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ABSTRACT

This report describes the first year’s research activities of a project dealing with the
behavior of recycled asphalt materials (RAP). The project’s primary interest is to relate
particular microstructural and recycling parameters to the material’s mechanical response. The
first year was devoted to the development of a theoretical/numerical modeling scheme. Future
work will involve both theoretical/numerical and experimental studies. The numerical model
was developed using the finite element method, whereby the microstructural asphalt/binder
system was replaced by an equivalent finite element network. Special elements in the network
are developed and these represent the load carrying behavior between neighboring aggregate
pairs. Based on this modeling work, a computer simulation code (FEAMS) was created. Our
modeling has also developed a material generating code (AMGEN), which can create an
aggregate-binder system with varying degrees of microstructure. Development of the finite
element model and the material generating procedure are discussed in detail. Comparative
verification computer runs on single element and 4-cell aggregate structures are presented.
Finally, model simulations of standard laboratory experiments including compression and
indirect tension tests are given. Although the results are preliminary, they do indicate that the
modeling scheme provides useful comparisons and information that can be applied to recycled

asphalt materials.



1. INTRODUCTION

Because of its environmentally friendly nature and promise for cost savings, there exists
considerable state, national and international interest in the use of recycled asphalt pavement
materials (RAP). Such use of recycled materials has been occurring with varying degrees of
success in the United States for the past 20 years. In 1998 the U.S. Congress established the
Recycled Materials Resource Center (RMRC) at the Universtiy of New Hampshire. The purpose
of the Center was to use research and outreach to reduce barriers to recycling in road
construction. Just recently the Federal Highway Administration completed a report by
Schimmoller, et.al. (1) of a scanning tour of recycling activities in several European countries.
This report was presented at the last Transportation Research Board meeting in January 2001.
These activities clearly indicate the strong national interest in the appropriate use of recycled
products for roadways.

Both hot and cold mix recycled materials exhibit different mechanical properties when
compared with new pavement product. In some cases the performance of RAP materials has not
been as good, while in other cases the recycled product had better structural performance,
Kandhal, et.al. (2). For Cold In-Place Recycling (CIR), recent work by Brayton, et.al. (3) has
investigated performanced-based mix-designs in an effort to provide information on the proper
use of such materials. However, there still exists uncertainty on proper recycling processes and
on the subsequent performance of the recycled product. Asphalt is a complex heterogeneous
material composed of aggregate, binder/cement, additives and void space. Recycling processes
further complicate the mechanical behavior by introducing additional variation of these
constituents, and by adding several ageing/time-dependent effects such as hardening, chemical

oxidation and binder microcracking. A fundamental understanding of the material behavior is



needed to help understand and explain recycling issues, and a micromechanical model would be
best to establish such basic mechanisms.

During service, asphalt pavements must withstand a wide variety of loading and
temperature conditions. For example, traffic loadings can vary from quasi-static to dynamic
impact, and pavement breakdown commonly occurs as a result of strength (stress), fracture
and/or fatigue failure, and time dependent deformation (creep-rutting). Early studies on the
mechanical and fracture behaviors of asphalt and bituminous cements include the work of Salam
and Monismith (4), Majidzaheh and Kauffmann (5), Majidzadeh et.al. (6), Karakouzian and
Majidzadeh (7), and Sousa and Monismith (8). With regard to recycled materials, Sulaiman and
Stock (9) have conducted fracture experiments on RAP materials with varying amounts of
recycled constituent. Most recently Venkatram (10) conducted a series of fracture and dynamic
impact experiments on RAP materials.

As mentioned, asphalt is a multiphase, heterogeneous material composed of aggregate
particles, binder cementation and open void space. Previous studies focusing on the continuum
response of asphalt materials cannot be used to describe the micromechanical behavior between
aggregate and binder. Recently some studies have been investigating the micromechanical
behaviors of particulate, porous and heterogeneous materials. For example, studies on cemented
particulate materials by Dvorkin et.al. (11) and Zhu et.al. (12,13) provide information on the load
transfer between particles which are cemented together. Such mechanics provide details on the
normal and tangential interparticle load transfer, and would be fundamental in developing a
micromechanical theory for load distribution and failure of such materials. Some contact-based
analysis of asphalt performance has recently been reported by Zhu et.al. (14,15). Using mixture
theory, Krishnan and Rao (16) presented a multi-phase approach to explain air void reduction in

asphalt materials under load.



