You and
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Buttlar 2006). Image processing technique was used to converted the image into many-
sided polygons using a custom developed macro program to define the microstructure of
asphalt mixture (Buttlar and You 2001). The average of the polygon diameter was chosen
as a threshold to determine which aggregates would be “retained” on a given sieve (the
rest of the aggregates would be “passed” the given sieve), although some other
measurement parameters were also attempted in analyzing the gradation of the aggregates
(You 2003). The polygons used in the micromechanical model were filtered as coarse
aggregates. In the model of the asphalt mixture, the coarse aggregates retained on
2.36mm sieve (No. 8) were counted in the subdomain of aggregate. The fine aggregates
passing 2.36mm were filtered as sand mastic. Elastic properties of aggregates were
measured and applied to aggregate subdomain, and viscoelastic mastic properties were
also calibrated with mastic creep tests (Dai and You 2007). Finite element simulation
was conducted to predict the global mixture behavior by combining aggregate and mastic
properties.

FE Incremental Formulation for Linear Viscoelastic Behavior
The linear constitutive behavior for this Maxwell-type model can be expressed as
a hereditary integral
=E E 4z,t) (T)d 1
o, = mgq+£, il 1
where E, is the transient modulus changing with time, and expressed with a Prony series
M 1)
E =) Eye " and p, == @
m=1 m

In these equations, E,, 7, and p, are the spring constant, dashpot viscosity and

relaxation time respectively for the m” Maxwell element.
The reduced time (effective time) is defined by using time-temperature
superposition principle as

§0)= [-ar @

where the term @, = a; (T(‘r)) is a temperature-dependent time-scale shift factor.

Three-dimensional behavior can be formulated with uncoupled volumetric and
deviatoric stress-strain relations. A displacement-based incremental finite element
modeling scheme with constant strain rate over each increment was developed in the
following format:

Ao =K -As+Ac” )

Where Ao and Aeg are incremental stress and strain, K is the incremental stiffness and
Ac " is the residue stress vector.

The incremental formulation of the volumetric behavior is obtained with constant

volumetric strain rate R,, = Agy ,
Ag
N _Ac
Ac, =3 K, +2KX—?[I —e "~] Ag, +Ack 5)
m=1
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where K_ and K,, are bulk moduli, and the residual part Acj; can be expressed in a
recursive relation with the history variable S, ,

M a8 _AE _as
i =Z{l_e i }”(5")"’“d3m(§")=3f<mkupm I—e ™ |48, () = (6
m=]
as

For the initial increment, the history variable S,,(£,) equals to 3K, R, p,|1—e¢ * | and

is similar to the following formulations.
The formulation of the deviatoric behavior with deviatoric stress

1 . A 1 . . . N
6,=0,--0,0, and strain §, =g, ——¢,0, is obtained with constant deviatoric
3 3

A

strain rate RU =—4
A&
N G A&
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and the residual part Ad',f can be expressed in the recursive relation

N - _a¢ A
A6 =Y ~|1-e ™ }Sm(.fn),and S.(&)=2G,R,p,|1-€ * [+5,&)e > (8
m=1

Normal incremental stresses can be formulated with combination of volumetric
and deviatoric behaviors, while shear incremental stresses can be obtained from
deviatoric behaviors. Once the incremental stress components are developed, the
incremental stiffness terms can be calculated and then the incremental 3D linear
viscoelastic behavior was formulated as

Ao, | [K, K, K, 0 0 0TJAae.] [Aac) +A6F
Ao, - K, K, 0 0 0 ({As, | [Acy +AGE
Ao, | K, 0 0 0 |[Ae, . Aol +AGE )
Aoy | |- - - K, 0 0 faAg, AGh
Ac K, 0 [Azs, AGL
Ao, .- - - K, |As, AGE
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FE Incremental Formulation for Damage-Coupled Viscoelastic Behavior
Reclaimed asphalt mixture has damage-coupled viscoelastic behavior. The
original Schapery nonlinear viscoelastic model (Schapery 1969) was given as

o) =hE.s€)+ [hE &~ f)"(“(f»df ()

This model incorporates three different nonlinear parameters: h, is the nonlinear factor
of the relaxed elastic modulus E_, A, measures the nonlinearity effect in the transient
modulus E,, and A, accounts for the loading rate effect.

