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ABSTRACT

This report describes the second year’ s research activities of a project dedling with the
behavior of reclaimed asphat pavement (RAP). The project involved both theoretica/numerica
modeling and experimenta studies that were gpplied to investigate the micromechanical
behavior of agphdt materid.

The modeling work has employed finite eement techniques to develop a microstructurd
model of heterogeneous asphdt materiads. The modd smulates the load transfer between
aggregates using a microframe network scheme whereby the binder- aggregate system is replaced
by an equivaent network of finite eements. Using our previoudy developed dagtic modd, the
current work extended the modd simulation to include nonlinear, softening behavior. Thiswas
accomplished through the use of a damage mechanics formulation which was incorporated in the
microframe modd and solved using the ABAQUS commercid FEA code. Preiminary modd
results compared favorably with experimental data for indirect tenson tests,

Experimenta work included modd verification sudies, which investigated idedlized
cemented particulate systems in order to collect data on particle displacements under load. This
data compared well with modd smulation results. Indirect tension testing was aso conducted
for amaterid with afix percentage of RAP, and priminary visudization of IDT sample damage
evolution was done. Experimentd binder characterization studies were conducted on

compressive and indirect tension samples.



1. INTRODUCTION

There exigts congderable state, nationa and internationa interest in the use of reclaimed
asphat pavement materids (RAP). Such use of recycled materias has been occurring with
varying degrees of successin the United States for the past 20 years. 1n 1998 the U.S. Congress
established the Recycled Materids Resource Center (RMRC) at the Universtiy of New
Hampshire. The purpose of the Center was to use research and outreach to reduce barriersto
recycling in road congtruction. Recently the Federa Highway Administration completed a report
by Schimmoller, et.d. (1) of ascanning tour of recycling activities in severa European countries,
These activities clearly indicate the strong nationd interest in the appropriate use of recycled
products for roadways.

Both hot and cold mix recycled asphat materias exhibit different mechanica properties
when compared with new pavement product. In some cases the performance of RAP materids
has not been as good, while in other cases the recycled product had better structura performance,
Kandhd, et.a. (2). For Cold In-Place Recycling (CIR), recent work by Brayton, et.d. (3) has
investigated performance- based mix-designsin an effort to provide information on the proper
use of such materials. However, there till exists uncertainty on proper recycling processes and
on the subsequent performance of the recycled product. Asphdt isacomplex heterogeneous
materia composed of aggregate, binder/cement, additives and void space. Recycling processes
further complicate the mechanica behavior by introducing additiond variation of these
condtituents, and by adding severd ageing/time-dependent effects such as hardening, chemica
oxidation and binder microcracking. A fundamenta understanding of the material behavior is
needed to help understand and explain recycling issues, and a micromechanica mode would be

best to establish such basic mechanisms.



Asphdt pavements must withstand awide variety of loading and temperature conditions.
For example, traffic loadings can vary from quas-gatic to dynamic impact, and pavement
breakdown commonly occurs as aresult of strength (stress), fracture and/or fatigue failure, and
time dependent deformation (creep-rutting). Previous Sudies on the fallure and fracture
behaviors of asphat and bituminous cementsinclude the work of Sdam and Monismith (4),
Majidzaheh and Kauffmann (5), Mgidzadeh et.d. (6), Karakouzian and Mgjidzadeh (7), Sousa
and Monismith (8), Tschegg, et.a.(9), and Mobasher, et.a.(10). With regard to recycled
materids, Sulaiman and Stock (11) have conducted fracture experiments on RAP materias with
varying amounts of recycled congtituent. Recently Venkatram (12) conducted a series of fracture
and dynamic impact experiments on RAP materias.

Because agphdt is a multiphase- heterogeneous materid, previous studies focusing on the
continuum response cannot be used to describe the micromechanical behavior between aggregate
and binder. Recently some studies have been investigating the micromechanica behaviors of
particulate, porous and heterogeneous materials. For example, sudies on cemented particulate
materias by Dvorkin et.d. (13) and Zhu et.d. (14,15) provide information on the load transfer
between particles which are cemented together. Such mechanics provide details on the normal
and tangentid interparticle load transfer, and would be fundamentd in developing a
micromechanica theory for load distribution and failure of such materials. Some contact-based
analysis of agphat performance has recently been reported by Chang and Gao (16), Cheung,
etd. (17), and Zhu et.d. (18,19). Using mixture theory, Krishnan and Rao (20) presented a
multi- phase approach to explain air void reduction in asphalt materias under load.

Recent numerica modeing of cemented particulate materials has generadly used two
particular Imulation schemes. The first method usesfinite element procedures to establish the

load carrying behavior between the particles. A second generd approach incorporates the



discrete element method, which models the individua moation of each particle in moded granular
systems.

Discrete dement modding studies on cemented particulate materids include the work by
Rothenburg, et.d. (21), Chang and Meegoda (22), Trent and Margolin (23), Buttlar and Y ou (24)
and Ullidtz (25). Sadd et.d. (26,27) have dso used this scheme to numericdly investigate the
dynamic response of cemented and damaged granular materials.

In regard to finite dement modeling (FEM), Stankowski (28) applied standard FEM
techniques to cemented particulate composites. Sepehr et.d. (29) used an idedized finite
element microgtructural mode to anayze the behavior of an asphalt pavement layer. A common
finite dement gpproach to smulate particulate and heterogeneous materias has used the idea of
representing the interparticle behavior using an equivalent | attice network system. Thistype of
microgtructura modeling has been used previoudy; Bazant, et d. (30), Mora (31), Sadd et al.
(32) and Budhu, et d. (33). Along similar lines, Guddeati, et d. (34) recently presented arandom
truss lattice modd to smulate microdamage in asphalt concrete and demonstrated some
interesting failure patternsin an indirect tenson test geometry. Bahiaet d. (35) have aso used
finite dements to modd the aggregate-binder response of asphalt materids, and Pepagiannakis,
et d. (36) have conducted smilar studies for the viscodagtic response. Mustoe and Griffiths
(37) developed afinite eement modd, which was equivaent to a particular discrete element
approach. They pointed out that the FEM model has an advantage over the discrete eement
scheme for static problems.

As aresult of the past modeling work, the finite eement scheme appeared to be most
suited for agphat smulation, and a two-dimensond, dastic FEM model was developed in the
first year of thisresearch program. Sadd and Dai (38), Sadd, et.al.(39, 40) have reported on this

model development and have given some preiminary Smulation results.



Based on this gpproach, additional model construction has been accomplished during the
second year of the research program. This new work has extended the origind eastic model and
enhanced the materid generating scheme. Based on a damage mechanics gpproach, a new non-
linear finite e ement procedure has been developed and incorporated within the ABAQUS FEA
code. The new modd gives nonlinear, softening behaviors commonly observed in asphat
samples. Also during the second year of the research program, experimental studies have been
conducted on model verification, indirect tension testing, damage evol ution monitoring and
binder stiffness and strength characterization. Results of each of these tasks will be presented in
the following sections.
2.ELASTIC ASPHALT MODEL DEVELOPMENTS
2.1 FEAM S Elastic Finite Element Model

Shown in Figure 1, bituminous asphdt is commonly described as a multi- phase materid
containing aggregate, binder cement (including mastic and fine particles) and air voids. The load
transfer between the aggregates plays a primary role in determining the load carrying capecity
and failure of such complex materids. A micromechanica modd of such materias must
properly account for the load transfer between all aggregates in the cemented particul ate system.
The aggregate materiad is normaly much gtiffer than the binder, and thus aggregates are to be
modeed asrigid particles. In order to properly account for the load transfer between aggregates
in an idedized system, we assume that there is an effective binder zone between neighboring
paticles. It isthrough this zone that the micro-mechanical |oad transfer occurs between each
aggregate pair. Thisloading can be reduced to a resultant force and moment system as shown in
Figure 1. The resultant force loading on a given aggregate can be decomposed into normd and
tangentia components with respect to a coordinate system paralel and perpendicular to aline

connecting the aggregate mass centers.



