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EXECUTIVE SUMMARY

In this research effort, the compaction process of asphalt mixtures was investigated using a combined
experimental and computational approach. The main goal was to understand the main factors
responsible for achieving good density and was triggered by the success of a recently proposed
Superpave 5 asphalt mix design method.

First, a comprehensive literature review was conducted to document previous research efforts on
compaction and on numerical modelling of the compaction process. It was found that the current
Superpave mix design relies on the assumption that traffic loading provides the final densification to the
design air voids and Ngesign Should be directly related to expected traffic level. This approach results in
asphalt mixtures that have less workability and for which the as-constructed air voids content can
exceed 7%, significantly different from the design value of 4%. A number of researchers proposed an in-
depth analysis of the compaction curve and suggested other parameters for the mix design process such
as the “locking point.” However, numerous factors affect the “locking point,” such as gradation, type of
binder, aggregate type, and size, which makes its use more difficult. It was also found that only a limited
number of researchers used discrete element method (DEM) to simulate the compaction process. In all
cases, the models used were rather simplistic and the contact laws between particles were not realistic,
which resulted in significant deviations of simulation results from experimental data.

In Chapter 3, a two-scale DEM model was developed to simulate the compaction process of asphalt
mixtures using a new framework, which only models the coarse aggregates explicitly, while the effect of
the fine aggregate matrix (FAM) was modelled by the inter-particle interaction law. In the DEM, the
inter-particle contact law followed the Hertzian-Mindlin contact model, and the inter-particle non-
contact law was derived from granular physics. Using a preliminary set of compaction experiments, it
was shown that the initial model could capture reasonably well the overall compaction process.

In Chapter 4, the model was improved by simulating the behavior of a fine aggregate matrix using the
rheology of granular-fluid systems, while simulating the motion of coarse aggregate explicitly using non-
spherical composite particles. The fine-scale DEM model was calibrated using the angle of repose
experiment, and the model was subsequently used to determine the rheology of FAM. The improved
model was then validated by simulating the compaction of three Superpave 5 asphalt mixtures for which
experimental data was available. The comparison between experiments and simulations showed that
the current DEM simulation with a composite particle model could capture the overall effect of
gradation of aggregates on the bulk part of the compaction curves. The deviations observed for the
initial portion of the compaction curve were attributed to the interlock between composite particles,
which hinders the particle rearrangement. By considering different levels of non-sphericity, it is
expected that the simulation results can be improved.

In Chapter 5, asphalt mixture specimens were prepared from loose mix and a number of experiments
were conducted to determine if there were significant differences between mechanical properties of
high-density mixtures and the corresponding properties of other mixtures. The following experiments
were performed: Bending Beam Rheometer (BBR) Creep and Strength, Indirect Tensile (IDT) Creep,



Diametral Dynamic Modulus (E*), Semi-Circular Bending (SCB), Uniaxial Dynamic Modulus (E*), and Flow
Number (FN). From the ANOVA and Tukey analysis, no consistent trends in mixture properties were
observed. Therefore, it was concluded that the properties of high-density mixtures as a group were not
significantly different than the properties of conventional mixtures.

The current research effort indicates that the two-scale DEM model can provide reasonable simulations
of asphalt mixture compaction in a gyratory compactor. In particular, the FAM rheology and the level of
non-sphericity of the coarse aggregates have a significant effect. However, DEM simulations require
significant computational time. Therefore, it appears to be more feasible to perform an extensive
experimental campaign on a large set of materials to develop relationships between commonly
measured properties and FAM rheology and the shape of coarse aggregates. These relationships can
then be used to select the materials and proportions required to develop mix designs for high-density
asphalt mixtures.

The link between laboratory compaction and field compaction needs to be further investigated. For
example, it is not clear if the field compaction properties of Superpave 5 asphalt mixtures are directly
related to the increase in design air voids from the traditional 4% to 5%, the significant reduction in the
design number of gyrations, or a combination of both.



CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Recent studies have shown that the air void content of asphalt mixtures has a significant effect on the
durability and long-term performance of asphalt pavements. Asphalt pavements are typically
constructed with 7% air voids in the mat and often exceed 10% in longitudinal construction joints.
Recent efforts in Indiana have shown that a new mix design method, called Superpave 5, can be used to
design mixtures at 5% air voids and to successfully compact them in the field at the same 5% air voids, a
significant decrease compared to current practice. At this time, it is unclear why this new method works,
and if it is a result of the small increase in design air voids, or of the reduction in the design number of
gyrations.

1.2 OBJECTIVE

The objective of this work is to build on the preliminary results of the recently proposed Superpave 5
method and investigate the compaction process of asphalt mixtures through a combined experimental
and computational approach. The computational model will be anchored by a fluid dynamics-discrete
element model, which is capable of capturing the motion of aggregates in the viscous binder. The model
will be calibrated and validated by a series of experiments, which include a rheological test of the binder
and a compaction test of the mixture. The experiments will involve typical Superpave mix designs used
in Minnesota and modified mix designs that follow the Superpave 5 approach.

1.3 ORGANIZATION OF THE REPORT

First, a comprehensive literature review is conducted in Chapter 2 to summarize the previous research
efforts on the compaction of asphalt mixtures and on the numerical modelling of the compaction
process. In Chapter 3, a two-scale discrete element method (DEM) model is developed to simulate the
compaction process of asphalt mixtures using a new framework, which only models the coarse
aggregates explicitly, while the effect of the fine aggregate matrix (FAM) is modelled by the inter-
particle interaction law. The proposed computational model is then calibrated and validated using
laboratory compaction results of Superpave 5 asphalt mixtures (Chapter 4). Finally, in Chapter 5, the
mechanical properties of high-density mixtures are tested and compared with corresponding properties
of other mixtures used to construct the MnROAD 2017 NRRA test sections. Chapter 6 consists of a
summary of the work followed by conclusions and recommendations.



CHAPTER 2: LITERATURE REVIEW

In this chapter, a comprehensive review of the development of the design process of asphalt mixtures
and of field and laboratory compaction is performed. Past research documenting the effect of air voids
on properties of asphalt mixtures and numerical simulation of asphalt mixture compaction is also
included in this literature review.

2.1 HISTORY OF LABORATORY COMPACTION

The aim of laboratory compaction methods is to simulate the field compaction conditions. Methods that
produce laboratory specimens similar to field compacted samples are desired. Throughout the asphalt
mixture design history, a variety of compaction methods were developed and used in different mix
design methods, including impact hammer, kneading, gyratory shear, simulated rolling and vibration etc.
Kneading compaction was used for the Hveem design method, which was developed to more closely
simulate the compaction produced by rollers in the field (Vallerga & Lovering, 1985). Impact compaction
method was used in the Marshall Mixture design method to prepare samples. Certain numbers (35, 50
and 75) of blows on each face are required for impact compaction to match the different traffic
compaction levels (White 1985). During the 1980s, rutting became more prevalent in United States.
Many engineers attributed this to the impact compaction used in Marshall Mixture design method, due
to the fact that impact compaction could not satisfactorily reproduce the density in the field (Harman et
al., 2002). This issue was later addressed as part of the Strategic Highway Research Program (SHRP). This
unique research program started in 1987 and was completed in 1992 and had a budget of $150 million.
Its main objectives were to identify and define properties of asphalt binders, aggregate, and hot mix
asphalt that influence pavement performance and to develop test methods for performance-based
specifications. The Superpave mixture design method was one of the products of SHRP.