Recent numerical modeling of cemented particulate materials has generally used two
particular simulation schemes. The first method uses finite element procedures to establish the
load carrying behavior between the particles. A second general approach incorporates the
discrete element method, which models the individual motion of each particle in model granular
systems.

Discrete element modeling studies on cemented particulate materials include the work by
Rothenburg, et.al. (17), Chang and Meegoda (18), Trent and Margolin (19), Buttlar and You (20)
and Ullidtz (21). Sadd et.al. (22,23) have also used this scheme to numerically investigated the
dynamic response of cemented and damaged granular materials.

In regard to finite element modeling (FEM), Stankowski (24) applied standard FEM
techniques to cemented particulate composites, while Liao and Chang (25) established a FEM
scheme for particulate materials with no cementation. A general finite element approach to
simulate particulate material systems has used the idea of representing the interparticle behavior
using an equivalent lattice network system. This type of microstructural modeling has been used
previously; see for example Bazant, et.al. (26), Sadd et.al. (27) and Budhu, et.al. (28). Recently,
Mustoe and Griffiths (29) developed a finite element model, which was equivalent to a particular
discrete element approach. They pointed out that the FEM model has an advantage over the
discrete element scheme for static problems.

Based on the review of past modeling work, the finite element scheme appeared to be
most suited for developing an asphalt simulation model. Recycling will obviously affect the
cemenatation/binder properties and the cohesion response between binder and aggregate, and
these particular behaviors are of prime interest in the study. Using fundamental modeling at the
micromechanical level, emphasis was placed on particular aggregate-binder behaviors which

most directly affect the overall mechanical properties of the material and which are related to



recycling processes. Current research results for the first year include the development of two
computer codes: one for generating model material systems and one for conducting mechanical
asphalt simulation of the generated models. Results using each of these codes are presented.
2. ASPHALT MATERIAL MODELING

Bituminous asphalt can be described as a multi-phase material containing aggregate,
binder cement (including mastic and fine particles) and air voids (see Figure 1). The load
transfer between the aggregates plays a primary role in determining the load carrying capacity

and failure of such complex materials. Our goal is to develop a numerical micromechanical

Aggregate

Void

Binder

FIGURE 1 Schematic of multi-phase asphalt materials.

model of such materials by properly accounting for the load transfer between all aggregates in an
idealized cemented particulate system. The aggregate material is normally much stiffer than the
binder, and thus aggregates are to be modeled as rigid particles. On the other hand, the softer
binder cement material usually gives a time-dependent viscoelastic response under loading.

Additionally, binder behavior also can include hardening, debonding and microcracking, and



these lead to many complicated failure mechanisms. Therefore, asphalt materials provide great
challenges to develop models that can adequately predict such failures.

In order to properly account for the load transfer between aggregates in an idealized
system, we assume that there is an effective binder zone between neighboring particles. It is
through this zone that the micro-mechanical load transfer occurs between each aggregate pair.
This loading can be reduced to a resultant force and moment system as shown in Figure 2. The
resultant force loading on a given aggregate can be reduced to normal and tangential components
with respect to a coordinate system parallel and perpendicular to a line connecting the aggregate

mass centers.

/ F, M

F,
Agoresate Pair Cement Binder Resultant Force and
seTE Loading Moment System

FIGURE 2 Interparticle loading between typical aggregate pairs.

This concept suggests the use of a finite element model to simulate this interparticle load transfer
using a frame-type of element. Such a modeling scheme would then replace the cemented
aggregate system with a network of specially created finite elements connected at the aggregate

mass centers, as shown in Figure 3.



FIGURE 3 Finite element network model.

In order to model the inter-particle load transfer behavior some simplifying assumptions
must be made about allowable aggregate shape and the binder geometry. Aggregate geometry
has been studied for many years, and recently some work has been conducted on quantifying
such geometrical properties, Zhu and Nodes (15), Buchanan (30), Maerz and Lusher (31),
Masad, et.al. (32), and Ketcham and Shashidhar (33). Issues related to particle size, shape,
angularity and texture have been proposed; however, for the present modeling only size and
shape will be considered. In general, asphalt concrete contains aggregate of very irregular
geometry as shown in Figure 4(a). Our approach is to allow variable size and shape using a

simple elliptical aggregate model as represented in Figure 4(b).
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(a) Typical Asphalt Material (b) Model Asphalt System

FIGURE 4 Asphalt aggregate modeling.