Void

Resultant Load Transfer
Between Aggregate Pairs

FIGURE 1 Schematic of multi-phase asphalt materials.

In order to develop such amicromechanicad mode, some smplifying assumptions must
be made about alowable aggregate shape and the binder geometry. Aggregate geometry has
been studied for many years, and recently some work has been conducted on quantifying particle
gze, shape, angularity and texture. However, for the present modeling only size and shape will
be considered. In generd, asphat concrete contains aggregate of very irregular geometry as
shown in Figure 2(a). Our approach isto alow varigble sze and shape usng asmpledliptica
aggregate modd as represented in Figure 2(b). Using the equivaent lattice network approach, a
finite dement scheme is developed to smulate this interparticle load transfer using a frame-type
of eement. Such amodding scheme would then replace the cemented aggregete system with a
network of specidly created finite dements connected at the aggregate mass centers, as shown in

Figure 2(c). Our first year report, Sadd and Dai (38 ), provides details on this moddling scheme.



(a) Typical Asphalt Material (b) Model Asphalt System (c) Finite Element Model

FIGURE 2 Asphalt modeling concepts.

In order to generate moddl materias, several geometric aggregate and binder properties are
needed. Figure 3illustrates atypica particle pair, and each idedlized dliptical aggregateis
characterized by shape measures @ and by, and location and orientation with respect to a globa
coordinate system. The finite ement lies dong the branch vector defined as the line connecting
particle mass centers.  The effective binder areais defined as a strip of cementation materia
pardld to the branch vector as shown. By varying the cementation widths w; and ws, different

amounts and distributions of binder can be created within the numerica modd.

YA \ ij yJ2
J a; b
m Effective Binder Area = Ajj
K—z y—?: b{®
a’> b’ J
» X

Global Coordinate System

FIGURE 3 | dealized aggregate geometry.
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The interparticle load transfer is modded by using a specidly developed, six degree-of-freedom

frame-typefinite dement as shown in Figure 4. Noda displacements and rotations correspond

to the aggregate mass center motions.

The generd dement equation for this case may be expressed as

M: D> D> D> D> D> D D> (%
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FIGURE 4 Finite dement modd!.
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For ausud frame element, the various stiffness terms Kj; are determined using standard uniaxial

bar and Euler-Bernouli or Timoshenko beam theory. However, for our particular gpplication, the

asphalt cement cannot be modeled by smple bar or beam action. A more complete stress

analyss within the binder materid is need, and this has been determined from an approximate

eladticity solution originaly developed by Dvorkin et.d.(13). Thiswork providesasmple

andytica solution for the stress didtribution in a cement layer between two particles. We use the

gpecial case where the particle materid stiffness is much greater than that of the cement layer,



and thus the particles are assumed to berigid. For the uniform cement thickness case Dvorkin's

two-dimensiona mode is based on the geometry shown in Figure 5.

Cement Binder

Element Line

FIGURE 5 Cement layer between two particles.

The stresses s, S and t«; within the cementation layer can be caculated for particular rlaive
particle motion casesinvolving normd, tangential and rotational cases. These stresses can then
be integrated to determine the total load transfer within the cement binder, thus leading to the
cdculation of the various siffness termsin relation (1). The details of this process have been

previoudy reported by Sadd and Dai (38), and thefinal result is given by

é K., 0 K€ Ko 0 - K,.e u
é a
é 0 K tt K K wl1 0 -K tt K Ktt P ]

_ g Knne Kn n Knrlz + 3nn (Wg - WyW, + W12) - Knne - Ktt 1] Kn nr, - :;n (Wz2 - WyWw, + le)ld
[K]= (f.‘- Kin 0 - K,.e Ko 0 K,.€ u ()
e u
é 0 - Ky K - Kyl 0 Ky K - Ky, u
g’ Knne Knrz Kn nr, - ém (sz - WWw, + W12) Knne - Knrz Knrz2 + :;n (Wg - WiW, +W12)a

where Knn = (I +2mw/h, , K¢t = nw/h, , > and » are the usud dastic moduli, e = (w2 - w;)/2 , and
r; andr, aretheradia dimensons from each aggregate center to the cementation boundary.

In order to Smulate the micromechanical behavior of agphalt materials, it is necessary to
creete particular idealized asphat materias with gppropriate microstructural geometry such as
the size, shape and ditribution of the aggregates, binder and voids. The Asphalt Material

Generator (AMGEN) code (38) developed during first year of the project, provides a



controllable numerical schemeto create a variety of modd asphalt materids. The code cregtes
and spatidly distributes aggregate particles of circular or dliptica shapein regular or random
digributions. Rectangular areas of binder materid of particular geometry and mechanica
moduli are then created between gppropriate neighboring particles. The generating code dso
develops model geometric and materia property files needed asinput to the smulation code.

The previous theoretical developments have been incorporated into a specia purpose
finite dement smulation code, Finite Element Asphat M aerid Simulation (FEAMS). The
code uses the two-dimensiond micro-frame concept as shown in Figure 2(c) with the giffness
meatrix given by equetion (2). The generating and Smulation codes then alow numerica
smulation experiments to be conducted on avariety of modd materias.
2.2 Cementation Distribution Schemes

In order to apply the modeling to particular asphat materids, the materia generating
code must create binder distributions between appropriate particles in the idedlized model system
as shown in Figure 3. During hot mixing conditions, the deformation and flow of molten asphdt
(mastic) plusthe associated fine materidsis governed by some rather complex physics. 1ssues
of surface adhesion, capillary action, mixing and consolidation conditions along with other
effects make the determination of binder deposition difficult to predict with precison. We have
therefore made some assumptions for particular cases and have devel oped two distribution
schemes as described below.
2.2.1 Cementation Distribution - Free-Mix Conditions

The physics of free capillary and surface adhesion would tend to suggest that the binder
cement between aggregates would be approximately centered around a line through the
minimum spacing distance as shown beow. Thiswould produce a nonuniform cement

distribution with respect to the branch vector asindicated. In order to calculate the binder widths
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w1 and W, it is necessary to determine the location of this minimum spacing line. Thislocation

isafunction of the locations, orientations and sizes of particular particle pairs.

Minimum Spacing Line

wd 1| dn

<4— P W2
W1

~—

(Particle Pair Schematic) (Three Particle Group)

FIGURE 6 Binder digtribution around minimum spacing line,

2.2.2 Cementation Digtribution - Fully Filled Conditions

For the case of afully filled matrix cement distribution, there exists atotal cement bridge
between particle pairs (i,)) as shown in Figure 7. In order to develop ardatively smple meansto
determine the binder widths, a perpendicular to the associated branch vector is drawn at each
paticle center. Thisline establishes widths w; and w; as shown. The binder widths are then

taken as the average value of these dimensions, i.e.

W1=W2=%(Wi+wj) (€)
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Due to the geometry variation for this case, we have dso modified the binder thickness

parameter h,, asorigindly defined in Figure 5. The binder thickness is modeed approximatdy
by assuming different (but constant) binder thickness on each side to the branch vector as shown
inHgure7. Thevduesof h; and h, are determined by the average thickness values on each Sde
of the branch vector. This modification requires new caculation of particular dement stiffness
vauesin the metrix given in equation (2). In particular,

1.1
Ko =( +2mw(—+—
m =+ 2mw( hz)

1

1 1
= —+ —
Ky rrw(h hz)

1

| +2 1 1
B e (4)
2 h, h
Krr:MrniMrt
Mm:—(l +2m)w3(i+i)
3 h, h,
M, =Khr.

thil

wherer; and rj are defined smilarly asin equation (2).