Just before the start of the SHRP program, the National Cooperative Highway Research Program
(NCHRP) initiated a study called the Asphalt-Aggregate Mixture Analysis System (AAMAS). The main
objective of this research was to evaluate different laboratory compaction methods and to make
recommendation to SHRP research team. The methods investigated included:

¢ Marshall compaction (mechanical, static-base, flat face)

¢ Marshall compaction (mechanical, rotating base, slanted face)
¢ Marshall compaction (hand compaction)

¢ Kneading compactor

¢ Vibratory hammer

* Simulated rolling wheel (quarter circle)

¢ Vibrating, kneading compactor



* Gyratory compactor (Texas 4-inch gyratory)

The results showed that gyratory compaction mimics field compaction best among all methods
investigated, because it achieved the densities encountered in the field, and produce samples with

similar mechanical properties as field samples (McDaniel et al., 2011). At that time, several types of
gyratory compactors (Texas gyratory compactor, Corps of Engineers gyratory test machine and French
Gyratory Compactor) were available. The question was which gyratory compactor to specify.

The development of gyration compaction method can be traced back to 1939, when the Texas
Department of Highways initiated a study on the design and control of asphalt mixtures. The main task
of this study was to make a selection from different laboratory compaction methods. Two criteria were
used: “first, the compactor should achieve the final density of the pavement after being subjected to
traffic, and second, aggregate break down should approximate the break down in the field” (McDaniel
et al., 2011). In the end, the Manual Texas Gyratory Compactor was selected.

Several years later, in 1950s, a mechanized compactor replaced the old manual one and Texas Highway
Department standardized its use in specifications. In the late 1950s, John McRae of the U.S. Army Corps
of Engineers developed the Corps of Engineers gyratory test machine (GTM), based on the principle of
gyratory compaction. Different from Texas Gyratory Compactor, GTM only held two points across the
diameter of the specimen which allowed for the angle of gyration to vary during compaction, and GTM
could measure mixture response (compaction pressure and specimen height) during compaction.

Another type of gyratory compactor is the French Gyratory Compactor (FGC). It was developed based on
Texas Gyratory Compactor and GTM, by the Laboratoire Central des Ponts et Chausées (LCPC) in France.
By monitoring specimen height, density was tracked during compaction. The relationship of density to
the log of the gyrations number was found to be nearly linear. (Moutier, 1974)

In 1991, after comparing and contrasting different gyratory compactors, SHRP decided to use the
principles of operation of the LCPC compactor, but needed to evaluate and make changes to it. After
many discussions, the following changes were made to the LCPC gyratory compactor:

¢ Vertical consolidation pressure of 600 KPa
¢ Fixed angle of gyration of 1.25°,
¢ Speed of gyration of 30 rpm

During the SHRP research program, whether the Rolling Wheel Compaction was better than the
Superpave gyratory compactor was intensively debated. Professor Carl Monismith advocated for the
adoption of the Rolling Wheel Compaction over the gyratory. He pointed out that specimens from
gyratory compactor were non-uniform in both radial and vertical direction. However, the Rolling Wheel
Compactor was considered impractical as a means of laboratory compaction method (equipment is
large and expensive), and further evaluation showed that the gyratory compactor was better than the



Rolling Wheel Compactor in terms of producing laboratory specimens similar to field samples. (McDaniel
etal., 2011)

After SHRP program, many follow-up studies were performed to investigate the effects of the internal
variables of SGC (gyration angle, pressure and specimen height). It was found that gyration angle had a
significant influence on the percentage of air voids: a change in the gyration angle of 0.02 degree caused
a change in air void ratio of approximately 0.8% (Harman et al., 2002). It was also found that the internal
gyration angle of different SGC were not uniform even though they had the same external gyration
angle (Harman et al., 2002). Some efforts were made to address this issue, using e.g., the dynamic angle
validation (DAV) and the rapid angle measurement (RAM) devices (Anderson et al., 2006).

A number of studies showed that for the same percentage of air voids, mechanical properties of asphalt
mixtures are significantly affected by the air voids distribution. Tashman et al. (2000) recommended
changing the gyration angle to 1.5 degree and the specimen height to 50 ~ 75mm. Peterson et al. (2003)
argued that current SGC protocol (gyration angle = 1.25 degree, specimen height = 135mm) produced
specimens greatly different from field cores in mechanical properties, and by changing the gyration
angle to 1.5 degree and the specimen height to 50 ~ 75mm, the specimens simulated better the
mechanical properties of pavement cores. However, data in these studies was limited to certain types of
asphalt mixtures and mechanical properties. More validation work was recommended by the authors.
Recently, Georgiou et al. (2016) recommended changing the gyration angle to 1.45 degree to better
simulate the internal structure of field cores.

2.2 EMERGENCE OF Npesign

According to Blankenship et.al. (1994), “Pavements are compacted in two stages: during construction
and as they are trafficked. Asphalt mixtures are initially compacted to about 8% air voids during
construction. After construction, traffic loads densify the asphalt layer, especially during hot months,
until it reaches ultimate density. The properties of the asphalt and aggregate based on long-term
densification of a pavement must be taken into account”. Thus, traffic compaction should be considered
in laboratory compaction. It should be able to simulate final density at the design traffic level
compaction.

In Marshall mix design, the number of compaction blows reflect the traffic level: 35, 50 and 75 represent
low, medium and high traffic level, respectively. In Superpave mix design, the concept of Ngesign Was first
proposed to relate the traffic level to the number of gyrations in gyratory compaction (Blankenship,
1993). It is defined as the number of gyrations (at a specific pressure) at which the compacted sample
can mimic the two levels of compaction: (a) construction compaction and (b) traffic compaction. The
volumetric design is conducted at Ngesign gyrations.

Studies performed by LCPC using FGC showed that density is proportional to the logarithm of the
number of gyrations (Moutier, 1974). Other studies also showed that the asphalt layer under traffic
increases in density linearly with the logarithm of the number of traffic passes until it reaches its



ultimate density (Blankenship et al., 1994). Therefore, a linear relation was hypothesized between the
logarithm of gyration and the logarithm of traffic level (represented by ESALs) (Blankenship et al., 1994).

