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ABSTRACT

This report describes the third year’ s research activities of a project dedling with the
micromechanica behavior of asphat materids. The project involved both theoretica/numerica
modeling and experimenta studies that were gpplied to investigate the micromechanical
behavior of asphdt materid. The modding work has employed finite e ement techniques to
develop amicrostructural mode of heterogeneous asphdt materids. The modd smulates the
load transfer between aggregates using a micro-frame network scheme whereby the binder-
aggregate system is replaced by an equivaent network of finite eements. The current work
extended the modd smulation to include nonlinear, softening behavior using damage mechanics
theory. This concept developed a softening dement that was capable of predicting the large
indadtic response of agphdt materids. The formulation was implemented using the ABAQUS
commercia FEA code. Mode results for the overdl sample response compared favorably with
experimentd datafor indirect tenson tests. Also, preliminary comparisons of sample micro-
fractureffailure behaviors compared favorably with observed experimenta photographic data

Additiona experimentd work included characterization studies of binder samples.



1. INTRODUCTION

This report describes the third year’ s research activities of a project investigating the
micromechanica behavior of asphat materias. The project involved both theoretica/numerica
modding and experimenta studies. These were gpplied to investigate the micromechanica
behavior of asphalt materid that included a percentage of reclam products (RAP). Section 2 of
the report represents the draft of a paper to be presented at the January 2003 meeting of the
Transportation Research Board. Section 3 describes more recent work on visualization methods
that have been used in the study, and section 4 briefly reviews some experimenta binder
characterization studies that provided particular material parameters for the modeling.
2.FINITEELEMENT MICROMECHANICAL MODEL
2.1 Introduction

Asphalt is a complex heterogeneous material composed of aggregate, binder/cement,
additives and void space. The load carrying behavior and resulting failure of such materias
depends on many phenomenathat occur at the aggregate/binder level. Thusthe overal macro
behavior is determined by the micromechanics within the cemented particulate system. Specid
additives and recycled asphdt product are dso commonly used in pavement mixes, and this
further complicates the materid behavior by introducing severa ageing effects such as
hardening, chemica oxidation and binder micro-cracking. Because of the heterogeneous
multiphase nature of asphat materid, it does not appear that traditiona continuum mechanics
theory will be able to predict important micro-behavior at the aggregate/binder level, and thus
micromechanics modding is needed. An understanding of the micromechanics offersthe
possibility to more accurately predict asphdt failure behavior and to rdate such behavior to
particular mix parameters such as binder properties and aggregate Sze, shape and gradation. The
purpose of the present work is to develop a micromechanica model for asphalt concrete using a

gpecid finite dement scheme incorporating damage mechanics concepts.



Over the past two decades, many studies have been investigating the micromechanica
behavior of particulate, porous and heterogeneous materids. For example, studies on cemented
particulate materids by Dvorkin et d. (1) and Zhu et d. (2) provide information on the basic
load transfer between particles that are cemented together. Such studies provide details on the
normal and tangentid inter-particle load transfer, and would be fundamenta in developing a
micromechanica theory for load distribution and failure of such materias. Severd recent
gpplications of such contact-based micromechanica andysis for asphat behavior have been
reported by Chang and Gao (3), Cheung, et d. (4) and Zhu et d. (5). In arelated study, Krishnan
and Rao (6) used mixture theory and presented a multi- phase gpproach to explain ar void
reduction in agphalt materials under load.

Numericad modeling of cemented particulate materias has generdly used both finite and
discrete ement methods. The discrete dement method (DEM) andyzes particul ate systems by
modeling the trandationa and rotationa behaviors of each particle usng Newton’ s second law
with gppropriate inter-particle contact forces. Normally the scheme establishes an explicit, time-
stepping procedure to determine each of the particle motions. DEM studies on cemented
particulate materiasinclude the work by Rothenburg, et d. (7), Chang and Meegoda (8), Trent
and Margolin (9), Buttlar and Y ou (10), Ullidtz (11) and Sadd et d. (12,13).