Tota Cement Bridge

Wi

FIGURE 7 Binder distribution for fully filled case.
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2.3 Modd Verification Results

Verification of the developed modd has been made through simulation comparisons with
both an independent finite eement code (ANSY S) for a smple loading condition and with
experimental data on an idedized materid system.
2.3.1 ANSYS Verification
Normal Stiffness Verification

Normd dtiffness predictions from our micromechanica modd were compared with those
determined from the commercial ANSY Sfinite dement code. The ANSY S modd for this case
isshown in Figure 8, and was composed of two circular particles (r, = r, = 5.5mm) connected by
asymmetric cement binder with geometry w, = w, = 3.0mmand average thickness

h, = 3.89mm. The binder elastic constants were chosen as E =1.0MPa,u =0.3 and the particle

congtants were E =1.0GPa,u = 0.3. Notethe particle siffnessis three orders of magnitude

higher than that of the binder, thus being consistent with the assumption of rigid aggregates.

FIGURE 8 ANSY S verification modd and boundary conditions
for normal stiffness comparison.
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This ANSY S modd used displacement boundary conditions where all nodes were fixed on the
bottom particle, while the top particle had al nodes displaced verticdly a amount Dy . Plane
grain, 8-noded quadratic el ements were used to mesh and andyze the problem.

The ANSY Sfinite ement predictions for this éastic norma iffness verification case
areshown in Fgure 9. Theleft figure illustrates the deformed configuration, while the right

figure shows the vertica displacement contours within the binder cement.

FIGURE 9 ANSY S predictionsfor normal stiffness verification.

In order to calculate the verticd load transfer through the binder, the vertica nodd forces
were summed for nodes aong the boundary between the top particle and the binder mass. This
force was then divided by the top particle vertica displacement to determine the normd giffness

gving the result (K, )og, = F, / Dy =997/0.5E - 3=1.994MPa . Using the micro-frame
eement modd, the normd stiffnesswas calculated as (K., ), = (I +2mw/h = 2.076Mpa.

Thus the absolute error in normdl tiffnessis DK, =|(K)egw - (Kon)

=0.082 MPa, and the

Micro

relative error is given by

14



= 3.95%.

DKnn :|(Knn)FEM } (Knn)Micro
(Knn )Micro | (Knn )Micro |

These resultsindicate very good comparisons between the two models.
Tangential Siffness Verification

For the tangentia case the ANSY S modd had the same geometry and mesh as before
(see Figure 8). The boundary conditions for this case had the bottom particle fixed as before,
while the nodes of the top particle had zero vertica displacement and a prescribed uniform
horizonta displacement Dx . The ANSY S predictions for the tangentia deformation are shown
in Figure 10. The left figure illugtrates the deformed configuration, while the right figure shows

the tangentia displacement contours in the binder materid.

FIGURE 10 ANSY S predictionsfor tangential defor mation.

Asin the previous normd gtiffness caculation, the horizontal (tangentia) noda forces

aong the boundary between the top particle and the binder were summed to get the tota

15



tangentia transferred force. Dividing this force by the horizonta displacement gives the

tangentid stiffressas (K, )., = F, / Dx = 276/ 0.5E - 3= 0.552MPa . Using the micro-frame

FEM

modd, the tangential stiffnesswas calculated as (K, ), .. = nw/h = 0.592Mpa. Thusthe

Micro

absolute error for tangential stiffnessis DK, = |(Ky )een - (K,,)

= 0.04 Mpa, and the relative

Micro

error becomes

=6.7 %.

DKy — |(Ktt)FEM - (Ktt )Micro
(Ktt)Micro | (Ktt)Micro |

These results again show good comparison thus indicating that the micromechanical model
predictions appear to match well with ANSY S results for the elastic case.
2.3.2 Experimental Verification

In order to further verify the finite dement smulation code, experiments were conducted
on two types of idedized asphdt models. The idedized specimens were cast plates of soft
polyurethane matrix with embedded duminum particles fabricated in geometries to dmulate
standard compression and indirect tension tests.
Compression Sample

The firg verification sample was fabricated in a rectangular shape to be used as a
compresson tes. The sample conssted of 25 dliptica particles arranged in random locations in
a polyurethane matrix as shown in Fgure 11. Conggent with the modeding assumptions, the
diffness of the duminum particles (aggregete) was severd orders of magnitude higher than that
of the matrix (binder cement). The particles were fabricated to an dliptical shape (19 x 12.2mm)
on a CNC milling machine. An acrylic mold (150 x 150 x 12mm) was prepared with inner
aurfaces lined with 0.18 mm thick Mylar sheets and sprayed with mold rdlease to facilitate

separation of the cast specimens. The particles were arranged in a random pattern in the mold,
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and a two-pat Hapflex 500 series polyurethane was used as the matrix cement. The matrix mix
was degassed in a vacuum chamber to remove entrgpped air. The mixture was preheated in a
microwave oven to reduce its viscogty and then poured into the mold around the auminum
paticles The sysem was then dlowed to cure for 24 hours. A sample of the matrix materid
was tested independently to determine the dastic compressve modulus of E = 4.5-5.0MPa, while
the value of Poisson's ratio was estimated from previoudy published deta as » = 0.48. The

aggregate volume fraction for this sample was 28%.

Load 235N Load 1000 N

FIGURE 11 Compression sample configurationsfor two loadings.

In order to track their displacement and rotation during loading, dl particles were tagged
with two perpendicular high contrast markers. The specimen was placed between two Plexiglas
sheets in order to prevent out-of-plane motion. The surfaces of the specimen were |ubricated
with a thin film of oil to reduce frictiond condraints and dlow free deformaion The specimen
was loaded in compresson on the top edge using an Ingron testing machine and specimen
photographs for two particular loadings are shown in Figure 11.

In order to determine the particle movements, the photographs were analyzed using an image

analysis software code written in MATLAB. The image analysis code was used to detect the edges of the
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particle markers and clean any stray pixels. The code locates about 20 to 30 points on the two
perpendicular edges of the particle marker and fits a Ine through these points using a least squares
method. This helps to reduce digitizing errors by averaging the data. The intersection point of the two
lines then determines the particle center, and the angular orientation of the lines provides information on

the particle rotation. Some of the image processing steps are shown in Figure 12.

After edgerecognition After cleaning stray pixels

FIGURE 12 Imageanalysisto extract particledisplacementsand rotations.

The overdl load-deflection response of the tested polyurethane sample is shown in Figure
13. The data shows dight initid nonlinearity up to about 235N, followed by approximatdy linear
behavior up to 1000N. The particle displacements and rotations between the 235N and 1000N
loadings are shown in Figure 14. It can be observed that the verticd displacements increase from
bottom to the top since the sample is fixed a the bottom. Horizontd displacements are not

symmetric, and this is due to the nonsymmetry in the paticle arrangements. Particles whose
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maor axes were digned with the loading direction had the least amount of rotation. In generd,

disk rotations occurred in such away asto bring the mgor axis normd to the loading direction.
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FIGURE 13 Overall load deflection behavior of compression specimen.
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FIGURE 14 Particle displacements and rotationsfor 765N load increment.