Following form (11), a rate-independent damage-coupled viscoelastic model is
proposed by replacing two nonlinear parameters 4, and A, with damage variables which

would be expressed with damage evolution functions (Assume A4,=1 to neglect rate-
dependent damage behavior in this study).

o) = E.ole)+ [ (o6 -6) 1 D (12)

where h, and h, are the elastic and viscoelastic damage variables for the rate-

independent failure behavior. These variables are functions of the maximum strain &_,,,
which is defined as the maximum value over the past history up to the current time £,

Enee = max(e(&)), £'€[0,¢] 13)

The elastic damage variable s, =1— measures the relaxed elastic stiffness

reduction, and can be described by using the inelastic damage evolution law in Sadd et
al.(Sadd et al. 2004a; Sadd et al. 2004b),
_bsmnx

hE (smax) = e o (14)
where the material parameters £,and b are related to the softening strain and damage

evolution rate respectively.
The viscoelastic variable 4, measures the damage effect in the transient modulus,
and is chosen with the following exponential form by (Simo and Ju 1987),

tllIK

h(en)=B+1-p) it~ / , Belo.1] (15)

max

The variable 4, will reduce from 1 to S as the maximum strain &, increases, and g, is

also the softening stain.
Following the previous formulation procedures, the incremental formulation of

. Lo . . . . Ag,
the volumetric behavior is obtained with constant volumetric strain rate R,, = —%%,

AS
N 4
Aoy, =3 K h (6% )+ Y A (e, ) 2mlm m;"" -e * ||Ag, +Ach (16)
m=1
and the residual part Ao, can be expressed in a recursive relation with the history

variable S,
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M 4 A A
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For the deviatoric behavior, the formulation of the deviatoric behavior is obtained

. S . A Ag;
with constant deviatoric strain rate R, = A_'f,
N G.p A
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where g is the maximum equivalent strain, and the equivalent strain ¢, = ’ ¢,&; - And

N W

the residual part Aci',.f can be expressed in the recursive relation

N A a8 A
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=1
Similarly, the incremental stress components can be developed from volumetric
and deviatoric behaviors. The incremental 3D damage-coupled viscoelastic behavior can
be formulated as
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The linear and damage-coupled viscoelastic models were defined in the ABAQUS
user material subroutines for mastic subdomains. A displacement-based time-dependent
finite element analysis was conducted by integrating elastic aggregate and linear and
damage-coupled viscoelastic mastic to predict the global behavior of asphalt mixture.
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Micromechanical Finite Element Simulation of Reclaimed Asphalt Mixture

As mentioned previously, reclaimed asphalt materials (similar as the regular hot
mix asphalt) composed of very irregular aggregates and complex distributed mastic. The
microstructures were divided into different aggregate and mastic subdomains. The finite
element mesh was generated within the subdomains (aggregates and mastic) and along
the subdomain boundaries. Fig. 1 shows the finite element meshes in the aggregates and
mastic subdomains of a specimen surface. Finite elements in the neighboring subdomains
share the nodes on irregular boundaries, and therefore the displacements of neighboring
subdomains were connected through the shared nodes.

After the FE model has been developed, uniaxial compression test was simulated.
For the compression simulation, the x- and y- displacements of the nodes on the bottom
layer and the x- displacements of the nodes on the top layer were constrained. The
sinusoidal cyclic force loading was evenly divided and imposed on nodes of the top layer.
The evaluated Maxwell model parameters for asphalt mastic and elastic modulus of
aggregates were inputted for predicting global viscoelastic properties. In the simulation,
axial strain was calculated by dividing the average vertical displacement of top particles
with the initial height of the undeformed specimen, and axial stress was obtained by
dividing the constant loading force on the top layer with the specimen initial cross-
section area.