To obtain values for Ngesign, @ study called “Gyratory Compaction Characteristics: Relation to Service
Densities of Asphalt Mixtures” was conducted (Blankenship, 1993). Fifteen pavement sites were chosen,
that included 3 traffic levels and three climatic regions. The selected pavements were more than 12
years old, so that they were more likely to be densified to ultimate density. The density after
construction (when ESALs=0) was assumed to be 92% of maximum theoretical specific gravity (%Gmm). In
the experiment, the density of the cores were measured. Then aged asphalt was extracted and salvaged
aggregate was remixed with AC-20 grade asphalt cement and compacted. Finally, the compaction curves
were achieved. The number of gyrations that matched the in-place density was back-calculated. Based
on the experiment, the first version of Ngesign table for three climates and seven traffic levels was
developed. Later on, the SHRP researchers expanded this table to four climates.

2.3 VALIDATION AND MODIFICATION OF Nopesign

After SHRP, a number of studies were conducted to further validation and modify Ngesign table. NCHRP
Project 9-9, conducted by NCAT, aimed to develop guidelines for gyratory compaction. Experimental
results showed that optimum asphalt content, VMA, and VFA all decreased with increasing Ngesign, and
that coarse-graded mixtures were more sensitive than the fine-graded mixtures (Brown et al., 1998).
The authors also noted that compacting samples to Nmaximum and back-calculating the volumetric
properties at Ngesign could results in errors of up to 0.8 percent air voids. Therefore, the report
recommended that, to obtain the volumetric properties, the samples should be compacted to Ngesign
rather than to Nmaximum. In addition, the effect of the climate could be taken into account by simply using
different performance grades of binder for the corresponding climate temperatures, so Ngesign table was
reduced to be only related to traffic level. The revised table is shown in Table 2.1 (Brown and Buchanan,
1999)

Table 2.1 Revised Ngesign table proposed by NCHRP Project 9-9 (Brown and Buchanan, 1999)

Design Traffic Gyration Levels % % Gmm
level (million Gum at at
ES&LS) Ninitial Ndesign Nmaximum Ninitial Nmaximum
<0.1 6 50 74 <91.5
0.1 to <1.0 7 70 107 <90.5 <98.0
1.0 to <30.0 8 100 158 <89.0 )
>30.0 9 130 212 <89.0

The Ngesign || experiment was another major effort to verify Ngesign (Anderson et.al, 2000). In this
investigation, Ngesign Was evaluated based on the sensitivity of mixture stiffness to the change in Ngesign.
Results showed that the stiffness decreased with the Ngesign, €specially when the air void ratio ranged
from 3 to 6%, with an increase in air void ratio from 4 to 5% resulting in a 20% decrease in stiffness.
Based on these results, a new table was recommended, as shown in Table 2.2. This new table was also
adopted by AASHTO.



Table 2.2 Superpave compaction effort (AASHTO, 2005)

Design Traffic | compaction Parameter
level (million
ESALS) Ninitial Ndesign Nmaximum
<0.3 6 50 75
0.3 to <3.0 7 75 115
3.0 to <30.0 8 100 160
>30.0 9 125 205

In 2007, a research project called “Verification of Gyration Levels in the Ngesign Table” was conducted to
verify the Ngesign levels in the field (Prowell & Brown, 2007). Samples were chosen from 40 field projects
in 16 different states, which included a wide range of traffic levels, binder grades, aggregate type and
gradation. The results showed that the majority of the 40 projects (55%) had insufficient as-constructed
densities (less than 92% of Gmm), and the Ngesign levels in AASHTO (see Table 2.2) were higher than
needed to match the in-place density, so they recommended to reduce the N-design level in AASHTO.
The recommended Ngesign are shown in Table 2.3. Also, it was recommended to remove Ninitia and
Nmaximum from the AASHTO table based on the fact that all 40 field project samples had excellent
resistance to rutting based on evaluation of the original mix design data (Prowell & Brown, 2007).

Table 2.3 Proposed Ngesign table by Prowell & Brown (2007)

20-Year Design 2-Year Design Naesign for Nielfgéf,?g_l;;;doe:s
Traffic level (million Traffic level binders <PG mixes >100 mm
ESALs) (million ESAL:s) 76-XX
from surface
<0.3 <0.03 50 NA
0.3 to <3.0 0.03 to <0.23 65 50
3.0 to <10.0 0.23 to0 <0.925 80 65
10 to <30.0 0.925 to <2.5 80 65
>30 >2.5 100 80

Although Ngesign is an important parameter in Superpave Mixture design, the validity of the assumption
used has been widely debated. The assumed linear relationship between density and the log of traffic
level was questioned by a number of researchers. Stroup-Gardiner et al. (1997) found that the
relationship was much more complex than the hypothesized linear relation. They noted that the lower
lifts were less compacted by the traffic after construction than the upper lifts. Also, they pointed out
that, for high traffic volume roads, the air void ratio in the upper lifts of pavement shows an upwards
trend with the increase of ESALs. Moisture damage was considered as a possible reason since moisture
damage can cause material loss in the upper lifts. The study showed that traffic compacted different lifts
differently, and it could even reduce the density of upper lifts at high traffic levels. Other authors found
that the effect of traffic densification was limited (Harmelink et al. 2007, Brown et al., 1996).



The assumption that the density of samples increases linearly with the log of the number of gyration in
the SGC was also questioned. Vavrik and Carpenter (1998) pointed out that the linear relationship holds
true in the initial part of the densification curve, but error develops as the material densifies. They
believed that the “Locking Point” is the upper boundary for the linear relationship; after that excessive
aggregate break down happens and the relationship becomes nonlinear. Thus, they concluded that
using the data beyond “Locking Point” will cause higher error in determining the Ngesign.

The “locking point” is defined as the number of gyration at which the aggregate skeleton locks together
and further compaction results in aggregate degradation, and it is determined as “the first gyration in
the first occurrence of three gyrations of the same height preceded by two sets of two gyrations with
the same height” (Pine, 1997, Vavrik & Carpenter, 1998). For some mixtures, such as Stone Matrix
Asphalt (SMA), the “locking point” gyration number is recommended instead of Ngesign (Xie et al., 2005,
West et al., 2001). “Locking Point” is also considered as an index indicating how compactable the
material is (Leiva & West, 2008). Different materials have different compactability levels, and therefore,
the “Locking Point” can be used to determine the maximum roller passes before the material breaks
down (Prowell, 2007). The advantage of “Locking point” over Ngesign is that it considers the difference
between materials: different types of mixtures have different “Locking Point” gyration numbers.
However, numerous factors affect the “locking point”, such as gradation, type of binder, aggregate type
and size, which makes its use more difficult.

2.4 EFFECT OF AIR-VOID RATIO ON PROPERTIES OF HMA

The aim of compaction is to transform the mixture from its very loose state into a more coherent mass,
so that it can carry traffic loads. Another reason for compaction is to reduce the air voids in the mixture
to make it watertight and impermeable to air. If the air void ratio is too low the pavement will tend to
bleed or rut. If it is too high, the pavement will tend to have poor durability. According to Prowell &
Brown (2007), there should be an optimum air void ratio that correlates with the best combination of
strength and durability.