Usng our finite dement modeing code FEAMS, a numericd sSmulation of this
experiment was conducted. The 765N load increment (from 235-1000N) shown in Figure 11,

was modded using identicd particles in the measured podtions The AMGEN code generated
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the appropriate smulation modd with 25 particles and 72 binder dements as shown in Figure
15. The cement-binder widths were made equa to 60% of the minimum projected particle axis
perpendicular to each of the respective branch vectors, and the eccentricity was teken as e = (w»
— w1)/2 = 0.2. The modd thickness was 12.5mm to match the experimental specimen dimension.
Mechanicd moduli of the binder cementation were chosen to match vaues of the polyurethane,

i.e. E=5MPaand» =0.48.

FIGURE 15 Finite element model of compression test specimen.

The actud experiment involved specimen loading through the boundary matrix materid
(see Figure 11), whereas the smulation code handles boundary loading only through nodd
forces or displacements applied a paticular particle centers. Because of this, two different
modding approaches were used to gpproximately Smulate the experiment.
Displacement Model

For this model, boundary particle displacements from the experiment were specified, and
interior particle motions and the total compressive force were predicted. Thus, experimenta

vaues of the particle displacements and rotations were specified on the top and bottom rows of
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the modd in Figure 15. Horizonta particle displacements aong the right and |eft edges were
aso specified. The modd results of the particle displacements and rotations are given in Figures

16 and 17.
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FIGURE 16 Modd results of particle displacements (mm)
(C initial postion, * final position).

FIGURE 17 Mod€ resultsof particlerotations (deg, +ccw).



The average eror between the experimentd data and modd predictions are specified by the
relations

§|X_FEM _ X'EXP|

Xy = 5 " 100 =6.5%
é XiEXP|
i=1
& I\ FEM EXP
ay ™ -y
== ’ =1.69
Yerror T 100=1.6% (5)
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i=1
& | rem EXP
alar™ - a™|
Qoo = 5 ~100=3.9%
é |qiEXP|
i=1

Summing the verticd nodd forces dong the top edge of the model resulted in a totd force of
723N. It was expected that this mode result for the totd load would be less than the
experimenta value of 765N because some of the actud load is transferred directly through the
matrix materia (eg. dong the right and left edges of the specimen). This matrix load trandfer is
not accounted for in the current finite dement mode.
Force-Displacement Model

A second modding gpproach used a combination of particular boundary displacements
and forces. For this case, the particular nodd forces from the previous mode were used as
boundary conditions along the top edge of the specimen. As in the previous case, experimenta
noda (particle) displacements and rotations were used as boundary conditions along the bottom
and verticd ddes. The modd results of the particle displacements and rotations are given in

Figures 18 and 19.
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FIGURE 18 For ce-displacement model results of particle displacements (mm)
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FIGURE 19 For ce-displacement model results of particle rotations (deg, +ccw).



For this modd, the average error between experimenta data and model predictions are given by

1
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For both comparison cases, the finite dement smulaions compared favorably with the
experimentd data. However, due to the unknown nature of the applied externa loading, the
boundary conditions used in the modeling were not those experienced in the experiments.
Therefore to provide a more definitive comparison, ancother type of verification modd sample
was crested.
Indirect Tension Sample

The second experimenta verification test was conducted on an indirect tenson geometry
as shown in Fgure 20. We will use the terminology IDT for this test. The circular smple had a
diameter of 125mm and was prepared such that a compressive load could be applied on two
diametricdly opposite paticles. This type of loading produces a tensle splitting dress fidd a
interior points aong the loaded diameter. The sample conssted of 37 particles of circular and
eliptical shgpe randomly arranged as shown. The dliptical particles had the same dimensons as
used in the previous compresson sample, while the circular particles had a diameter of 15mm.
The aggregate volume fraction of this sample was 475 %. Sample materids, fabrication,

loading preparation and particle messuring sysems were dl identical to the previous case.
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(No Load)

(410N Loading)

FIGURE 20 Indirect tension test sample.

The sample was loaded through bearing blocks with a 410N compressve force as shown

in Figure 20, and the resulting particle displacements and rotations are shown in Figure 21.
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FIGURE 21 Particle displacements and rotationsfor IDT specimen.
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Again usng our finite dement modding code, anumerica Smulaion of thisIDT test has
been developed. For this case the experimenta loading and displacement boundary conditions
are more redidticaly smulated thereby providing a better comparison with thetest. The
generated modd shown in Figure 22 has 37 particles with 92 binder lements. For this
smulation, the eement properties were modified to reflect the nature of the effective

interparticle binder load transfer.

FIGURE 22 Finiteelement model of IDT sample.

Since the mode was fully filled with polyurethane (binder cement), the dement parameters were
congtructed using the fully-filled dgorithm discussed in section 2.2.2. Furthermore since the

exterior eements on the boundary of the circular pecimen represent aless Hiff effective

medium, these dements had reduced eastic moduli in comparison to interior dements. The
particular values used for each type of dement were: Enterior = 5.2MPa, P interior = 0.48, Eexterior =

4.5MPa, P exterior = 0.46. The three particles on the bottom of the model were held fixed to the
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experimenta datawhile the top particle was |oaded with the experimentd vertical load of 410N.

The modd results of the particle displacements and rotations are given in Figures 23 and 24.

eb%0,
"
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FIGURE 24 IDT modéd results of particlerotations (deg, +ccw).

The average error between the experimental data and the mode predictions are given by

therdations
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Again the differences between the mode predictions and the experimenta data are generdly
within 5% thusindicating good agreement. Thus for the dadtic case, the modd gppearsto give
verifigble results,
24 Indirect Tenson Test Smulations

Theindirect tendon test (IDT) is commonly used to determine the tensile (splitting)
srength, eastic modulus and Poisson’sratio of bituminous materids. Because of itswide use,
this test has been chosen for our finite dement smulaions with the god of trying to relate
particular microstructure to observed test results.
2.4.1 General Simulation Procedures

Thetypica geometry of an IDT test isshown in Figure 25. A cylindrical specimeniis
loaded diametricaly in compression, and thisloading produces a somewhat uniform tendon
zone in the specimen across the loaded diameter. Normally the specimen thicknessisto be kept
amadller than the diameter, as per ASTM 4123, Because of uniform loading through the
thickness, atwo-dimensiond circular cross-section may be taken for numerica smulation, as

shown.
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(Materid Modd) (Aggregate D'ispl acements)

FIGURE 25 Indirect tension test geometry.

A smple numerical smulation of thistest is shown in Figure 26. Thismodd contains 64
circular particles and 167 dements. As shown in the figure, sandard smulation output includes
the aggregate displacement field and the internd interparticle force distribution between adjacent
aggregates. Aggregate displacements are shown by scaed vectors indicating direction and
magnitude, while the norma interparticle load trandfer is shown by links whose line thickness

indicates the relative magnitude of the force. As can be observed, the interna load distribution

(Model IDT Sample) (Displacement Feld) (Interna Force Didtribution)
FIGURE 26 Typical IDT simulation behavior.
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demongtrates vertical chains of compressive load transfer (red lines), and horizontal tenson
behavior (blue lines) in the centra portion of the sample.
2.4.2 Variable Aggregate M odels

In order to invedigate some particular microstructurd  effects, two different variable
aggregate IDT modds have been created with different internd microstructure.  Both mode
samples had a nomind diameter of 101mm (4in) and thickness of 70mm (2.75in), which are
typicad dimensions used in laboratory teting. Mode 1 (shown in Figure 27) used a vaiable
aggregate size didribution of 71 circular particles in groups of 14, 11, 7 and 4mm to approximate
an actua sample gradation curve. Likewise modd 2 (see Figure 28) had 96 particles from
groups of 14, 11, 7, 4 and 2mm. These paticle size didributions are compared with an actud
sample gradation curve in Figure 29, and it is observed that Mode 2 has a higher percentage of
fine particles. Other modd data is given in the Figures 27 and 28. Modd boundary conditions
condran both horizontd and vertica displacements of the bottom aggregate(s), while the top

particle(s) accept the applied vertica loading or displacement.
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FIGURE 27 IDT 71-particle (232 elements), variable mix model and
internal force behavior.