In regard to finite dement modeling (FEM), Stankowski (14) applied standard FEM
techniques to cemented particulate composites. Sepehr et d. (15) used an idedlized finite
element microstructura mode to anayze the behavior of an asphat pavement layer. A common
finite ement gpproach to smulate particulate and heterogeneous materias has used an
equivalent lattice network system to represent the inter-particle load transfer behavior. Thistype
of microstructural modeling has been used previoudy; Bazant, et d. (16), Mora (17), Sadd et .
(18) and Budhu, et d. (19). Along similar lines, Guddeti, et d. (20) recently presented arandom

trusslattice modd to smulate micro-damage in agphat concrete and demonstrated some



interesting failure patterns in indirect tenson test geometry. Birgissonet d. (21) used a
displacement discontinuity boundary element approach to model asphdt mixtures. Bahiaet 4.
(22) have aso used finite ements to mode the aggregate- binder response of asphat materials,
and Papagiannakis, et d. (23) have conducted smilar studies for the viscoe astic response.
Mustoe and Griffiths (24) developed afinite dement modd, which was equivadent to a particular
discrete element approach. They pointed out that the FEM mode has an advantage over the
discrete e ement scheme for static problems.

This paper presents anumerical modeing scheme for asphalt concrete based on
micromechanical smulation usng the finite dement method. The mode first incorporates an
equivaent lattice network approach whereby the loca interaction between neighboring particles
ismodded with aspecid frame-type finite dement. The dement stiffness matrix is constructed
by consdering the normd, tangentia and rotation behaviors between cemented particles, and
thisis accomplished using an approximate dadticity solution within the cementation interface.
The indagtic softening behavior exhibited by these materidsis developed by incorporating a
damage mechanics theory within the FEM model. Although this network gpproach is smilar to
other reported modds, it is the e ement stiffness equation, which makes thiswork different from
previous research. This theoretica formulation was then implemented into the commercid
ABAQUSFEA code using user-defined dements. A series of model smulations of indirect
tenson tests (IDT) were conducted to investigate the effect of variation of specimen
microstructure on the sample response. IDT samples were generated usng aMATLAB
meateria-generating code specidly developed for this modding effort. Smulation results of the
overal sample behavior compared favorably with experimentd results of actud asphdt samples.
Additional comparisons were made of the evolving damage behavior within the IDT specimen,
and numerica results gave reasonable predictions. Such a micromechanical modd can provide

important connections between asphat materia performance and details on the mix design.



2.2 Micromechanical Finite Element Modd

As mentioned, bituminous asphdt can be described as a multi- phase materia containing

aggregate, binder cement (including mastic and fine particles) and air voids (see Figure 1). The
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FIGURE 1 Multi-phase asphalt material.

load transfer between the aggregates plays a primary role in determining the load carrying
capacity and failure of such complex materids. In order to develop a micromechanica moded of
this behavior, proper smulation of the load transfer between the aggregates must be
accomplished. The aggregate materid is normaly much siffer than the binder, and thus
aggregates are taken asrigid particles. On the other hand, the binder cement is a compliant
materid with dadtic, indadtic, and time-dependent behaviors. Additiondly, binder behavior can
aso include hardening, debonding and micro-cracking, and these lead to many complicated
falure mechanisms. In order to properly account for the load transfer between aggregates, it is
assumed thet there is an effective binder zone between neighboring particles. It isthrough this
zone that the micro-mechanica |oad transfer occurs between each aggregate pair. Thisloading

can be reduced to resultant norma and tangentia forces and a moment as shown in Figure 1.



In order to modd the inter- particle load transfer behavior, some smplifying assumptions
must be made about alowable aggregate shape and the binder geometry. Studies on aggregete
geometry have commonly quantified particle Sze, shape, angularity and texture. However, for
the present modeing only Size and shape will be consdered. In generd, asphdt concrete
contains aggregate of very irregular geometry as shown in Figure 2(a). Our approach is to dlow
variable sze and shape using an dliptical aggregate mode as represented in Figure 2(b). The
finite dement mode uses an equivalent lattice network approach, whereby the inter- particle load
transfer issmulated by a network of specidly created frame-type finite e ements connected at
particle centers as shown in Figure 2(c). From granular materids research, the materid
microstructure or fabric can be characterized to some extent by the branch vector distribution,
which are the line ssgments from adjacent particle mass centers. Note that the proposed finite

dement network coincides with the branch vector distribution.

(a) Typical Asphalt Material (b) Model Asphalt System (c) Network Finite Element Model
FIGURE 2 Asphalt modeling concept.