Using this scheme, a typical model aggregate pair is shown in Figure 5. In order to construct the
various geometrical properties, each idealized elliptical aggregate is characterized by shape
measures @; and b;, and location and orientation with respect to a global coordinate system. The
finite element lies along the branch vector defined as the line connecting particle mass centers.
The effective binder area is defined as a strip of cementation material parallel to the branch
vector as shown. By varying the cementation widths w; and w,, different amounts and

distributions of binder can be created within the numerical model.

X;j
Branch Vector :bij qung)z +b;y )2
Y 2
A Y
() +—==1
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Effective Binder Area = A4;;

i i i (x)

p X
Global Coordinate System

FIGURE 5 Idealized aggregate geometry.

3. FINITE ELEMENT AGGREGATE/BINDER MODEL

We propose to model the interparticle load transfer by using a specially developed frame-
type finite element. In order to determine the stiffness properties of the proposed microstructural
finite element, consider the element shown in Figure 6. Nodal displacements and rotations

correspond to the aggregate mass center motions.



FIGURE 6 Finite element model.

The element has three degrees of freedom at each of the two nodes, and would therefore have the

following element equation for the chosen coordinate system,

_Kll K12 K13 K14 KIS K16_ Ul Fnl
K22 K23 K24 K25 K26 Vl Ftl
K33 K34 K35 K36 el — Ml (1)
K44 K45 K46 UZ FnZ
KSS K56 VZ FtZ
L K66_ e2 MZ

For a usual frame element, the various stiffness terms K; are determined using standard uniaxial
bar and Euler-Bernouli or Timoshenko beam theory. However, for our particular application, the
asphalt cement cannot be modeled by simple bar or beam action. A more complete stress
analysis within the binder material is need, and this can be determined from an approximate

elasticity solution originally developed by Dvorkin et.al. (11). This work provides a simple



analytical solution for the stress distribution in a cement layer between two particles. We use the
special case where the particle material stiffness is much greater than that of the cement layer,
and thus the particles are assumed to be rigid. Dvorkin has shown that effects of non-uniform
cement thickness are generally negligible, and so we will use the analytical solution for the
uniform cementation case. Dvorkin’s two-dimensional model is based on the geometry shown in
Figure 7 (uniform cement thickness case). Note that since we are allowing arbitrary non-
symmetric cementation (see Figure 5), the finite element will not necessarily pass through the
center of the binder material, i.e. . w=w; + w,, but w; # w, #w/2 , and an eccentricity variable

may be defined by e = (w, - wy)/2.

Cement Binder

2 3 NN
—

Element Line

FIGURE 7 Cement layer between two particles.

The stresses Oy, 6, and Ty, within the cementation layer can be calculated for particular
relative particle motion cases as shown in Figure 8. These stresses can then be integrated to

determine the total load transfer within the cement binder.
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(Rotational Displacement @ Point O)

FIGURE 8 Normal, tangential and rotational inter-particle motions.

Resultant force calculations for the cases of normal, tangential and rotational particle motions are

given by equations (2), (3) and (4), respectively.

W w.w
F, = dx = (A +2u)—
L= [ o.dx=( 2o
F=["t.dx=0 (2)
1 Wywe
M, _[ (x—w,)d EG (w —wl)z(K+2u) "
F,= [ o.dx=0
w Uyw
F, = dx =p— 3
t J.O sz X H ho ( )
w 0, v O,we
=I szxz(k+2u)—j (x —w, )dx = (A +2u)
0 hO 0 hO
w h
F,= [t dx :uw(kawoj (4)

0,w
3h,

w e w
M, = L Gz(x—wl)dxz(K+2u)h—°J0 (x—w, ) dx=(A+2u) (w22 - W,W, +w12)

o
0
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[K]

Using relations (2), (3) and (4) the various stiffness terms Kj; in relation (1) can be determined
employing the direct stiffness method by making special choices of the nodal displacement

vector. The final result is given by

K,, 0 K, e -K,, 0 -K,,e
0 Ky Kyn 0 - Ky Ky
K,e Kyn Ktz’”12+ K;n (W22_W1W2+W12) - K,e —Kyn Kynr——" (W%_WIWZ"‘WIZ)
| -K,, 0 —K,ye Ky 0 Kpe ®)
0 - Ky —Kun 0 Ky —Kun

K
hn (W22 —wyw, + le)