30



FIGURE 28 IDT 96-particle (286 elements), variable mix mode and

internal force behavior.
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FIGURE 29 Gradation comparison of IDT modelswith actual material.

A szies of numericd IDT smulations were conducted for each of these modes usng
different values of binder moduli, and the results are shown in Figure 30. The varidion of the

binder properties was edtablished from earlier studies by our research group using blends of
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recycled asphdt (RAP) in sample mixes. The percentage of recycled product has been correlated
with the initid dagtic modulus, and the particular percentage-modulus vaues are given in the
figure caption. For the case with identical binder properties, Model 2 gives dightly higher load-
deflection sample giffness when compared with Modd 1. Thus as expected the finer materid
provides additiond siffening based on the added micromechanicd network eements. Since the
recycled materid has higher diffness, as the amount of included RAP materid is incressed, the

overal specimen stiffness increases for each model.
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FIGURE 30 Comparison of IDT modesfor different moduli/RAP content.
(0% RAP, E =0.47MPa; 50% RAP, E = 0.64MPa; 100% RAP, E = 0.98M Pa)
3. ABAQUSASPHALT MODEL DEVELOPMENTS
In order to develop the modeling for nonlinear, inelastic asphat behavior, use was made
of the ABAQUS finite dement software. ABAQUS is a generd-purpose commercia code with
many useful built-in feetures that include excdlent nonlinear andysis methods and graphical pre-
and post-processing. Ancther key featurein ABAQUS isits User Defined Subroutine in which

the user can define custom dements for implementation and solution within the genera code.
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This festure would then dlow our specid microframe eement defined in equation (2), to be
incorporated within the ABAQUS code. Two different approaches using the ABAQUS package
have been developed. Thefirst approach used e asto-pladtic, continuum dements origindly
given in the code. The second method incorporated our specid microframe finite dement within
the user defined library.
3.1 Elasto-Plastic Continuum M odel
3.1.1 Basic Modeling Concept

Theinitid ABAQUS finite dement modeling was devel oped using continuum two-noded
rigid dements and four-noded quadrilaterd dements. The genera modding scheme employed
four-noded quadrilaterd eements to simulate the binder materia, and two-noded rigid dements
to modd the aggregate as shown in Figure 31. Therigid dements act to link the binder
deformation with the aggregate rigid body motion and to transfer this behavior to the next
neighboring aggregate. The particle center is the master node for the rigid aggregate and the
other nodes on the perimeter have the same displacement as the center node. The master nodes

have both displacements and rotations while the other perimeter nodes have only displacements.

Two-Noded Aggregate Four-Noded Binder
Rigid Elements Quedrilaterd Elements

FIGURE 31 ABAQUS modeling scheme.

This modeling concept was used to develop a preiminary verification IDT modd, which

had seven particles as shown in Figure 32. Five different modeling approaches were used to
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gmulate the binder material. These schemes used one layer, one eement; one layer, two
element; two layer, four dement; three layer, Sx dement; and four layer, eight dement modds
as shown. The binder materia was digtributed symmetrically with respect to the branch vector
connecting neighboring particle mass centers. The uniform binder width was chosen to be 80%
of the smdler particle radius perpendicular to the branch vector. The boundary binder node
coordinates are calculated as the intersection of the binder boundary with the particle perimeter.
For the multiple layer moddls, the binder layers are divided evenly aong the branch vector. As
before, modd information including the noda coordinates, €l ement parameters and materid
properties are generated using our MATLAB code. Thisinformation is then incorporated into

the input file for ABAQUS caculation.

ol ) | I
60 A UL A Sl Ay P Ay o
NP edby / ik -k

I apA-an SR Al AR Y L Y 1

) X ¥

(a) One element (b) Two element (c) Four element

A6 2 A P d ol A o8
= =
P b ® 85 ' A
(d) Six element (e) Eiaht element

FIGURE 32 Seven-particle I DT models

Simulation results of the five IDT moddsin Figure 32 are compared in Figure 33.
Sample compressive force is plotted versus the vertica deformation for each modd. The one-

dement modd uses the maximum thickness of the binder, and thus resultsin the lowest siffness.



The two-eement modd mesh isvery coarse and will not provide sufficient resolution of binder
deformation. The results by using four eements (two layers), Sx eements (three layers) and
eight eements (four layers) are dmogt identical, and thus gppear to have adequate resolution of

the binder deformation. Based on these results, the four dement modd was sdected for future

goplications.
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FIGURE 33 FEM comparisons on the sever-particle |IDT specimen.

3.1.2. Elasto-Plastic Binder Properties

In order to determine the usefulness of the proposed ABAQUS modeling procedure, a
more sophisticated two-dimensond IDT smulation was conducted. The mode shown in Figure
34 has 65 particles, 195 binder areas and 7.6% porosity. This microgeometry resultsin atotal of
780 deforming binder eements and 1170 rigid aggregate € ements with connectivity as shownin
Figure 35. Mode boundary conditions impose compression forces on the particles 45 and 46

and fix the displacements on the particles 58 and 59.
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FIGURE 35 Undeformed and defor med element meshes.

The binder dements had easto- plastic condtitutive properties with nonlinear isotropic
hardening behavior. The reationship between yield stress and equivadent plagtic strain for the

nonlinear plastic deformation is specified by
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wheres , isinitid yidd gress, Q, and b are nonlinear isotropic plastic constants to Smulate the
nonlinear hardening behavior. The quantity s ,+Q, represents the maximum yielding stress for
the binder materid. Materia parameters used for this mode include eastic moduli E = 80 MPa
andu=0.3, s ,=04Mpa, Q,=7.5Mpaandb=125.

Displacement control was used for the Smulation by imposing avertica displacement (6
mm) to the top particles 45 and 46. Figure 36 illustrates the sample binder deformation in the x
and y directions.  The horizontd, x-displacements of the binder materid increase from the
vertical centerline to the sample boundaries, while the vertica y-displacements generdly
increase from bottom to the top. Particle displacement results from the rigid e ements are shown

in Figure 37, and it is observed that the particles move down and outward from the sample

centerline. All of these plots are generated from the ABAQUS CAE Postprocessor Module.
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FIGURE 36 Horizontal and vertical binder displacement contours.
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FIGURE 37 Particle displacement vector distribution.

Additiona particle displacement digtribution output has been plotted usng an in-house
MATLAB code. Results of this work are shown in Figures 38 and 39 where each paticle is
drawn in the sample's undeformed and deformed configurations. Figure 38 provides the X,y-
disolacements (given in mm), while Figure 39 gives the patide rotation vaues (messured in
degrees counter clockwise from the vertical)

FIGURE 38 Particle displacement distribution showing both deformed
and undeformed IDT sample.
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FIGURE 39 Particlerotation distribution.

ABAQUS dress digributions within the binder materid for the IDT sample are shown in
Figures 40 and 41. Figure 40 shows the von Mises stress contours while Figure 41 illugtrates the
horizontal norma component. The highest stresses generdly occur dong the sample s vertica
centerline and decrease as one moves toward the boundary.  Thus the centra binder materid has

the largest tensle gtress, thereby indicating that microcracking, damage and ultimate sample

falurewill initiate in ths region.

FIGURE 40 Von I\/g@esstresscontours.
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FIGURE 41 Horizontal normal stress contours.