The network moded uses a specidly developed, two-dimengond frame-typefinite
element to amulate the inter- particle load transfer. These two-noded eements have the usua
three degrees- of-freedom (two displacements and arotation) at each node and thus require a 6x6
diffness matrix to relate noda (aggregate) motions to the gpplied forces and moments. Thusthe

element eguation is written as
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where U;, V; and ?; are the noda displacements and rotations, and F_. and M. are the nodal forces.
The usud scheme of using bar and/or beam dements to determine the stiffnesstermsis not
gppropriate for the current modeling, and therefore these terms were determined using an
approximate eadticity solution from Dvorkin et d. (1) for the stress didtribution in a cement

layer between two particles. We use the specid case where the particle materid siffnessis

much greeter than that of the cement layer, and thus the particles are assumed to berigid.

Dvorkin has shown that effects of non-uniform cement thickness for each binder element are
generdly small, and so the andytica solution with average cement thickness for each binder
element was used. The two-dimensona model geometry is shown in Figure 3. Note that we are

dlowing arbitrary nonsymmetric cementation, and thus the finite dement line will not

Cement Binder

Element Line

FIGURE 3 Cement binder between two adjacent particles.



necessarily pass through the center of the binder materia. Thusin generd, w = w; + ws , but wy
1wy w/2, and an eccentricity variable may be defined by e = (w» - w)/2.

The stresses s, S and t«; within the cementation layer can be caculated for particular
relative particle motion cases involving normd, tangentia and rotationa deformation. These
Stresses can then be integrated to determine the total 1oad transfer within the cement binder, thus
leading to the caculation of the various gtiffness terms needed in the dement equation. The

details of this process have been previoudy reported by Sadd and Dai (25), and thefina result is

given by
éKnn 0 Knne b Knn 0 - Knne l;'
é a
g % Ky « Kl 0 n < Kyl i
g x ox Krf+ é‘“ (w22 - Wy W, +W12) -Kpe - Ky Kenr,- 3“” (W22 - WW, + le)ﬂ )
[K] B e x X X Knn 0 Knne l:l
é a
g X X X X Ky Kl a
g x x X X X K12 +—m (Wg - WWw, + Wl)a

where Knp = (I +2mw/h, , Kit = mw/h, , | and mare the usud dastic moduli, h, isthe average
cementation thickness, r; and r, are the radia dimensions from each aggregate center to the
cementation boundary, wi and w, are cementation widths, and e = (w, - w;)/2. Each binder
eement diffness matrix is sgnificantly different depending on two- particle layout and size and
binder geometry. This procedure establishes the e adtic Stiffness matrix, and it isclearly a
function of the micromechanicd materid variables including particle sze and shepe and
cementation geometry and modulli.
2.3 Damage M echanics M odel

In order to smulate the indadtic and softening behaviors observed in asphat materids, a

damage mechanics gpproach was applied within the inter-particle cementation modd. Although



work on such adamage model has been previoudy reported by Zhong and Chang (26), the
gpproach by Ishikawa, Y ashikawa and Tanabe (27) was found to be more useful for our finite
element model. The theory was originaly developed for concrete materials whereby the internd
micro-cracks within the matrix cement and around the aggregates are modeled as a continuous
defect field. Inelagtic behavior isthus developed by the growth of damage within the materid
with incressing loading. A damage tensor W] is defined by considering the reduction of the
effective area of load transfer within the continuum. Thetota grain field is defined as the sum

of the dagtic and damage dtrains

{e} ={e.} +{e}
and thus the eastic congtitutive relationship can be expressed as
{s}=[D,l{e.} =[D,l{e- e}
where[Do] isinitid dadtic Siffness matrix.
The damage strain represents the difference between the totd and elastic strains and can
be written as
{e(} ={e} - {e.} =[D,] '[WID, ]{e}
This leads to the development of a damage tiffness matrix [Dg] defined by
{s}=(1- W)ID,{e} =[D,I{e}
The damage giffness matrix can be obtained from theinitid dadtic siffness matrix
[0]=(1]- M)[Dy]
In order to characterize the nonlinear damage behavior of asphalt concrete, a particular
Weibull distribution function is chosen to describe the evolution of the defect field within the

binder cement. Such forms have been used before and for the uniaxial hardening response, the

conditutive rdation is taken as

3)
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where the materid parameters e, and b are related to the softening strain and damage evolution
rate respectively, s ,isthe materia strength, and D, =s ,b/e, istheinitid dadtic diffness.
Using the damage stiffness definition from relationship (7), the uniaxial damage stiffness D and
the damage scalar Whbecome
D, =(1- WD, = D e '), where W=1- g °¢/%)
In thismodé, the critical damage scalar W, and critical strength s  are expressed as
W, =1- e®, ands_ =s,(1- e")