An experimental study on the effects of density (air void ratio) on the performance of HMA was
conducted by Del and Haddock (2006) at Purdue University. The results showed that, in terms of
permeability, the critical value of air void ratio is 7%. Below it, the mixtures have low permeability, but
above it, permeability increases exponentially with air void ratio. Dynamic modulus and initial stiffness
decrease with air void ratio, which predicts high rutting resistance of high-density mixture. Air void ratio
was also shown to have an indirect negative effect on fatigue property through the moisture content of
the mixture, because higher air void ratio can greatly increase the moisture content that has a significant
negative effect on fatigue resistance. According to the researchers, all mixture tests appeared to benefit
from higher density, so they recommended that mixtures should be designed and constructed to a
lower air void content.

Washington State Department of Transportation (MSDOT) studied the effect of air void on pavements
performance in Washington State (Willoughby and Mahoney, 2007). The study included a literature
review, a questionnaire survey and data analysis of the Washington State Pavement Management



System (WSPMS). All three sources of information confirmed that the air void content significantly
affects pavement performance. From experience, each 1% increase in air void (over the base of 7% of air
voids ratio) results in about 10% loss in pavement service life.

The relationship between air voids, lift thickness, and permeability in HMA pavement was investigated
in NCHRP report 531 (Brown et al., 2004). The authors showed that permeability was not only
influenced by in-place void content but also by coarse aggregate ratio. Coarse-graded Superpave mixes
can be excessively permeable even when in-place air voids are less than 8%. Gap-graded mixtures, such
as SMA, tend to become highly permeable when air voids are above approximately 6%. High in-place
voids are generally caused by inadequate compaction, so more emphasis must be placed on obtaining
adequate in-place density. In addition, higher lift thickness/NMAS ratios was found beneficial for in-
place compaction and reducing air void levels, because thinner layers cools more rapidly than thicker
layers. As a result, it was recommended that lift thickness/NMAS ratio should be at least three for fine-
graded mixes and at least four for coarse-graded and SMA mixes.

In a study performed in Indiana, the risk of low air voids in asphalt mixture was evaluated (McDaniel and
Levenberg, 2013). Excessive binder and fines content were found as the main reasons causing low air
void content. These mixtures experienced significant rutting in both surface and intermediate layers.
Mixtures with excessive binder content rutted faster than those with excessive fines. The research
suggested that removal should be considered for mixtures with air voids below 2.75%.

Recently, X-ray Computed Tomography (XCT) and Digital Image Processing (DIP) methods were used to
investigate the effect of air void distribution on mechanical properties of HMA. Using these methods,
Kassem et.al (2011) studied the effect of air voids distribution on fatigue cracking resistance of HMA.
They found that specimens with more uniform air void distribution had less variability in terms of fatigue
cracking resistance; specimens with high air void ratio were sensitive to the moisture damage. Using XCT
and DIP methods, Hu et.al (2016) investigated the fatigue damage of HMA with different air void
distributions. It was found that the air-void ratio of asphalt mixtures increased after fatigue damage;
decreasing the complexity (Fractal dimension) of air-voids can effectively reduce the fatigue damage of
asphalt mixture.

2.5 LOW-AIR-VOID MIXTURE DESIGN

Since the SHRP program, rutting distress has been reduced to a large degree. However, durability has
remained the main issue which affects the service life of asphalt pavement. The decreased durability is
mainly a result of the relatively high as-constructed air void ratio (8%~10%). Thus, controlling the air
void ratio to improve durability represents the main concern of mixture design.

Low air void ratio is often related to poor rutting resistance. However, efforts are being made to find out
possible ways to reduce the air void ratio, while keeping the rutting resistance unaffected. A project
called “Superpave 5” was proposed in Indiana in which the mixtures are designed at an air void ratio of
5% and are expected to be compacted to the same air void level in the field. The increase in the as-
constructed density can greatly improve the durability of the pavements. The 5% as-constructed air void



ratio was achieved by adjusting the gradation, without changing the effective binder content. In this
study, standard mixtures were designed with Ngesign=100, target air void ratio = 4% and target as-
constructed air void ratio = 7%. Then, the mixtures were redesigned with the target as-constructed air
void ratio = 5% and the gyration numbers were reduced to 30, 50 and 70, respectively, to only simulate
the construction compaction. Dynamic modulus and flow number of the standard and the redesigned
mixtures were compared. Results showed that the redesigned mixtures had similar dynamic modulus
and flow number values as standard mixtures. Since low as-constructed air void improves the durability,
redesigned mixtures were believed to outperform the standard mixture when constructed in the field.

Another method to improve durability was proposed by Wisconsin DOT (WisDOT). The method called
“regressed air voids” starts with designing a mix for 4.0% air voids, which is the current WisDOT practice,
and then predicts the amount of additional virgin asphalt binder needed to obtain 3.5% or 3.0% air
voids” (WHRP, 2016). The binder content increases approximately by 0.4% from original mix design.
Experiments will be conducted to verify the effects of this method on pavement performance.

2.6 CONTINUUM MODEL FOR THE COMPACTION OF ASPHALT MIXTURE

H. L. ter Huerne ( 2000; 2004) used critical state model from soil mechanics to simulate the field
compaction process of the asphalt mixture. To consider both the large deformation during compaction
process which comes from the fluid-like properties of hot mix asphalt, and the solid properties of the
asphalt mixture, the arbitrary Lagrangian Eulerian (ALE) formulation was used. The contact law between
a roller and the asphalt mixture was simulated in both normal direction and tangential direction of the
pavement surface. In normal direction, the contact was represented as a spring and a dashpot in
parallel, while in tangential direction, the contact was simulated only using a spring. The model can give
plausible stress, strain and deformation patterns, and reasonable compaction curve of the compaction
process. Since this model was derived from soil mechanics, it can capture the slippage between particles
during the compaction process. However, based on the critical state theory, only elastic and plastic
deformation were taken into consideration. The viscous effect of the asphalt binder was neglected.

Guler et al. (Guler, Bosscher, and Plesha 2004) employed a porous elasto-plastic compaction model to
simulate the laboratory gyratory compaction process using a finite element software. A pressure
dependent porous material with elastoplastic matrix was assumed to contract under a prescribed
compaction pressure induced by the gyratory compactor. Plastic strains were integrated from an
incremental elastoplastic constitutive equation by forward difference method. The constant parameters
of the model were calibrated using Levenberg-Marquardt nonlinear parameter estimation algorithm.
This model can predict well the gyratory compaction process, but neglecting the viscous effect makes
this model questionable. Also, treating the mixture as a solid body neglects the fluid effect brought by
the asphalt binder. Thus, this model is a rate independent model, which is different from the real
compaction process which is dependent on the rate of loading. Wang et al. (2006) used the same model
to simulate the field compaction process. Their research showed that this model could also qualitatively
simulate the field compaction process, since no model calibration was conducted. However, no
comparisons between field compactions and simulations were investigated.