The nonlinear easto-platic modd responseis shown in Figures 42 and 43. The
relationship of yield stressto equivaent plagtic strain for the nonlinear isotropic hardening
behavior is shown in Figure 42 for atypica eement response. The overal IDT sample vertica

load versus verticd digplacement isillustrated in Figure 43.
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FIGURE 42 Yield stress versus equivalent plastic strain.
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FIGURE 43 Vertical force versus vertical displacement of IDT sample.

It is observed that dthough this model may be able to smulate the nonlinear hardening
behavior before sample failure, it cannot predict the nonlinear softening response after the
maximum load point is reached. Based on this gpparent limitation, a fundamental new modeling
gpproach was initiated using our origind micro-frame dement incorporating a damage
mechanics modd to Smulate softening behavior.

3.2 Microframe M odel

In order to smulate the significant softening behavior found in typica agphdt materids,
we have incorporated a damage mechanics gpproach in our finite eement modding scheme.
The particular method will use the micro-frame dement mode previoudy described in section 2
of thisreport. A damage mechanics theory will be used with this dement, and this technique

will provide the necessary softening behavior found in actua experimental data.
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In order to use ABAQUS finite dement software, we defined a user element (micro-
frame dement) to smulate the contact behavior between apair of neighboring cemented
particles. A User Subroutine was then developed to define the micro-frame element behavior,
and this scheme then dlows the use of the ABAQUS program to smulate IDT samples. Recall
that these micro-frame eements were developed by analyzing the reationship of contact force
and displacement between a pair of cemented particles, and this subroutine acts as the interface
program to connect the ABAQUS software with the micro-frame dements.

3.2.1 Elastic Analysisand Verification with FEAM S Code

Initia work inthe ABAQUS modd development was to verify the linear user dement
subroutine by smulating an eagtic example problem.  The micro-frame dement dastic matrix
defined in the User Subroutine is the same as that used in the FEAMS code, see equation (2).
We can therefore verify the dagtic user dement subroutine by comparing the ABAQUS
smulation results with those from the FEAMS code on acommon IDT modd. Two verification
amulations were conducted including a partid and full cemented modd.

Partial Cemented Model

As shown in Figure 44, a partid cemented modd was generated with 38 particles (from
four different Sze groupings). Thismode had 111 eagtic micro-frame dements with asample
porosity of 6%. For our use, porosity is defined in terms of volume messures as
1- (Vaggregate T Voinder ) Viora - The sample had a83mm diameter and 100mm thickness. All binder
materid was symmetricaly distributed with respect to each branch vector and had eastic moduli
E=1.0" 10%psiandn = 0.3. Tosmulate IDT testing, the displacements of particle 33 and 34

were fixed and uniform compression forces were gpplied to particles 24 and 25 as shown in

Figure 44.
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FIGURE 44 Partial cemented verification model.
Both the FEAM S and ABAQUS programs were used to Smulate the elastic behavior of this

model by increasing the compressive load from 2000 to 2800N. Simulation results of the
particle displacements under the 2000N load are shown for each modd in Figures 45 and 46.
Comparison of these results indicates that the two models predicted nearly identical particle

displacements.
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FIGURE 45 Particle displacements (mm) - FEAM Sresults.
. —Initial postion * -- Current position
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FIGURE 46 Particle displacements (mm) — ABAQUS results.
. —Initial position * -- Current position

The FEAMS and ABAQUS results are further compared during the load incrementation
process in Figure 47. The overadl compressive load versus vertica displacement is compared for

each model. The linear dastic response for each caseisadmost identical.
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FIGURE 47 Comparison of FEAM S and ABAQUS reaults.
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Full Cemented Model

A second IDT verification modd was developed for afully cemented sample. While this
modd had the same number of particles and dements as the previous partid cement case, the
binder fully filled the inter- particle region, see Figure 48. The binder eagtic congtants, sample
dimensions and boundary conditions were the same as the previous case. Again the FEAMS and
ABAQUS modds were used to smulate this mode by increasing the compressive load from

2000 to 2800N.

FIGURE 48 Full cemented verification moddl.

Figures 49 and 50 show the particle displacements under the 2000N loading. As before

the predicted aggregate positions from each model are nearly identical.
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FIGURE 49 Particle Displacements (mm) - FEAM Sresults
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FIGURE 50 Particle displacements (mm) — ABAQUS results.
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Findly, FEAMS and ABAQUS smulation results of the overdl sample load versus deformation
are compared in Figure 51, and the results are again dmost identica. Thusthe ABAQUS

verification for the elastic case gppears to be adequate.
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FIGURE 51 Comparison of FEAM S an ABAQUS results.
3.2.2 Inelastic Damage M odel

Experimenta IDT data has been collected on a series of agphalt samples prepared under
Marsha mix design methods. The material had 30% recycled product, 5.4% total asphalt
content (including RAP binder) and 6-8% air voids, and specimen dimensions were: diameter
=105 mm and thickness = 64 mm. Additiond details on the experimenta program will be given
inthe next section. A typica falure pattern in the specimen during the softening responseis
shown in Figure 52. Cracking along the vertica diameter is clearly evident, and this behavior is
thought to be the result of the coaescence of microcracksin the binder materid and at the
binder-aggregate interface. Specimen load-deflection data for four such IDT tests are illustrated

in Figure 53. This data set shows the usua softening response after the peak strength has been
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reached. Experimenta observations of such behavior indicate that the strain softening may not
be amaterial property of asphat concrete treated as continua, but rather the performance of a
microgtructure composed of microcracks, joints and interfaces that resultsin an overdl loss of

strength. This concept leads to the desirability to have amicromechanica model which can

incorporate damage behaviors in various microstructural components.

FIGURE 52 IDT specimen showing samplefailure.
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FIGURE 53 DT load defor mation data.
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Damage Model Description

In order to modd the inelagtic and softening behaviors observed in asphat materids, a
damage mechanics gpproach was coupled to the inter-particle cementation mode. Previous
work on damage modd development has been previoudy reported by Zhong and Chang (42) for
use with discrete e ement moddling. However, the approach by Ishikawa, Y oshikawa and
Tanabe (43) was found to be more useful for our finite dement modd. The theory was
originaly developed for concrete materids whereby the internal micro-cracks within the matrix
cement and around the aggregates are modeled as a continuous defect field. For our
gpplications, the inelagtic asphat behavior is thus developed by the growth of damage within the
binder méteria with increasing loading. A damage tensor [w] is defined by considering the
reduction of the effective area of load transfer within the binder continuum. Thetotd strain

field is defined as the sum of the eastic and damage srains

{¢ ={e.} +{e} (9)

and thus the elastic condtitutive relationship can be expressed as

{S} :[Do]{ee} :[Do]{e_ ef} (10)

where[D,] isinitid dadtic giffness matrix.
The damage strain represents the difference between the totd and elagtic strains and can

be written as

{e;}={g - {&.}=[D,] " WID,{¢& (1)

This leads to the development of a damage tiffness matrix [Dg] defined by
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{s}=(1]- W)ID,[{& =[D.}{¢ (12)

Thus the damage gtiffness matrix can be obtained from the initid dadtic Siffness matrix

[2])=(1]- W)[B,] 13

In order to characterize the particular damage behavior, consider the uniaxial case and

choose an exponentid modd such that the hardening behavior is given as

1s

— Doe—b(e/eo) (14)
Te

s=f@-e™) p

where f,isthe maerid strength, e, isthefallure strain, b isthe material parameter, and
D, = f.b/ g istheinitid dadtic iffness. Usng the damage stiffness definition from

relaionship (13), the uniaxia damage stiffness D and the damage scalar W can be expressed as

D, :(1- V\a D, = Doe-b(e/eo) ‘where W=1- o bee) a5

After maximum strength the softening behavior istaken as

Ts __ Dom
Te

S = fc(l' e—b)em(l—e/eo) ID (1_ e—b)em(l—e/eo) (16)

where m isthe material parameter to be calibrated. The damage stiffness D, and the damage

scdar W for the softening response become

D
D.=(1- WD,=- k;m(l- e?)e™'®) where W:1+%(1- g ")emtee) (17)
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The uniaxia gtress-strain behavior corresponding to this particular congtitutive modd is shown

in Figure 54 for thecaseof e, =0.3,b=5and m=1.