Note that the critical value of the damage scdar W, could be less than 1 for asphalt concrete.
Once the damage scalar reaches W_, the materia point will gradudly lose its stiffness

After critica strength the softening behavior istaken as

Ts __Dym

s =s,(1- e”)ene p
o ) e b

(1_ e—b)em(l-e/eo)

where misamaterid parameter related to the softening rate. And the corresponding damage

softening stiffness D, and the virtud damage scdar W become

D, =(1- W) D, = - oM

- e-b)em(l-e/eo)’ where W=l+%(1- e—b)em(l—e/eo)

The uniaxid dress-strain regponse corresponding to this particular congtitutive mode is shown

inFig. 4forthecaseof e, =0.3,b=5andm=1.

10

(8)

9)

(10)

(11)

(12)



Stress/Strength (s/ so)

L L L L
] oA 0.2 oz o4 0.5 .G or oz 0.g

Strain e

FIGURE 4 Uniaxial stress-strain response for damage model.

This damage-modeling scheme was incorporated into the finite ement network model
by modifying the micro-frame eement stiffness matrix given in equation (2). Using the uniaxid
relation (9), the norma and tangential damage stiffness terms for the hardening behavior can be
Separatdy written as
(K = Ko 200120 (K, )| = Koo (13)
and using equeation (12) the corresponding norma and tangential damage softening stiffnesses
aegiven as

(K,,). =- (K, m/b)(L- & ®)ert-on/ou)
(Ktt)s =- (Knm/ b)(l- e b)em(l- Dy /DU,) (14)
where Du,and Du, are the normal and tangential accumulated relative displacements and

DU, and DU, arethe norma and tangentia displacement softening criteria Thus the micro-

11



frame element damage stiffness matrix [K ] is constructed from equation (2) by replacing K.,
and K, with (K,,,), and (K,)..

Theinitiation of binder softening behavior for tenson, compression and shear is
governed by softening criteria based on accumulated rel ative digplacements between particle

pars. A smple and convenient scheme to determine the softening criteriais based on using the

dimengons of the inter- particle binder geometry in theform

w r(‘lt) = Cntho
DU® =¢_h, (15)
wt = CyW
where c,,,c,..c, represent tenson, compression and shear softening factors. These materia

constants correspond to the critical strength and can be determined from experimentd data.
Since the cementation geometry h, and w will in generd be different for each particle pair, it is
expected that each dement will have different softening criteriareated to its local
microstructure.

Thismode binder damage behavior is aresult of the materid’ s defectsincluding micro-
cracks, voids and joints. Additiond defects in the multiphase asphat system could include
interface cracks between the aggregates and binder, commonly caused by settlement of aggregate
during compaction. Asexterna loading isincreased, existing micro-cracks coalesce to form
finite cracks thus leading to interior falure of the binder or interfacid debonding with the
aggregates. When the two-particle binder element is subjected to tenson and/or shear force, the
element was dlowed to soften (interfacid damage) after the loading exceeded appropriate bond
srength. Since tenson and shear behaviors are coupled, the binder dement would lose dl its
tensgon and shear siffness after the dement has interfacidly softened. Compressona damage
softening is viewed as the Mode- 11 fracture behavior of micro-cracksinclined to the loading

direction.

12



For compressiond behavior between particle pairs, the cementation spacing will decrease
with load increment. Eventudly, softening behavior will be initiated and the totd dement

diffnesswill sgnificantly decrease. Thiswill lead to the closing of the cementation gap when
Du'® = h,, thus creating contact between the aggregates. At this point the dement normal

diffness must be modified to account for this change of physics. The aggregate-to-aggregate
diffnesswould be sgnificantly higher than the cementation eadtic stiffness and currently the
model uses a contact gtiffness three orders of magnitude larger than the dadtic siffness.