-K,,e Kyr, Kuynn-

Knn ( 2 2) 2
3 Wy = wiwy + Wi Kye —-Kyrn Kyry+

where Ky, = (A2Ww/h, , Ky = uw/h, , and | and r, are the radial dimensions from each
aggregate center to the cementation boundary.
4. COMPUTER CODES

As mentioned the purpose of the research was to develop a numerical simulation model,
which could predict the two-dimensional behavior of asphalt materials using micromechanical
physics. The end result of this work was the creation of computer codes, which implement
particular theoretical and analytical formulations. In particular our software development
involved the creation of an asphalt material generating code and a finite element simulation
code. The generating code creates idealized materials, which are input into the simulation code
to conduct numerical experiments. Each of these codes will now be discussed in detail.
4.1 Asphalt Material Generating Code (AMGEN)

In order to simulate the micromechanical behavior of asphalt materials, it is first
necessary to create particular idealized asphalt materials. These idealized material models must

contain appropriate microstructural geometry such as the size, shape and distribution of the
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aggregates, binder and voids. This internal microstructure or fabric must be controllable by the
software and should allow the user to create a variety of asphalt materials commonly used in
pavement applications. With this in mind, we developed the Asphalt Material Generator
(AMGEN) code, which was written using MATLAB software. The code has the following

general features:

creates and spatially distributes aggregate particles of circular or elliptical shape
- particle shapes and distributions can be regular or random
- creates and spatially distributes rectangular strips of binder material between
neighboring particles
- can create materials of rectangular or circular domain
- generates model geometric and material property files needed as input to the finite
element simulation code
The code may be described by considering the required geometrical data needed to
generate the material model. Consider first the typical particle pair shown previously in Figure
5. In order to create aggregate microstructure, the following particle geometry is needed: mass
center location (x;, y;); orientation 6; and shape factors (a;,b;). Binder microstructure requires
the geometrical specification of the cementation widths (w;, w;). Further code calculations
determine additional binder geometry of thickness /4, , average thickness, and cement area.
Particle locations allow the calculation of the branch vectors b;; and these in turn become the
elements in the finite element network system. Each two-noded element has several
microstructural properties including element and nodal numbering, and an overlap marker (0 or
1) to indicate whether the element link crosses with another element in the model. Note that an
overlapping element would have a higher overall stiffness property. The generating code

decision to create a binder finite element link is determined by a proximity parameter. 1f the
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distance between a particle pair (branch vector) exceeds this proximity criterion, the interaction
is to be neglected and no element is created for this particular aggregate pair. The basic
geometry is developed from user selection of the following: material domain (rectangular or
circular); particle type(s); and particle orientation. AMGEN further calculates the total areas of
the aggregates, binder and void space, and determines the average material porosity.

Examples of several model materials that have been generated by AMGEN are shown in
Figures 9-14. For these particular cases, the particles were distributed evenly along the domain
perimeter and particle orientation was randomly specified from 0 to 27z . Aggregates were
chosen randomly from a set of four different particle types described by the following major and
minor axes dimensions: {(6.0, 5.2) mm, (5.2, 4.5) mm, (6.0, 5.0) mm, (5.5, 5.5) mm}. Figure 9
shows an idealized model material of rectangular shape with specific dimensions of 75mm x
75mm. This model contains 36 aggregate particles, and the cementation is distributed in such a
fashion as to create 110 elements of which 25 pairs are of overlapping type. The model

material’s porosity, 1 - (aggregate + cementation area)/(total area) equals 16% .

106 107, 108 109

A4 b v

sw wa 101 104
g6 '57 "11 ‘ "15 < 8 }55 < 1“Z>1n3 < 105

A a

8 92 9] 100

A
v
] > "’q 'm ‘ Il ’n ‘ i ’m ‘ g1 }nz ‘ 84

o
7

q=p°

)
T H 36
SHSE

-

“’Jﬁ “} ‘52} ‘ >57 ‘ ' ‘3

JE

23 bzih ‘ 2 }zn ‘ 31 }32 ‘ s '33“ ‘ }

25

2 }35 ‘ }, ‘m)“ ‘14}15 ‘1&’1 ‘21
o

12 16

d=l>
“Cr
4:)

412

ksl

)
Cr
“d:b°
I L R 1

il 4

4

FIGURE 9 Typical rectangular generated material model with 36 aggregates.
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Figure 10 shows another rectangular material model with 400 particles. This model has a total

1482 elements (361 overlapping pairs) and has a porosity of 15.4%.
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FIGURE 10 Regular rectangular model with 400 aggregates.