Xia and Chi (Xia and Chi 2008) tried to predict the asphalt pavement compaction during field compaction
process using a viscoplastic foam model. They extended the rate-independent crushable foam plasticity
model to a viscoplastic model with volumetric hardening, so that the viscous effect could be taken into
consideration. Large deformation theory was also used in this process, which can, as the author
mentioned, be used in predicting the spatial density distribution induced by the compactor.

Koneru, Masad and colleagues (Koneru 2006; Koneru 2010; Masad et al. 2010) developed a
thermodynamics-based compressible viscoelastic model to simulate the compaction process. The model
was changed and developed from models they originally developed to simulate the permanent
deformation during the service time of asphalt pavement. Both field compaction and laboratory
compaction were simulated using this model. Several constants in this model, which are related to the
shear properties and viscous properties, were given as the key parameter being fitted in the
experiments. In this model, no anisotropic constitutive relationships were considered.

2.7 DISCRETE ELEMENT MODEL (DEM) FOR THE COMPACTION OF ASPHALT MIXTURE

Wang et al. (Wang et al. 2006) qualitatively simulated the field compaction using DEM in PFC3D. A
simple contact model was used to represent the inter-particle contacts and particle-roller contacts. The
effect given by different shapes of particles and particle contact properties were studied qualitatively.
The temperature effect was also taken into consideration by changing the stiffness of the inter-particle
contact model. Overall, this model is a simple DEM, which cannot predict the compaction curve during
compaction process. The contact laws between particles and between particles and the roller are
Hertzian contact law, which are not realistic for the case of asphalt mixture. Also, no experiments were
performed for considering the temperature effects.

Chen and his colleagues (Chen 2011; Chen, Huang, and Shu 2012; Chen et al. 2015) developed a more
realistic DEM model to simulate both the field compaction and gyratory compaction. The contact law
was set to be Burgers’ model, which contains a Maxwell section and a Kelvin section connected in series.
The model was simulated using YADE DEM code. In this model, only coarse aggregates were considered.
The effects of fine aggregates and binder was represented by the contact law between coarse
aggregates. Real aggregates gradation was used, but all the aggregates were considered as spheres. The
contact law was calibrated using experiments on the mastic. However, the predictions for gyratory
compaction and vibration compaction differed significantly from the experimental data. Their simulation
for asphalt pavement analyzer (APA) linear kneading compaction looked slightly better, but still, the
compaction rate and ultimate air void ratio cannot be captured. The deviations of simulations from
experimental data came from the unrealistic contact law which is derived from solid experiments of
mastic. Also, the volume of fine aggregates and the asphalt binder was not taken into consideration,
thus, the ultimate air void ratio from the experiments cannot be captured from these simulations.

2.8 GRANULAR COMPACTION DUE TO SHEARING

Researchers in physics communities have also investigated the compaction behavior of granular
assemblies. In the last decades, a number of studies investigated the compaction behavior of granular
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assemblies under tapping or shaking excitation, vibration or cyclic shearing. The microscopic analyses of
granular materials during compaction induced by tapping and shearing have been studied (Anita Mehta
and Barker 1994; Knight et al. 1995; Nicolas, Duru, and Pouliquen 2000). The relationship between
collective microscopic structure and the compaction dynamics has been explained (A Mehta, Barker, and
Luck 2004; Pouliquen, Belzons, and Nicolas 2003). Several equations describing the compaction behavior
were developed based on multiple time scale assumption (Barker and Mehta 1993; Philippe and Bideau
2002; Knight et al. 1995). Most of the researches focused on the compaction induced by tapping
excitation, while some other researches focused on the compaction due to shearing excitation. Both
types of experiments were conducted carefully to measure the evolution of solid volume fraction (the
ratio between solid volume and the total volume of the granular material) during experiments and track
the motion of certain particles. Furthermore, experiments related to the compaction of wet granular
assemblies (Fiscina et al. 2010) were also investigated.

However, based on our own interest, only the compaction due to shearing might be helpful to our
research on the compaction of asphalt mixture, since during compaction, the asphalt mixture is
subjected to constant pressure and most importantly shear stresses. The shearing granular compaction
investigated by physicists is cyclic shearing. Not many researchers investigated this topic. Nicolas et al. in
France performed compaction tests using cyclic shearing (Nicolas, Duru, and Pouliquen 2000; Luding,
Nicolas, and Pouliquen 2000). A sketch of the experiment setup is shown in Figure 2.1. In this
experiment, beads of diameter 2.97 + 0.06 mm were put into a parallelepiped shear cell. The granular
packing was confined by the top plate connected to a vertical displacement rail with position sensor to
measure the current height of the packing. During the experiments, the bottom plate was moved
horizontally to give the granular packing cyclic shearing excitation. In the experiments, all the beads
were coated with silicon oil to prevent them from surface deterioration during long-time experiments.
The authors stated that the same quantitative results were observed with and without lubrication, but
no proof was given to verify their statement. In the other experiment, based on the same experiment
setup, all the beads were immersed in a mixture of turpentine and methylnaphthalene so that the
packing was transparent and the colored beads could be tracked during compaction process. Yet, no
experiments were given to show the influence of adding lubrication or other types of liquids.
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Figure 2.1 Schematic of the shear cell and position sensor. D is the maximum horizontal displacement of the
bottom plate. h is the height of the packing tracked by the position sensor.

During the experiment, the inclination angle ¢ was tracked and considered as important as the tapping
intensity in the compaction due to tapping or shaking. Different inclination angles were tested in the
experiments. The authors also stated that changing the velocity of bottom plate and changing the
pressure did not affect any of the measurement, but no experimental results were given to prove this.
They ran the test for different shearing amplitudes: 2.7 degree, 5.4 degree, and 10.7 degree, and
obtained the compaction results. First, they ran the same experiment several times, and found that the
final volume fraction for different realization can vary significantly (about 10%). Secondly, by comparing
with classical fittings for granular compaction due to tapping or shaking, no reasonable agreement with
both the short and long-term behavior could be found. Besides, Mehta and Barker’s two exponential
function and the stretched exponential function also do not offer more convincing agreements. Also,
cyclic shearing can achieve larger volume fraction than tapping excitation.