This softening modeling scheme was incorporated into the ABAQUS finite dement
code using the nonlinear User Defined Element (UEL) subroutine. UEL subroutine would
determine the compression and tension force in each element and perform the required damage
cdculaionsin the normd and tangentid directions. Inthe ABAQUS andysis, displacement
control boundary conditions were employed and the Modified Riks method was used in order to
provide amore stable solution scheme.  Also, because aggregate (noddl) displacements became
Sizeable, the mesh geometry was updated during each load increment.

2.4 Indirect Tension Test Smulations

Theindirect tenson test (IDT) involves the compressond loading of a cylindricd
gpecimen dong its diameter, and is commonly used to determine the tensile or splitting strength
of bituminous materids. Since this test encompasses softening failure and fracture damege, it
appears to be wel suited for micromechanica smulation using our damage model. Under the
assumption of uniform loading through the thickness, atwo-dimensiond circular cross-section
may be used for numericd amulation. Severa numerical IDT samples have been crested using
aMATLAB materia generating code specialy developed for this modeling effort. The
generaing code provides a convenient numerica routine to spatidly distribute particles of
generd dlipticd sze and to distribute binder cement between adjacent aggregate pairs. The

code alows user control over the details of the generated microstructure or fabric, and this

13



establishes the nature and connectivity of the finite dement mesh. Findly the code generates the
required input files needed for the finite dement Smulation program. Details on this materid
generaing code have been previoudy given (25). Figure 5 illudirates three particular models that
have been developed for smulation. All modes have approximeately the same overal diameter
of 101mm (4in) and thickness of 63mm (2.5in), and this was chosen to alow comparison with
previoudy collected experimenta test data on standard 4in samples. Modd 1 had 65 particles
(infour particle size groupings) resulting in 201 finite dements. Modd 2 used avariable

aggregate size digtribution of 71 circular particlesin groupings of 14, 11, 7 and 4mm to

Model 1 Model 2

65 particles, 201 elements

Model 3
96 particles, 286 elements

FIGURE 5IDT microstructural models.

14



approximate an actual sample gradation curve. Thisresulted in 232 modd dements. Mode 3
had 96 particles from groups of 14, 11, 7, 4 and 2mm and this gave 286 dements. Thus each of
the three generic modd's had somewhat different internal microstructure, and further differences
were created through variation in the binder moduli and damage parameters. Model boundary
conditions congtrain both horizontal and vertica digplacements of the bottom pair of aggregates,
while the top particle pair accepts the applied vertica displacement loading.

A saies of numericd IDT smulations were conducted for each of the three modds using
different values of binder softening factors. Figure 6 shows the IDT sample smulation response
of veticd load versus displacement for Modd 1 usng three different compression softening
factors. Since each case had identicd dadtic and hardening parameters, the initiad hardening
responses are essentidly the same.  However, as the compression-softening factor is increased,
less softening behavior is generated and these cases will produce a higher maximum load as
shown. Similar results have been found for Modds 2 and 3. It is noted that Modd 3 with the

higher percentage of fine materid gives adightly stiffer reponse in comparison to Modd 2.
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FIGURE 6 IDT simulations of Model 1 for different compression softening factors.
Model parameters: E =71.5MPa,v=0.3,b=2, m=0.8, ¢, =0.2, ¢, =0.2.
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Numericd samulaion results for these three modds have aso been compared with
experimentd data for a particular asphat mix containing 30% of recycled product. Figure 7
shows the mode comparisons with data from three IDT tests. It is evident that the smulations
compare favorably with the data, thus indicating that the softening damage mode can be used to

predict such behavior.
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FIGURE 7 Comparison of IDT model simulations with experimental data.
Model 1 parameters: E=71.5MPa,v=0.3,b=2, m=0.8,¢c,.=0.2, ¢, =0.2, ¢, =0.2.
Model 2 and 3 parameters: E = 63.5MPa,v=0.3,b=2,m=0.8,c,,=0.2,¢;,=0.2,¢c,=0.2.