Fig. 1. The FEM meshes for the aggregate and mastic subdomains

Cyclic loading Simulation and Results

Sinusoidal cyclic force loading was imposed to the computational specimen to
conduct uniaxial compression simulation under the different frequencies (0.1 Hz, 1 Hz, 5
Hz and 10 Hz). The laboratory tests of elastic aggregate (rock) and linear viscoelastic
mastic were conducted to provide material input parameters for the FE models. The
aggregate modulus takes a typical modulus of 55.5GPa for the limestone. The evaluate
Maxwell model for reclaimed asphalt mastic includes one spring and four Maxwell
elements in parallel (E, =59.7MPa, E, =5710.6MPa, t, =262s, E, =2075.1MPa,
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7, =3119s, E, =1449MPa, 7, =1678.8s, E, =7349MPa, 7, =19952.65). Model
damage parameters were chosen as 5=1, #=0.3, and softening strain &,= 0.2 for the
simulation.

Fig. 2 shows the cyclic simulation under the frequency of 0.1 Hz. The simulation was
conducted with elastic aggregate and linear/damage-coupled viscoelastic mastic
properties. In the figures, the black curve is the imposed compression stress loading with
left-hand axial scales, and the magenta color indicates the strain response with right-hand
axial scales. For better illustration, the final several cycles were magnified in the right-
side figures for each frequency. The figures show the increasing creep compression strain
along the loading time for the constant force loading magnitude. Comparing results (a)
and (b) using linear and damage-coupled viscoelastic mastic properties, it shows
viscoelastic damage behavior increases the sample creep deformation under the constant
cyclic force loading. From the results of different loading frequencies, it was found that
the uniaxial compression strain responses decease with the loading frequencies due to the
less relaxation time. An ongoing experimental test plan will be conducted to verify the
simulation results.

14 [ —Stess _—stmn | 12 14 [——Swme ---Guh ] 12
§ v [ f 5 A A A A 18
g 8 1 L 08¢ ,%s M b’%l r 5
5 6 Mt os gl s g £ N £ N [\ [\ fosg
g, i i ospl 1377 & W W WHoes
B8 11 9 v v v
0 . . 0.0 S0 : : . 0.0
0 100 200 300 260 270 280 280 300
Loading Time (s) Loading Time (s)
(a) Linear viscoelastic mastic
. [ . . .
£ s AT A A ALY
I A e d) | Py el
. ORLITTTA T os ) 1 5 1 % % 1 R F B fos
|4 Jor O
2 i [ § 02 1 2 V G o 02
LA s
4] 50 160 150 200 250 300 280 273 280 250 320

Loading Time (s) Loading Time (s)
(b) Damage-coupled viscoelastic mastic

Fig. 2. The FEM simulation results under sinusoidal loading at a frequency of 0.1Hz
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Summaries and Conclusions

The micromechanical Finite Element (FE) model by incorporating elastic
aggregates and linear/damage-coupled viscoelastic mastic has been used to simulate
viscoelastic behavior of a sustainable asphalt mixture -reclaimed asphalt mixture. The 2D
microstructure of reclaimed asphalt mixture was obtained by optically scanning the
smoothly sawn surface of asphalt specimens. In the microstructure, aggregates and sand
mastic were divided into different subdomains. Finite element mesh was generated
within each aggregate and sand mastic subdomain. Then the linear/damage-coupled
viscoelastic mastic with specified properties defined in an ABAQUS user subroutine was
combined with elastic aggregates to simulate global linear and damage-coupled
viscoelastic behavior of reclaimed asphalt mixtures. Simulation results under a loading
frequency showed the viscoelastic creep behavior under the constant loading magnitude.
The damage-coupled viscoelastic mixture generated larger creep deformation comparing
the linear behavior. Comparison under different loading frequencies found the
compression strain decreases with frequencies due to less relaxation time. Simulation
results indicate the developed finite element models are capable for complex viscoelastic
behavior of reclaimed asphalt mixture. Further study will be extended to the three-
dimensional micromechanical simulation.
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