The effects of a sudden change of shearing amplitude were also studied in the experiments (Nicolas,
Duru, and Pouliquen 2000). In the experiment, the shearing inclination angle was first set at 2.7 degree,
then was changed to 10.7 degree suddenly at 5000 cycles, and then was changed to 2.7 degree again at
10000 cycles. They found that when the angle was changed suddenly from 2.7 degree to 10.7 degree,
there was a sudden decrease of solid volume fraction on the compaction curve. Then the solid volume
fraction increased steadily. This shows the memory effect during compaction, and knowing the solid
volume fraction of the packing is not enough to predict the evolution of the system because the loading
history of the granular packing is also important for telling the compaction behavior. Furthermore, when
they suddenly decreased the inclination angle from 10.7 degree to 2.7 degree, there was also a “jump”
in the compaction curve. They also stated that the magnitude of the discontinuity during the sudden
change of inclination angle (the “jump”) is influenced by the history of packing, as well as the amount of
angle has been changed. The jump of volume fraction usually decreases with the increase of the age of
packing. More importantly, the jump of volume fraction is simply proportional and opposite to the
amount of angle change.
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The authors also studied the irreversible and reversible part of the compaction process continuously
changing inclination angle during compaction. They showed that the reversible part is a straight line
parallel to -a0. The authors also tend to believe that the shearing compaction contains two parts: one is
a slow and continuous compaction when the shear amplitude is constant, and the other is a rapid
response when a change in shear amplitude is imposed.

However, these studies mainly focus on the compaction behavior for different shearing amplitude, and
shear rate and shear stress, which are important to the compaction of asphalt mixture, were not
considered in these studies. Besides, the microscopic behavior, statistical mechanics of complex system,
and the analogues between the thermodynamics of granular compaction and the thermodynamics of
other non-equilibrium system, such as glasses, are the main topics in the studies of granular assemblies.

2.9 WET GRANULAR COMPACTION

Researchers at the University of Liege also studied the compaction behavior of wet granular assemblies,
during which the influence of viscosity and particle-particle interactions were investigated (Fiscina et al.
2010; Vandewalle et al. 2012; Lumay et al. 2013). The existence of liquid bridges did not influence the
qualitative behavior of the compaction process, but a decrease of both initial volume fraction and final
volume fraction was observed as a function of surface tension of different liquids used during the
experiments. This was due to the increase of capillary force when surface tension, y, was increased. The
initial volume fraction was obtained as a function of surface tension as follows

= 77*
1+a[l—exp(—7/7/0)]

o

where no is the initial volume fraction, n« is the packing fraction, a and yo are fitting parameters. Also the
relation between relaxation time scale and the surface tension were analyzed, and a model developed
from energetic approach was proposed to fit this relation.

0.7 1 v v v v v . (,
=] -
06 I '] 1007 1005k
0.5+ 1 % | 2¢ .
ng] 0.4 146% RH H 1 _ 804 § 10 M
22°C ® =
0.3 a 604e 4 1
0 10 20 30 40 S0 BO 7O @
0.8 — T b = 40l 0 10 20 30 40 50 60 70
0747 . ] = 7 (MN/m)
M. . o061 }\ e, Iﬁ ; 1] 20 46%RH ¢
10 iR PRVEN 'f --_i'_},} _______ ;__T ’32 c i ¢
04 122€ 1 o=t e .
U0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
'flmN.l'lml ’Y (mN!m)
Figure 2.2 Initial volume fraction and final volume Figure 2.3 Relation between relaxation time
fraction plotted against the surface tension of the scale in inverse logarithmic model and the

interstitial liquid in the granular system. (Fiscina et surface tension of the liquid in the
al. 2010) experiment. (Fiscina et al. 2010)
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Another research related to the influence of humidity on the behavior of granular compaction was also
conducted (Vandewalle et al. 2012). During this experiment, the humidity was controlled for different
experiments. The relationship between the relative humidity (RH) and volume fraction was analyzed.
The compaction curve looked similar to the phenomenological Kohlrausch-Williams-Watts (KWW) law.

Tzi_ﬁ%:l—exp{—(%)g}

where tis fitting parameter which can be seen as the relaxation time scale, 6 is the stretching exponents
which was fitted according to the experiments.

The authors used energetic approach to analyze the compaction process. They believed that for dry
granular packing, friction can introduce attractive forces between particles, and the electrical charges
represented a barrier for local reorganizations. For wet granular assemblies, the bridges formed by the
liquid between particles can also been regarded as an energetic barrier for local reorganizations.
Further, as the moisture content increases, the electrical charges between particles disappear
exponentially and liquid bridges can form by capillary condensation (Vandewalle et al. 2012). Therefore,
both triboelectric and capillary effects influenced the granular assemblies.

The effect of grain sizes was also investigated (Lumay et al. 2013). It was found that when the grain size
is getting larger, the ratio between weight and the cohesive forces increases. Therefore, the cohesive
forces could be unable to stabilize a loose packing (Lumay et al. 2013). They showed that the cohesive
forces play an important role for grain size below 50 um.

Li et al. (2014) studied the structural evolution of wet granular compaction using X-ray. Distribution of
free volume, contact number, pair correlation and high-order angular distribution functions were
analyzed based on the experimental data. A large amount of locally favored structures with fivefold
symmetry were observed when the packing is wet and short range attractive interactions exist. The
similarity between wet granular packing and colloidal gels was proposed, while dry granular compaction
showed no such similarity.

Vibration induced compaction of granular suspensions was studied by Kiesgen de Richter et al. (2015).
Experiments, similar to the classical experiments conducted at the University of Chicago by Knight et al
(Knight et al. 1995), were conducted and the images of compaction were captured during compaction
processes. The experimental results showed that the whole compaction process could be divided into
two stages: one is a fast stage corresponding to a rising compaction front propagated through the
granular suspension, the other is a slow stage where the packing compacts slowly and homogeneously.
The compaction curve was modelled using stretched exponential law, where stretching exponential for
two stages were roughly 2 and 0.45, respectively. The influence of interstitial fluid was also analyzed.
The authors assumed that the compaction of granular suspension is governed by the competition
between the granular pressure of the packing, P = Apg¢(t)h(t), and the lubrication stress, ouwxnAw/D.
Here, Ap is the density ratio between beads and fluid, ns is the viscosity of the fluid, and Aw is the
vibration liftoff velocity. The relation between relaxation time and the lubrication Peclet number Pey, =
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owb/P was investigated. They found that neither the tapping intensity I nor the vibration liftoff velocity
were the appropriate parameters which control the relaxation time scale, while the relaxation time can
be written as a function of Pe. Also, the volume fraction at the transition point, ¢, increased linearly

with the relaxation time. Proportional relation can be constructed between . and t.P/ns (Kiesgen de
Richter et al., 2015).
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CHAPTER 3: DEVELOPMENT OF DISCRETE COMPUTATIONAL
MODEL

3.1 INTRODUCTION

The mechanical properties and durability of asphalt mixture are an important area of research in civil
engineering as an understanding to how to maximize compaction efficiency would result in significant
cost reduction in related areas of infrastructure development and maintenance. While substantial
progress has been made in the last few decades in building effective and realistic models for simulating
the mechanical properties of asphalt mixture, little is known about the physics behind the compaction
process of asphalt mixture. The compaction process, which can dramatically influence the porosity of
the compacted asphalt mixture, is crucial to the mechanical behavior and durability of the asphalt
mixture in service. Under-compaction of asphalt mixture is linked to poor cracking resistance to traffic
and environmental stresses, and reduced durability due to increased aging and moisture susceptibility.
Freeze-thaw cycles in cracked asphalt pavements accelerate this deterioration process. Thus, predicting
the compaction behavior represents a critical element in improving asphalt mixtures design.