In order to investigate the nature of the microstructurd softening/damage processes
within an IDT sample, a specid series of numerica and experimental tests were conducted. The
amulations involved the three modes previoudy shown in Figure 5. The modd assumes that
there exists a continuous digtribution of defects in the binder materid. This defect field is taken
to grow with the materid deformation, and this results in a softening response of particular
elements in the FEM network. As per equations (13) and (14), this softening behavior can affect

the compression, tenson and shear behavior of the dement. As previoudy mentioned, in asphalt
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materid this evolving damege process involves the growth of micro-cracks to form macro-
cracking and/or aggregate debonding. Each of the three models was subjected to incrementd
loading, and during this process dl dements within the modd were monitored for softening
behavior. The dement softening evolution and load-displacement response for each modd are
shown in Figures 8, 9 and 10. For each mode, the initid onset of sample loading is shown in
Figure (@ and this adso indicates the initid tenson and compresson behavior within the finite
edement network. It was found that the largest compressond behavior occurred in vertica
elements near the loaded centerline, while horizontal eements in this region perpendicular to the
loading direction had the greatest tenson bads. Later loading steps are shown in Figures (b), (€
and (d), and the location of these loading steps for each modd are illustrated on the overal
sample load-displacement plot. Ealy softening dements at loading step (b) did not sgnificantly
affect the diffness, and modds had nonlinear hardening behavior. Step (¢) just past the modd
critical drength, generated smdl softening behavior, while sep (d) had extensve softening as
reflected in the large number of softening dements. It is observed that the evolution of damage
occurs in the central portions of the model sample where the dement loadings are the greatest.

Preiminary photographic data from an actua IDT test was collected on the behavior of the
surface aggregates and binder damage patterns.  One particular photograph is shown in Figure
11, which illudrates the totd softening (fracture) behavior dong an irregular path through the
binder materid. The damage smulation results in Fgures 8-10 quditatively agree with the
results shown in the photograph. Further work is needed to develop a relation between the

damage growth and how it will specificaly lead to binder fracture.
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FIGURE 10 M odel 3 softening element evolution and load vsdisplacement curvein IDT simulation.
Model 3 parameters: E =63.5MPa,v=0.3,b=2, m=0.8,¢c,.=0.2, ¢, =0.2, ¢, =0.2.
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FIGURE 11 Typical failure geometry in an actual IDT sample.

3. VISUALIZATION AND DIGITAL MICROSTRUCTURE RECOGNITION STUDIES
This section describes our initid efforts in usng digitd microdructure  recognition
(DMR) to invedtigate asphat behavior. Scanned surface section images of an indirect tenson
(IDT) specimen have been used in both experimentd and modeling studies. Video images have
been used to dudy the actud falure patterns under loading, and image analysis has been used on
the initia microgtructure to create amoded for computer smulation.
3.11DT Experimental Testing Using Visualization Techniques
The experimental effort has used video imaging of red time asphat materid behavior to
investigate the damage evolution and aggregate motions of an IDT sample. The sampleshad a
diameter of 100 mm and thickness of 63 mm and were prepared with 30% RAP content through
the Marsha compaction method. The details of the mix design and specimen preparation were

identical to that followed for IDT testing outlined in the second year report Sadd, et.d. (28).
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After compaction, the sample was diced to athickness of 25 mm in order to expose the
aggregates for easy visudization. The 25 mm thickness was chosen since it was larger than the

largest aggregate sze (19 mm) in the mix. The front face of the sample is shown in Figure 12.

Figure 12. IDT sample microstructure.

The specimen was then tested under indirect tenson and the red time sample
deformation and damage evol ution was photographed with a2 mega pixd digitd cameraat the
rate of one picture every 600 milliseconds. The load- deflection response of this sampleis shown
in Figure 13, and the red-time sequence of damage evolution and growth is shown in Figure 14.
The sequence of the photographs is from left to right and the load at which the photograph was
taken in shown in the upper right corner. These loading points are dso indicated on Figure 13.

It can be observed from the figure that the first appearance of damage in the form of cracksis
visble in the fourth picture corresponding to aload vaue of 2940 N, which isthe first
photograph past reaching the pesk load. The crack grows with further loading and finaly splits
the sample aong the loaded diameter. It should be observed that the crack path progresses

around the aggregates.
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Figure 14. Real-time damage evolution in asphalt sample under indirect tension.
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3.2 Visualization Techniquesfor IDT Modd Generation and Simulation
Model Generation: Aggregate Extraction and Elliptical Least Square Fitting

Image processing was applied to the sectioned sample shown in Figure 12.  In order to
capture the red asphalt concrete microstructure, the MATLAB Imaging Toolbox, DIPimage
Toolbox (29) and Adobe Photoshop were used. A least squares, €lipse-fitting agorithm was
then incorporated to determine the “best” dllipse to represent each irregular aggregate geometry.
A summary of these steps are shown in Figure 15.