The final rectangular model is shown in Figure 11, and this generated system has a total of 1681

particles and 6480 elements.

FIGURE 11 Regular rectangular model with 1681 aggregates.
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Models of circular domain are shown in Figures 12, 13 and 14. The model in Figure 12 contains
39 particles and 108 elements, while Figures 13 and 14 show material models with 491 and 1321

particles, respectively. Complete details on the model material geometry are given the Table 1.
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FIGURE 13 Model material of circular domain with 491 aggregates.

16



FIGURE 14 Model material of circular domain with 1321 aggregates.

TABLE 1 Model Material Parameters

Domain Number of Number of Number of .
Model . : ) Overlap Porosity
Dimensions Particles Elements .
Element Pairs
Figure 9 75x75mm 36 110 25 16.1%
Figure 10 | 250x250mm 400 1482 361 15.4%
Figure 11 500x500mm 1681 6480 1600 13.2%
Figure 12 R =43mm 39 108 13 15.8%
Figure 13 | R=155.5mm 491 1851 451 12.6%
Figure 14 | R=255.5mm 1321 4563 729 16.6%

4.2 Finite Element Simulation Code (FEAMS)

In order to incorporate our modeling concepts into a useful simulation tool, a basic two-
dimensional, truss-frame finite element computer code is needed. Reddy (34) has given the

basics of such a Fortran code for analysis of trusses, and Euler-Bernoulli and Timoshenko frame
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structures. Starting with this basic code, we added the special micro-structural frame element and
thus developed a new special purpose code for Finite Element Asphalt Material Simulation
(FEAMS). The new element is based on the developed stiffness matrix given previously in
equation (5) using the particulate cementation mechanics developed by Dvorkin (11). A load
incrementation scheme was also added to the FEAMS code. A flow chart of the code along with
a description of various subroutines are given in Figure 15. The preprocessor unit consists of
reading input data, generating the finite element mesh and printing data and mesh information.
The processor unit includes: construction of element matrices; assembly of element equations;
imposition of boundary conditions; and solution of system equations for nodal displacements. In
the postprocessor section, the displacement solution is computed by interpolation at points other
than nodes, force values are derived from the displacement solution, and the solution is outputted

in desired format. The code subrountines are described as follows:

ECHO: Read the input data and write the input data

ASSMBL: Assemble element equations to the upper-banded form
BONDRY: Impose specified displacement and force boundary conditions
SOLVER: Solve linear algebraic equation to get nodal displacements
TRSFRM: Computer element stiffness matrices and force vectors
SHP1D: Compute the shape function and their derivative

REACTN: Calculate solution at points other than the nodes
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FIGURE 15 Flow chart of the FEAMS code.

5. MODEL VERIFICATION RESULTS
In order to validate the finite element model, several simple numerical verification cases
were run. The specific cases included a single element and a 4-cell structure with both

symmetric and asymmetric binder distributions. The loadings for each model included three
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standard cases for the two-dimensional situation: compression force, shear force and
rotation/moment.
5.1 Single Element Verification

In the single element verification, we compare symmetric and asymmetric binder models
for the five cases shown in Figure 16. The selected models are chosen to demonstrate the effect
of binder properties and eccentricity on the element stiffness behavior. Details of the geometric
and mechanical properties for each model are given in Table 2. Each model is to undergo three
loading cases of compression, shear (left to right loading) and counter-clockwise moment. The

displacement and rotation of node 1 are kept fixed for all loading cases.

Symmetric Asymmetric-A  Asymmetric-B Asymmetric-C =~ Asymmetric-D

FIGURE 16. Five types of two-node element models.

TABLE 2 Structural Parameters For Single Element Models

Average Left nght Radius Radius | Element Elastic
. Binder Binder
Models Thickness . . (node 1) | (node2) Area Constants
ho(mm) | WA W G | () | SCum?) | (E e, v)
0 w, (mm) | w, (mm) | " 2 ’
Symmetric 3.0 3.0 3.0 5.5 5.5 18.0 (1.0,0.3)
Asymmetric-A 3.0 3.5 2.5 5.5 5.5 18.0 (1.0,0.3)
Asymmetric-B 3.0 3.8 2.2 5.5 5.5 18.0 (1.0,0.3)
Asymmetric-C 3.0 2.5 3.5 5.5 5.5 18.0 (1.0,0.3)
Asymmetric-D 3.0 2.2 3.8 5.5 5.5 18.0 (1.0,0.3)
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Using the developed finite element code FEAMS, the normal and tangential

displacements and rotation at node 2 for each loading case can be determined

show the results for a series of loading steps from 0 to 140N.