To predict the compaction behavior of hot asphalt mixtures, both continuum models and discrete
element models (DEM) have been used. Guler et al. (2004) used a modified continuum porous media
model to simulate the deformation of hot asphalt mixture during compaction. Koneru et al. (Koneru
2010; Koneru 2006; Masad et al. 2010) derived a visco-plastic model from the basic of thermodynamics,
which can give relatively accurate prediction of the compaction process of the asphalt mixture.

However, continuum models cannot capture the mechanism by which air void content decreased during
the compaction process. In addition, in continuum model it is difficult to model explicitly the influence of
the size distribution and shape of aggregates as well as the rheological properties of the binder and
mastic.

To overcome these difficulties, Discrete Element Models (DEM) were proposed to predict the
compaction behavior of asphalt mixtures. The main advantage of DEM is that it can explicitly model the
microstructural features of the asphalt mixtures, which allows us to capture the physical mechanisms of
the compaction process. Wang et al. (Wang et al. 2006) simulated the field compaction process by using
Hertzian contact law in a commercially available DEM software (PFC3D). Different inter-particle
collisional stiffnesses, particle sizes, and particle shapes, were considered. However, without model
calibration and comparison with the experiments, only qualitative results were possible. Chen et al.
(Chen 2011; Chen et al. 2015) simulated the compaction processes of Superpave gyratory compactor
and a vibratory compactor using DEM by using Burger's contact law in an open-source DEM code
(YADE), and through the comparison with experimental results it was demonstrated that the DEM is
capable of simulating the compaction behavior of asphalt mixtures.

Explicit modeling of microstructural features of asphalt mixtures leads to high computational demand of
DEM, especially when one wants to model the fine particles. The inter-particle interaction law is usually
determined by optimum fitting of the experimental results, where the fitting procedure involves a
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nonlinear optimization process. This optimization process could be challenging given the high
computation effort required for each trial DEM simulation.

To address these issues, we developed a two-scale DEM model for simulating the compaction process of
asphalt mixtures based on the concept of fine aggregate mixtures (FAM). In the DEM, only the coarse
aggregates are explicitly modeled, and the inter-particle interaction is characterized by a subscale DEM
simulation of the FAM. Preliminary compaction experiments on graphite nano-platelets (GNP) modified
asphalt mixtures are performed to examine the performance of the proposed DEM framework.

3.2 FORMULATION OF A SIMPLE INTER-PARTICLE CONTACT LAW

The key ingredient of the DEM is the inter-particle contact law. For DEM simulations of the compaction
process of asphalt mixtures, we consider two types of interactions, namely the inter-particle contact
force, and the lubrication force. The formulation of the constitutive behavior of these two types of

interactions is described in Figure 3.1.

; Partlcle z |

Figure 3.1 Kinematics of two adjacent particles.

The inter-particle contact force describes the force generated when two adjacent particles contact each
other. In this study, this contact force is represented by using the Hertzian-Mindlin contact model. The
normal contact force contains a nonlinear elastic term and a rate dependent dissipative term, and the
tangential contact force contains a linear elastic term and a rate dependent dissipative term. The
contact model can be written

FE™ = —kn8k — 11,8975, [3.1]

Fy " = min(—k.6358; — .69 vy, uF" [3.2]

where Fii-‘n and Fij-’t are normal and tangential contact forces between particle i and particle j. 6x is the
overlap in normal direction between particles in DEM simulations, which is given by 6, = R; + R; —
|ﬁ- - 13| (Figure 3.1). &:is the tangential relative displacement between two contacting points on two

contacting particles. v, and v; are relative normal velocity and relative tangential velocity, respectively.
kn, ki, nn, and n: are normal stiffness, tangential stiffness, normal damping coefficient, and tangential
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damping coefficient, respectively, derived from material properties of grains. In the simulation, particle
density is 2650 kg/m3, elastic modulus is 29 GPa, and the Poisson’s ratio is 0.20. In order to calculate the
dissipative term, coefficient of restitution is set to be around 0.2. According to Foerster et al., the
coefficient of friction is 0.1.

The second interaction force involves a so-called “lubrication” or “viscous” force associated with the
interstitial fluid. We use formulas for both normal and tangential viscous force proposed by Pitois et al.
(Pitois et al., 2000; Liu et al., 2013). These can be expressed as follows:

™t = 67”]fReffv (1-1/J1+V/(mReh?)) [3.3]
F° = 6mneRegrv, [ 1n (22) + 0.9588] [3.4]
where F/51 and FY5% are normal and tangential viscous forces between particle i and particle j. Res is

the effective radius calculated based on the radius of two contacting objects. V is the volume of fluid
between two particles, which can be calculated based on the radius of particles, fluid properties, and
the surface properties of particles, and h is the gap between two particles (Figure 3.2a). When
calculating lubrication forces, we consider the particle roughness, t, and maximum lubrication length,
Hmax. When the gap between two particles is larger than 2Hmax, the viscous force is decreased to 0.
When the gap between two particles is less than 2t, the viscous force becomes independent of the gap
distance. Figure 3.2b depicts a qualitative relationship between the viscous force and the particle gap
under the condition that the relative velocity is constant.

A concise expression for the governing equations (listed below, where m is the mass of particle j, J; is the

moment of inertia of particle i, 7; is the position vector, and §i is the rotation vector of particle /) may be
written:

() fFus

2t 2H

e e

Figure 3.2 (a) Schematic of viscous force interaction of two adjacent particles, in which Hmax is the maximum
lubrication length, and t is the surface roughness of particles. (b) A sketch of the relationship between particle
gap and viscous force for a constant relative velocity.
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m; — _ Z](Fcn + Fc t+Fv15cn F\_/isc,t [3.5]
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a?e; pot | pvisct =
]i?zl_zj[(Fij +Fy ) x 1y [3.6]
We solve Equation 3.5 and 3.6 for particle rotational and translational positions and velocities by using
the 4th order Runge-Kutta method.

The aforementioned DEM is used for some trial simulations of the compaction process in a Superpave
gyratory compactor. The main purpose of the simulations is to examine the qualitative behavior of the
compaction process. For this purpose, here we consider a simple viscous interstitial fluid with a
uniformly particle size distributions (r = 1.0 mm + 0.2 mm, where r is the radius of aggregates). Figure
3.3(a) shows a schematic of the imposed boundary condition of the simulation, and Figure 3.3b and c
show the placement of particles in a cylindrical chamber.