Stress/Strength (dfc)

L 1 1 1
o o4 0.2 a3 o4 0.5 0.6 or oz 0.5

Strain €
FIGURE 54 Uniaxial stress-strain response for damage mode.

This damage modeling scheme was incorporated into the finite e ement network mode!

by modifying the micro-frame dement giffness matrix given in equaion (2). Using rdation
(15), the damage gtiffness terms for the hardening behaviors can be written as
(Kin)s = Ko "% (K), = Ky 4/
and using equation (17) the corresponding damage softening stiffnesses are given as
(Ko, = - (Km/b)(1- & ®)emtun/tun

(Ky). = - (K,m/b)(1- e )em* />0
where Du,,and Du, are the norma and tangential accumulated relative displacements and
DU, and DU, arethe norma and tangentia displacement failure criteria. Thus the eement

damage stiffness matrix [K  Jisfound by replacing K, and K., with (K,). and (K,). .
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Theinitigtion of binder softening behavior for tenson, compression and shear is
governed by failure criteria based on accumulated relative displacements between particle pairs.
A smple and convenient scheme to determine the failure criteriais based on using the

dimengons of the inter-particle binder geometry in the form

w r(1t) = Cnt hO
w r(10) = CnchO (20)
DU, =c,w

where c,,C,.., C, represent tension, compression and shear failure factors, which are constants

nt?~nc?
that can be determined from experimentd data and are expected to be in the range zero to one.
Since the cementation geometry h, and wwill in generd be different for each particle pair, it is

expected that each dement will have different failure criteriarelated to itsloca microgtructure.

This damage- softening modeling scheme was incorporated in the ABAQUS finite
element code using the nonlinear User Defined Element (UEL) subroutine. In the ABAQUS
andysis, displacement control boundary conditions were employed and the Modified Riks
method was used in order to provide a more stable solution scheme. Also, because aggregate
(noddl) displacements became sizeable, the mesh geometry was updated during each load
increment. Our MATLAB generator code created moddl geometry and provided model
information files as an input for ABAQUS andysis.
IDT Smulation

Prdiminary IDT smulations of the indastic softening behavior were corducted on the
numerica sample shown in Figure 55. Thismodel had atotd of 65 particlesin four particle size
groupings: (5.2 mm x 4.5 mm), (6.0 mm x 5.2 mm), (5.8 mm x 5.0 mm) and (5.5 mm x 5.5 mm)
and this resulted in 201 micro-frame eements as shown in Figure 56. The overdl dimensions of
the numerical sample were diameter = 105 mm and thickness = 63 mm, and these were

gpproximately the same as the experimenta specimen shown in Figure 52. Thus the numerica
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results of this smulation can be compared with the experimental data shown in Figure 53. The
boundary conditions used displacement control whereby the bottom pair of particles was fixed in
both horizontal and vertica directions while the top particle pair was given prescribed

incrementa verticd displacements.

LR NN S e K,
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FIGURE 56 Elemert mesh of model shown in figure 55.
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Two different smulations of this IDT sample were conducted. The first Smulation

(referred to as Moded 1) used materid parameters E = 130 Mpa, u = 0.3, b =2 and m=1, and

was conducted under the case of a 10 mm vertical boundary displacement with failure factors of

c,=02,c,.=02,c, =0.5. Thesecond smulation (Modd 2) hed identical materia
parameters, but was loaded under 15 mm of verticd displacement with ¢, =0.2, ¢, = 0.33,

¢, =0.5. Smulation results of the sample vertical force versus displacement for each mode are

shown in Figure 57. Since each model had the same dadtic and hardening parameters, the initid
hardening responses of the two models are essentidly identical. Modd 1 with the lower vaue of
element failure drain, goes into the softening regime sooner and thus gives less hardening
behavior. In comparison, Modd 2 provides more hardening behavior and thus develops a higher

maximum load. With the chosen parameters, both models show similar softening reponse.
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FIGURE 57 Comparison of softening IDT models.



Findly the numerical smulation results of Modd 1 are compared with the experimenta
data st from Figure 53. This comparison is shown in Figure 58, and it is evident that the
numerical results compare favorably with the experimenta data. Thus it gppears that the
proposed damage model when incorporated with the micro-frame e ement can modd thetypicd
nonlinear hardening and softening response of IDT asphdt samples. Additiona smulations are
currently underway to investigate the mode predictions for other variations in the mode

parameters.

——13135N_1
—8— 12709 2
13738_3
—H—14026_4
—— Model 1

0 2 4 6 8 10

Extension (mm)

FIGURE 58 Comparison of damage softening IDT model with test data.

It should be pointed out that our experimental program (discussed in next section)
investigated some properties of idedized binder materia and determined an average compressive
elastic modulus of about 83MPa. However, our choice of modd parameters used E =130M Pa,
and this selection dong with severa other parameters provided reasonably good agreement with
the IDT dataas shown in Figure 58. The lack of correspondence between the experimenta

modulus vaue and that used in the mode can be explained. Firgt the experimenta binder
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samples were idedized materid made up from asingle preliminary mix of fine materid, magtic
and recycled product. This mix was intended to approximate the actual material between the
aggregatesinthe IDT samples. Wefed that additiona binder smulation mixes need to be
investigated to determine arange of modulus vaues. Also, some parametric modd studies need
to be conducted in order determine the effect of different modd parameters on the smulation
results. Perhaps alower modulus (more in kegping with the experimenta vaue) could be used
with a different set of the other modd parameters. In any event, additiond modding and
experimental work is needed to verify appropriate vaues of the model parameters, and such
activities are planned.
4. EXPERIMENTAL PROGRAM

This research program aso included a series of experimental studies on asphat materids
containing a fixed percentage of reclaimed asphalt produce (RAP). These studiesincluded
indirect tension tests and binder characterization experiments. Asphalt materials were collected
from aloca supplier, Cardi Construction Corporation in Warwick, Rhode Idand. Collected
materia included sand and aggregates of nomind size 19 mm (3/4 inch), 12 mm (1/2 inch) and 9
mm (3/8 inch). Collected reclaimed asphat product included processed materid having nomina
sze 19 mm (3/4 inch) and 9 mm (3/8 inch) in the “as received” condition. The aggregates and
sand were dried to remove the moisture content and sieved to determine their individua
gradation. The gradations of each of these stocks are shown in Figure 59. The asphdt content of
the reclaimed product was determined to be 4.6 % by the ignition method as per ASTM. D6307-

98. The RAP was dso sieved to establish Size gradation.
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FIGURE 59 Size gradation of virgin aggregates and sand.