. Figures 17-19

Compression case
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FIGURE 17 Normal, tangential and rotational displacements
for the compressional loading case.
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Shear Case
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FIGURE 18 Normal, tangential and rotational displacements

for the shear loading case.
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Moment Case
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FIGURE 19 Normal, tangential and rotational displacements
for the moment loading case.

For the normal loading case, Figure 17 illustrates consistent and symmetric nodal (particle)
displacements and rotations. Compressional and shear loading cases for the two-particle

problem were independently analyzed using a commercial finite element code (ANSYS), and the
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results compared within 4-6%. The increase in displacements with cementation asymmetry has
also been verified by independent ANSYS finite element analysis.
4-Cell Verification

In order to verify the behavior of a simple cemented aggregate group, a 4-cell (4-
aggregate) microstructure was selected as shown in Figure 20. As in the previous section, both
symmetric and asymmetric binder distributions are considered. Each model consists of four
elements, and no cross or diagonal elements have been used. Table 3 provides additional

specifics on the model data.

(Symmetric Cemented Cell)  (Asymmetric Vertical Binder Cell)

FIGURE 20 Two 4-cell cemented aggregate model structures.

TABLE 3 Structural Parameters For 4-Cell Models

Average Left Right Radius Radius | Element Elastic
Models Thickness | Width Width (node 1) | (node2) Area Constants
hy(mm) | w, (mm) | w, (mm) | r, (mm) | r, (mm) | S (mm ? ) (E(MPa),v)
Symmetric 3.0 2.5 2.5 5.5 5.5 15.0 (1.0, 0.3)
Asymmetric 3.0 3.0 2.0 5.5 5.5 15.0 (1.0, 0.3)

For this model, node 1 is fixed in the horizontal and vertical, while node 2 is fixed in the
vertical. As in the previous example, three loading cases of compression, shear and moment are

to be investigated as shown in Figure 21.
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Compression Shear Moment

FIGURE 21 Loading cases for the 4-cell model.
Using the FEAMS simulation code, the normal, tangential and rotational displacements

associated with nodes 3 and 4 are calculated for a series of loading steps from 0 to 140N. These

results are summarized in Figures 22-24.
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FIGURE 22 Normal and rotational displacements
for the compressional loading case.
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Shear Case
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FIGURE 23 Normal, tangential and rotational displacements
for the shear loading case.
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Moment Case
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FIGURE 24 Normal, tangential and rotational displacements
for the moment loading case.
Figure 22 again shows that asymmetrical cementation produces larger compressional
deformation most likely due to the generated rotational motions within the cell structure. For the
shear loading case shown in Figure 23, displacement and rotation differences between the

symmetric and asymmetric binder geometries seem to be small. The moment loading case



shown in Figure 24 illustrates expected symmetrical normal displacement behaviors; however,
the rotational motions appear to be more complex.
6. COMPRESSION AND INDIRECT TENSION SIMULATIONS

The developed modeling has been applied to two common ASTM laboratory tests; i.e.
the compression and indirect tension tests. Each test provides a simple method to allow finite
element comparisons to be made with standard test data.
6.1 Compression Test Simulation

The geometry of the compression test is shown in Figure 25. Because of the cylindrical
symmetry of the specimen and loading, a planar rectangular simulation domain can be taken
from the test specimen as shown. This rectangular region would then be appropriate for use with
our two-dimensional simulation code, and the simulation information would provide the

mechanical response of the specimen under axisymmetric conditions.

(Test Specimen) (Simulation Domain)

FIGURE 25 Compression test geometry.

28



The boundary conditions for these simulations are:

- left edge: symmetry conditions of zero horizontal displacement and vertical traction

- right edge: zero forces

- top edge: prescribed loading

- bottom edge: zero vertical displacement and horizontal traction

Three different numerical simulations have been conducted of this test for specimens
with a nominal diameter and height of 100mm (4in). For all cases, the cementation width
distribution was of uniform value of 1/4 the particle diameter. No stiffness modification was
made for overlapping elements. Figure 26 shows a model geometry for a case with 45 equal-
sized circular aggregates distributed in a uniform manner in rows and columns. Numerical

results of the particle displacements (values scaled for visualization) are also shown in Figure 26.