The RGB image of the sectioned specimen wasfirs obtained with adigitd camera. This
image was then converted to grayscale using Adobe Photoshop software as shown in Figure
15(a). Every pixd of agrayscde image has a brightness vaue ranging from O (black) to 255
(white). Grayscae aggregate images were then digitally Seved and least square fitted with an
dlipse usng ImagePro and EllipFit codes developed within MATLAB. The sequentid stepsin
thisprocess are:

Sep 1. A grayscae threshold was gpplied to convert the origind imagesto a binary
(black and white) image, with white Sgnifying the aggregates and black being the
combination of binder, air void and aggregate fines (see Figure 15(b)). The image
Sze 102" 102 mm was digitized to 784" 784 pixds, and thisresultsin a0.13
mm/pixd grid.

Sep 2. Segmentation techniques were gpplied to the binary image to ensure that
neighboring aggregate pixds did not artificidly connect together shown as Figure
15(b). Digitdly seved aggregates with pixd sizeslarger than Seving Sze Imm
(50 pixels) are shown in Figure 15(c).

Sep 3. Each seved aggregate was then labeled and selected it as separate image.
The edge pixds of each aggregate were extracted, and the coordinates of these
pixels were stored in an array for the dlipsefitting.

Sep 4. Seved aggregates were then fitted with the best dlipse using anew
efficient direct least squares fitting method presented by Fitzgibbon (30). The
fitting dlipse was then generated with the EllipFit code as shown in Figure

15(d), and its geometry (center coordinates and orientation) were stored for the
computation mode generation and smulation.
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Model Generation and Smulation
Based on the dlipse parameters obtained from the previousimage andysis, a

computation model was generated usng MATLAB as shown in Figure 16(a). Neighboring
elipses were maximdly filled with cement binder asilludirated in Figure 17. The cement binder
issymmetrica about the branch vector and completely fills the area between the two dlipse axes
perpendicular to the branch vector. For this computationa model, the porosity was
gpproximately 4% and the seved aggregate percentage is 62.5%. For IDT smulation, a specid
contact boundary condition was imposed on aggregates in contact with the top and bottom
loading plates shown as figure 16(a). The norma contact behavior was smulated by usng very
diff dadtic finite dements, and a smdl diding displacement was alowed between the contact
aggregates and the bearing plates to mode frictional behavior. The x- and y-displacements of the
bottom plate and x-displacement of top plate were fixed. Sample loading was achieved by
incrementing the y-displacement of the top plate. The overdl dimensions of the model sample
were the same as those of the experimenta specimen previoudy given. The mode materid
parameters were chosen as E = 43.5 Mpa, u = 0.3, b =2 and m = 1.2, and softening factors of
c.=02¢,=01, ¢,=0.1

Figure 16 illustrates the model smulation results. Figures (a)-(d) show the dement
softening evolution for four different loading steps indicated by the sample vertical displacement
D. Theseloading steps are illustrated on the overdl load-displacement curve by the square
points. Darkened lines indicate softening ements. The early loading step (a) did not
ggnificantly affect the modd diffness, whereas the later steps (b)-(d) produced considerable
softening behavior with more softening eements. It is observed that the evolution of softening
damage primarily occurs in the centra portions of the model sample where the dement loading
isthelargest. The overdl load-displacement response of the modd is dso compared with

experimentd test data, and smulation results compare favorably with the data.
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Figure 16. Softening element pattern and load vs displacement curvein IDT simulation
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W=Ww, +W,
hy = (h, +h,)/2

Figure 17. Maximally filled cement binder modd.

In order to smuléate the fracture and failure behaviors observed in the actual IDT test
shown in Figure 14, afracture criterion was introduced into the damage-softening modd. The
criteria are based on the binder eement stiffness reducing to a sufficiently smal vaue that can
be interpreted as failure thus resulting in debonding with the aggregates. The binder fracture

criteriafor normal/tangential behavior are based on the average fracture strength given by

S, =c,s ., wherecsisafracture factor and s isthe critica binder strength defined previoudy.