4.1 Indirect Tension Testing

Indirect tenson test samples of size 105 mm diameter and 64 mm height were prepared
following the Marshdl design procedures. The mix gradation is shown in Figure 60 and included
30% RAP content. A series of test samples were first prepared by varying the tota asphat
content from 4.9 % to 59 % in seps of 0.5 %. Marshdl gability, Voids in Totd Mix (VTM)
and Marshdl flow were then evaluated. From these tests and using the RIDOT specification for
binder course, the optimum asphalt content was determined to be 5.4 %. Subsequent samples for
indirect tendle testing were prepared with 54 % totd asphat content following the Marshdl
compaction method. The amount of virgin asphdt to be added was determined by discounting

the estimated asphalt binder in the RAP from the total asphat content of 5.4%.
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FIGURE 60 Marshall mix design for IDT test sampleswith 30% RAP.

The prepared specimens were tested under diametrical compression in an Instron testing system
a aloading rate or 50mm/minute. A transducer fixture was constructed in order to record the latera
expansion of the specimen, and the test set up is shown in Figure 61. The vertical loading and sample

vertical and lateral deformation were recorded continuoudly.

FIGURE 61 L oading fixturefor indirect tensile testing.
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From this data, the slitting drength of the specimen ss was cdculaed usng the wdl-

know relationship

_ 2P

S = oDl (21)

where P is the maximum load, and D and L are the sample's diameter and length, respectively.
Load-load point displacement response from four different tests are shown in Figure 62, and the
laerd expanson versus load-point displacement are shown in Figure 63. The average splitting

strength was obtained as 1.32 + 0.095 MPa

16000 Average splitting load= 13402 + 942 N

—e—13135N_1

—=— 12709 2
13738 3

—=5—14026_4

Load-point displacement (mm)

FIGURE 62 L oad versus load-point displacement response for indirect tensile tests.
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4.2 Visualization of Damage Evolution During IDT Tests

During an indirect tenson test, the specimen fals by splitting dong the diameter in line
with the loading direction. This behavior is associated with the evolution of damage (micro-
cracking) and the subsequent growth of damage leading to sample falure. In order to visudize
this behavior in rea-time, an IDT specimen was photographed using a digitd camera at a Speed
of 1.6 frames'sec. The tempord sequence of this event as recorded aong with the instantaneous
load is shown in Figure 64. The time sequence shown is from left to right in each row, and the
instantaneous load (Ib) can dso be seen in each of the photographs. It can be observed from this
figure that no visble damage is seen until the load reaches the maximum sample load of 4396 Ib
(19.5kN). The firs¢ sgn of noticesble damage (cracking) is seen in the next photograph
corresponding to a load of 3993 Ibs near the top-loading srip. This damage progresses
downward as the loading continues, meets with the cracks initisted near the bottom loading strip

and eventudly splits the specimen dong the loading diameter. Our subsequent efforts are to dice
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the face of the sample, exposng the aggregate morphology and track the displacement and

rotation of individua aggregates in red-time during the splitting test.

FIGURE 64 Real-time damage evolution and failure during an indirect tension test.
Photographs ar e time sequenced from left to right in each row.
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4.3 Characterization of Binder Strength and Stiffness

The numericad modd incorporating damage to smulate asphat softening behavior
requires knowledge of the binder characteristics. The binder is taken to be the material between
the asphdt aggregates, and this would include the madtic, additives (if any), and the fine materia
with particle Sze less than amillimeter. Thusthe binder consgts primarily of asphdt and fine
aggregates in the size range of 0.075-0.6 mm, which corresponds to a sieve size of 200-30.

In order to investigate the tensile and compressive behavior of the binder materid, specid
cylindrica sampleswere prepared. The samples were 44mm in diameter and 50mm high, and
were made using madtic and fine aggregates in the range 0.075-0.6 mm. In preparing these
samples, both RAP and new materia were sieved to collect the fines (0.075-0.6mm). The RAP
was then mixed with new material in proper proportion to produce a binder sample with 30%
RAP and 5.4% overdl asphdt content. This mix was then identicd to the parameters used in the
indirect test samples. Following the procedures of Kennedy, et d. (41), a constant compaction
pressure of 6200 |b was applied for 20 minutes at 275° F, after placing the mix inthemold. The
samples were then tested in compression and indirect tenson at aloading rate of 2.5 mm/minute.
Figure 65 shows the compression stress-strain behavior for three binder samples. It can be
observed that the behavior is gpproximately linear up to the maximum dress. The average

compressive modulus was 83 MPa and the average compressive strength was 2.3 MPa.

E = 83 MPa,
Strength = 2.3 MPe

000 001 QI(Q O.I(B O;)4 O.;XS OI(B O.I07 O.;B 0.I09 ao
Strain
FIGURE 65 Compressive stress-grain behavior for asphalt binder.
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The binder samples were also used as an indirect tenson specimen. Load versus load-
point displacement data for three indirect tendle tests are shown in Figure 66. The average

gplitting strength was found to be 0.38 MPa.
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FIGURE 66 L oad versusload-point displacement response for
indirect tensiletest of asphalt binder elements.

It should be pointed out that these binder characterization results are preliminary, and additiona
testing with other mix parameters are needed to verify these vaues.
5. SUMMARY & CONCLUSIONS

This study has developed a new micromechanica numerica model for agphat materids.
The mode is based on microstructurd Smulation and incorporates nonlinear indastic behavior
through the use of damage mechanics. Asphalt microstructure was incorporated into the mode
by replacing the aggregate-binder system with an equivalent two-dimensond finite dement
network that represents the load- carrying behavior between aggregates in the multiphase
materid. These network elements were specidly developed from an eadticity solution for

cemented particles. Incorporating a damage mechanics gpproach with this solution, alowed the
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development of a softening model cagpable of predicting typica globd inglastic behaviors found
in agphdt materids. This theory was then implemented within the ABAQUS FEA code using the
User Defined Element subroutine. The modeling so developed a materia generating computer
code, which was used to creste idedized asphalt with aggregate- binder systems exhibiting
varying degrees of microstructure.

Experimental verification studies were conducted on specialy prepared cemented
particulate systems including a compression sheet and an indirect tenson sample. These
experiments alowed detailed measurement of aggregate displacements and rotations using video
imaging and computer andyss. Modd smulations of these tests gave results that compared
favorably (1.5-7%) with the experimental data. Further experimental work included indirect
tengon testing and damage visudization sudieson IDT samples. Preiminary experimentd
characterization of idedlized binder materid was aso conducted for both compressive and tensile
properties.

IDT amulations were made on samples with various microstructures and materid
properties. A pair of identical globa sze samples was created with different aggregate
gradation. Load-deflection behaviors of these two samples were compared to demondirate the
gradation-microstructura effect, and results indicated that the sample with the higher percentage
of fine aggregate had a dightly higher stiffness. Smulaions of these two samples with variaion
of the binder moduli was aso conducted. Vaues of the binder moduli were determined from
previous work on recycled asphat materid (RAP), and the higher percentage of RAP
corresponded to gtiffer binder moduli. The modd predictions indicated a stiffer |oad-deflection
regponse with higher binder moduli.

Prdiminary indastic IDT smulations were conducted using the damage mechanics

modd. Two smulations were made with displacement boundary control for samples with



different micro-falure drains. The sample with the higher failure strain had more hardening
behavior and gave a higher maximum load before globa specimen failure. Asreported in
previoudy published work, srainsin the binder are consderably larger than the overdl
macroscopic srain inthe IDT sample. Comparison of these smulations with experimentd data
indicated a reasonable match, but further studies of this indlagtic behavior are needed to justify
the particular softening modd!.

Additiona smulations are currently underway to investigate the effects of microstructure
(fabric) and binder material parameters on the numerical predictions. We aso wish to establish
where damage initiates and its subsequent evolution within atest sample. Future experimental
work will include IDT, binder and fracture testing. We aso intend to experimentaly investigate
more details on aggregate displacements and rotations and binder damage behavior during the
ind adtic- softening response.
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