- = =
— e L =
— e = =
= = = <=

(Material Model) (Aggregate Displacements)

FIGURE 26 Compression test simulation for 45-particle model.
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Because of the uniform aggregate size and distribution, the deformation field is quite uniform.
The aggregates move down and outward to the right as shown with a maximum vertical
displacement along the top edge of 0.187 mm for the applied loading of SO0N. Further details
on this model are given in Table 4. Another similar model with 153 equal-sized particles are
shown in Figure 27. For this case the particle size and spacing was reduced in order to
maintaining the same overall nominal specimen dimensions. Numerical results of the particle
displacements (values scaled for visualization) are shown in Figure 27. Similar to the previous
case, the deformation field is again very uniform with vertical displacements being predominant
with a maximum value of 0.29mm along the top edge with a vertical loading of 900N.

Additional details on this model are given in Table4.
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FIGURE 27 Compression test simulation for 153-particle model.
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The final numerical simulation of this specimen type modifies the previous case to include 153
aggregates of variable size and shape. Four different aggregate types are randomly used in this
model and Table 4 indicates the specific aggregate dimensions used. Figure 28 shows the model
geometry for this variable aggregate case along with the corresponding deformation field from
the numerical simulation. Although it is not very easy to observe from the figure, the particle
displacements are now no longer completely uniform, and we see the local effects of variable
microstructure on the deformation field. Again Table 4 provides additional details on this

particular model.
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FIGURE 28 Compression test simulation for variable size 153-particle model.
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TABLE 4 Properties of Compression Test Model

Figure 26 Figure 27 Figure 28
Number of Particles 45 153 153
(2.6,2.2)
Particle Size, (a,b) (mm) (55,55) | (2.752.75) 88 %g
(2.75,2.75)
Horz. and Vert. Binder Thickness (mm) 1 0.5 0.5
Number of Elements 140 536 536
Number of Overlap Element Pairs 32 128 128
Porosity 13.1% 11.1% 13.5%
Binder Elastic Constants (£ (Mpa), v ) (1.0,0.3) (1.0, 0.3) (1.0, 0.3)
Vertical Loading (N) 500 900 900
Max Vertical Displacement (mm) 0.187 0.290 0.392

6.2 Indirect Tension Test Simulation

The indirect tension test (IDT) is used to determine the tensile or splitting strength of
bituminous materials, and the typical geometry is shown in Figure 29. A cylindrical specimen is
loaded diametrically in compression, and this loading produces a somewhat uniform tension
zone in the specimen across the loaded diameter. Normally the specimen thickness is to be kept
smaller than the diameter. Again because of uniform loading through the thickness, a two-

dimensional circular cross-section may be taken for the numerical simulation domain, as shown.

(Specimen)

(Simulatjon Domain)

FIGURE 29 Indirect tension test geometry.
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Again three different numerical simulations have been conducted on typical indirect
tension test specimens with a nominal diameter of 100mm (4in). For all cases, the cementation
width distribution was of uniform value of 1/4 the particle diameter. No modification was made
for overlapping elements. Boundary conditions fixed the bottom aggregate for both horizontal
and vertical displacements while the top particle is constrained only for horizontal motion.
Figure 30 shows a simulation with 64 equal-sized circular particles loaded through three

aggregates. The corresponding deformation field is also shown in the displacement vector plot.

(Material Model) (Aggregate Displacements)
FIGURE 30 Indirect tension test simulation for 64 aggregate model.
For this simulation, we see a predominant vertical deformation pattern with downward aggregate
displacements being much larger than the horizontal components. With a total loading of 300N,
the maximum vertical displacement was 0.163mm, which occurred directly under the loading on
aggregate #45. Further details on this model are provided in Table 5. Another simulation as
shown in Figure 31 was run on a model with a larger number of smaller particles. This model

had 227 particles of uniform circular shape arranged in a similar distribution pattern as the
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previous case. The deformation field is also shown in the figure including vertical, horizontal