Thusif abinder dement softening behavior reducesto adressleve lessthan s, it will betaken
asafaled dement and removed from the model system. This scheme has been incorporated into
the modeling scheme and applied to the modd previoudy shown in Figure 16 using afracture
factor of ¢, = 0.05. Fgure 18 illudtrates the smulation results using this modeling technique for
fiveload steps. Figure 18(a) showstheinitid load step and dso indicates the initial tenson and
compression behavior within the micro-frame element network. Figures 18(b)-(€) illustrate the
fractureevolutionin later load steps. Figure 18(f) shows a fracture pattern observed in the actua

|aboratory test near the end of loading process. This can be compared with the mode prediction
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in Figure 18(e). It appears that micromechanicd modd smulation isin genera agreement with

test photographic data.

Solid line— Compression dement
Dashed line — Tenson dement
(a) D=0.5mm

(e) D=6mm

(f) Damaged Specimen
Figure 18. Damaging processesin the IDT simulation.
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4. BINDER CHARACTERIZATION TESTING

To predict agphdt behavior, the numerical modd requires the characteritics of the
binder. In this study the binder is taken to be the materid between the aggregates, and this would
indude the madtic, additives (if any) and the fine materid having sub millimeter particle sze.
Specid binder samples having overal sze of 44 mm diameter and 50 mm height were prepared
withfine maerid in two different Sze ranges, 0.075-0.6 mm (Seve sze of 200-30) and 0.075-
0.3 mm (seve size of 200-50). The compressive modulus, compressive strength and the splitting
grength of these samples were then eval uated.

Identica to the mix parameters used for the asphalt concrete, the samples used for binder
characterization aso contained 30% recycled asphdt fines. The RAP was Seved and the fine
RAP in the gppropriate Size range was obtained. The total RAP content was 30% with atotal
asphalt percentage of 5.4%. The virgin asphalt weight was ca culated accounting for the binder
inthe RAP. Following the procedure of Kennedy, et d. (31), a constant compaction force of
6200 |b was applied for 20 minutes at 275° F, after placing the mix in the mold. The samples
were then tested a aloading rate of 2.5 mm/minute.

The stress-gtrain characteristics in compression for both types of samplesare shownin
Figure 19. These results indicate that the binder Y oung’s modulus was in the range of 72-83
MPawhile the compressive strength varied between 2-2.3 MPa. The load- deflection responsein
the indirect tendon test geometry is shown in Figure 20. 1t was found that the splitting tendile

gtrength of the binder samples were in the range of 0.3-0.38 MPa
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5. SUMMARY AND CONCLUSIONS

A two-dimensiond micromechanica modd has been developed to smulate the behavior
of asphat concrete. The materid microstructure composed of aggregates, binder cement and air
voids was smulated with an equivadent finite ement network that represents the load-carrying
behavior between aggregates in the multiphase materid. These network eements were specidly
developed from an dadticity solution for cemented particulates. Incorporating a damage
mechanics approach with this solution alowed the development of a softening model capable of
predicting typica globd indastic behavior found in asphat materids. Thistheory was then
implemented within the ABAQUS FEA code using the User Defined Element subroutine. In
order to create materid models, anumerical materia generating code was developed that
constructs aggregate-binder systems with varying degrees of microstructure,

A series of three modes of indirect tenson samples were numerically generated. Each
mode sample was numerically subjected to the loading and congraints of typica IDT tests.
Simulation results were then compared with collected experimentd data. The overdl sample
|oad-deformation smulations compared favorably with the data. The damage mode was able to
correctly predict the extensive softening behavior found in actua asphdt materids. Findly a
brief investigation was made into the evolution of the interna micro-damage withinthe IDT
models. During incrementd loading of the sample, dl eements within the model were
monitored for softening and the evolution of this behavior was recorded. Photographic data from
an actud IDT test was collected on the behavior of the surface aggregates and binder damage
patterns. Comparisons of the mode damage evolution with the experimenta photographic data
showed reasonable qualitative comparison.

Additiona work was reported on developing models from actua asphalt samples. A
preliminary investigation was shown whereby amode sample was generated from image

andysis of asurface scan of an actud IDT specimen. Thismodd was then numericaly
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subjected to the IDT loading and comparisons were made with the actual test data. The
smulations gave good agreement with the data and quditatively showed similar fracture/falure
patterns within the sample. The current two-dimensiona modd islimited to assume uniform
behavior through the thickness of the smulated sample. Future plans include the devel opment of
athree-dimensona modd that can more accurately account for the variaion in materid
properties through the thickness of typical laboratory samples.
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