and total particle displacement plots. Again it is seen that the vertical displacements represent
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FIGURE 31 Indirect tension test results for 227 particle model.
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the primary deformations of the aggregates in the asphalt model. The horizontal displacement
figure illustrates the splitting action of the test specimen with the tendency of deformations to
separate the specimen along the vertical centerline. Additional details on this model geometry
are given in Table 5. The final IDT simulation is similar to the previous case but with particles of
different size and orientation. The 227 aggregates are randomly chosen from a set of four
particle types as listed in Table 5. The model and the horizontal displacements are shown in
Figure 32. For this variable aggregate case, the displacement field is no longer symmetric.
Contrary to the previous case, the horizontal deformation field for this model indicates the

tendency for splitting action to occur not directly along the specimen centerline.
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FIGURE 32 Indirect tension test simulation for variable size aggregate model.
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TABLE 5 Properties of Indirect Tension Test Model

Figure 30 Figure 31 Figure 32
Number of Particles 64 227 227
(2.6,2.2)
Particle Size, (a,b) (mm) (55,55 | (2.752.75) 88 gg
(2.75,2.75)
Circumferential Binder Thickness (mm) 1 0.5 0.5
Number of Elements 170 657 657
Number of Overlap Element Pairs 6 29 48
Porosity 15.7% 16.5% 17.7%
Binder Elastic Constants (£ (Mpa), v ) (1.0, 0.3) (1.0, 0.3) (1.0, 0.3)
Vertical Loading (N) 300 200 200
Max Vertical Displacement (mm) 0.163 0.178 0.184

A comparison of our finite element model results with an actual experimental IDT test
has been done. The standard IDT test was conducted on an asphalt sample with properties:
Diameter = 101mm (4in), Thickness = 70mm, 6% asphalt content, Aggregate Size Distribution
(8% 0.075-2.36mm, 28% 2.36-4.75mm, 25% 4.75-9.5mm, 30% 9.5-12.5mm, 5% 12.5-19mm).
Out finite element model used the microstructure geometry shown in Figure 31 with a uniform
particle size of 5.5mm, which approximately matched the average aggregate size of the test
specimen. The model dimension matched the test specimen size and the binder elastic moduli
were E = 1.24MPa and v = 0.3. Comparisons of the load versus deformation are shown in Figure
33. The experimental data shows initial elastic behavior followed by inelastic yielding and
eventual failure. Our modeling results are of course valid only in the elastic region and they
match very well with the experimental data. Future model development will incorporate

inelastic behaviors and will lead to a capability of simulating the entire load-deflection curve of

this and other laboratory tests.
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FIGURE 33 Comparison of finite element simulation with experimental IDT test.

7. SUMMARY & CONCLUSIONS

This study has developed a preliminary microstructural finite element model for the two-
dimensional simulation of asphalt materials. Asphalt microstructure was incorporated into the
model by replacing the aggregate-binder system with an equivalent finite element network that
represents the load-carrying behavior between aggregates in the multiphase material. Elements
within the network are specially developed from an elasticity solution for cemented particulates
proposed by Dvorkin (11). Based on this modeling work, a computer simulation code named
FEAMS was created. Our modeling has also developed a material generating code (AMGEN),
which can create an aggregate-binder system with varying degrees of microstructure. Currently,

AMGEN can create models of rectangular and circular domain with variable aggregate and
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binder size, shape, and distribution. AMGEN acts as a pre-processor, and thus creates all the
material and geometric data needed by the FEAMS simulation code.

Several comparative verification computer runs have been conducted on single element
and 4-cell aggregate structures. Model simulations of standard laboratory experiments including
compression and indirect tension tests are also given. Currently, model binder cement
distributions were arbitrarily specified; however, more sophisticated distribution schemes based
on surface wetting and adhesion are currently under development. Comparison of model
predictions with test data for a standard IDT test was made, and the model results match well
with the experimental data. The model simulation results are preliminary and are currently
limited to two-dimensional, linear elastic conditions. However, these results do indicate that the
modeling scheme provides useful comparisons and information, and that with further
development the model can be applied to recycled asphalt materials. Various recycling effects
related to aging and oxidation can be incorporated into the model by allowing element properties
to have more varied elastic, plastic, viscoelastic and damaged behaviors. Further connections
with plant recycling processes would require an experimental testing program with model
simulations, and it is anticipated that such further studies will begin in the near future.

Future plans for such model development will include the following features:

- non-elastic binder behavior

- non-linear binder behavior including aging, microcracking and damage

- finite deformations

- binder-aggregate separation

- three-dimensional finite element modeling
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