In these trial simulations, we first investigate the influence of the chamber size on the simulation results.
Here we consider three different chamber sizes D, i.e.: D = 7.07dmax, D = 10.00max, D = 14.1dmax, D =
20dmax, Where dmax = the maximum aggregate diameter. Figure 3.4 shows the evolution of air void ratio
versus the number of gyrations for different chamber sizes. It is clear that the chamber size has an
influence on the simulated compaction behavior when the size is not too large compared to the
aggregate size. However, when the chamber size becomes sufficiently large, the simulation results
essentially converge. This indicates that, for the actual simulation of the gyratory compaction process, it
is not necessary to simulate the actual size of the chamber. We can find a minimum representative
chamber size, which can essentially yield the same compaction behavior as the actual process. This will
significantly reduce the required computational time for the DEM simulation of gyratory compaction.

I ]
n I ’
i
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(a) (b) (c)

Figure 3.3 (a) Schematic of imposed motion and force for simulations of gyratory compaction, (b) side view of
DEM model, and c) oblique view of DEM model.
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Figure 3.4 Simulated evolution of air void ratio versus gyration number for different chamber sizes.

We also investigate the effect of inter-particle friction on the compaction behavior of the mixtures. For
this purpose, we consider a wide range of the values of inter-particle frictional coefficient: u, = 0.01,
0.05, 0.1, 0.2, 0.6, and 0.8. It is found that changing frictional coefficient can dramatically influence the
compaction curve. Figure 3.5 shows the simulated change of air void ratio versus the number of
gyrations for different input values of u,. It is seen that, as we increase the frictional coefficient from
0.01 to 0.2, the overall compaction performance is improved. However, a further increase in friction
coefficient is shown to have an adverse effect on the compaction process. Besides, it is seen that a
higher frictional coefficient also introduces unphysical large fluctuation effects to the whole system.
Therefore, it appears that there is an optimum frictional coefficient for the compaction performance.
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Figure 3.5 Simulated evolution of air void ratio versus gyration number for frictional coefficients.

Finally, we study the influence of the viscosity of inter-particle fluid on the compaction behavior. As a
parametric study, we vary the viscosity of the fluid in the simulation from a much wider range (from 20
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cP to 12500 cP) than that was typically found in the experiments. The simulation results are shown in
Figure 3.6. It is observed that, despite the wide range of viscosities, the simulated compaction behaviors
are essentially the same.
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Figure 3.6 Influence of the inter-particle fluid viscosity on the compaction behavior

From Figure 3.4 to Figure 3.6, we observe that the simulations predict that the system reaches a steady
state in about 5 gyrations, which is much faster than what is normally observed in the laboratory
compaction experiments. This indicates that the time scale governing the compaction behavior in model
does not match with the time scale of the actual compaction process. This could be due to the use of a
simple viscous interstitial fluid model. Meanwhile, the non-contact particle interactions we used in this
part are purely derived from the lubrication effect, which is too simple to describe the constitutive law
of the mixtures existing between two aggregates. In the actual mixtures, the fluid between the
aggregates consists of viscous binder and fines. Therefore, a more complex model will be needed.

3.3 DEVELOPMENT OF A TWO-SCALE DEM MODEL FOR ASPHALT MIXTURES

As mentioned earlier, one main drawback of DEM simulations is the required computational time
especially when the system contains a large amount of fine particles. In a recent study on DEM
simulations of low-temperature cracking of asphalt mixtures (Le et al. 2017), it was proposed to divide
the aggregates into two categories, namely coarse aggregates and fine aggregates. In the DEM, only the
coarse aggregates are modeled explicitly, and the contact law between the particles represents the
collective behavior of the asphalt binder and fine aggregates, which is called the fine aggregate mixtures
(FAM). It has been shown that the application of FAM effectively reduces the computational time of
DEM without compromising the accuracy of the simulation. In the study, we use the concept of FAM for
DEM simulation of the compaction process. In the DEM, the physical interaction between contacting
particles is modeled by using the Hertzian-Mindlin contact theory with the rate dissipative terms
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(Equations 3.1 and 3.2). The non-contact interaction between the coarse aggregates needs to capture
the nonlinear fluid-like behavior of FAM. To this end, we modify the simple lubrication model (Equations
3.3 and 3.4) by incorporating a more complex material model.

To derive the constitutive law for the non-contacting behavior of FAM, we first introduce the inertial
number of the system (Olivier Pouliquen and Forterre 2001; ; G.D.R. Midi 2004; Jop, Forterre, and
Pouliquen 2006; Forterre and Pouliquen 2008):

I = )'/d/\/ On/ Ps [3.7]

where y is the local shear rate of the system, d is the mean particle diameter, o is the local pressure,
and ps is the density of the particles. For a granular material without interstitial fluid, the effective
frictional coefficient, U, can be expressed as a function of /:

Ha—H1

1+1y/1 [3.8]

Heff = M1 +
where u; and iy, and Ip are fitting parameters, but y; and uz can be seen as the effective frictional
coefficients associated with quasi-static deformation and rapid collisional flows, respectively.

Adding interstitial fluid can bring much complexity to the system. Cassar et al. (2005) suggested that the
behavior of the granular system can be classified into three different regimes: (i) free-fall regime, which
is associated with dry granular system or where the effect of interstitial fluid is negligible; (ii) inertia
regime; and (iii) viscous regime. Boyer et al. (2011) proposed that in viscous regime, the granular
suspension can be fully described by another dimensionless number, i.e. viscous number:

I, = Tlf)'//Un [3.9]

And the frictional rheology can then be written as the following form:

Hest =ty + T+ I + 2.5¢m 1) [3.10]
where ¢rm is the maximum solid fraction of the granular system. When |, is large, the system will
converge to the Einstein rheology. Researchers also tried to investigate the transition from viscous
regime to inertia regime in dense suspensions, for which a new dimensionless number, K = I, + al?, was
proposed (Trulsson, Andreotti, and Claudin 2012), where « is a constant depending on the material
properties.

To take into account both the collisional and lubrication effects, we propose a direct rheology to
describe the behavior of granular system with wide range of both / and /,, where pes(/, I) = tc(l) +ue(l),
and uc is the effective frictional coefficient due to particle collisions, and ¢ is the effective coefficient
due to lubrication effect. Then, the overall frictional rheology can be written as

HUa—H1 U3

Mett =t + 0 Y o [3.11]
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In addition, we can also obtain the relationship between solid fraction (volume fraction of the solid part
only) and the dimensionless numbers, / and /,, by considering the separation of dilation due to particle
collision and lubrication interactions:

_ bm
¢ = (1+an)(1+&195+7) [3.12]

Here, we denote ¢n/(1 + al) as the collisional solid fraction, ¢.. We can then obtain the effective
viscosity in both normal and tangential directions using such rheology.

Mette = 1+ 26 (1 - ﬁ)_l + He (d,fid,)z [3.13]

Neftn = (#)2 [3.14]

where ¢ = (1 + al) ™ ¢y and uc = py + (1 + Io/D 7" (12 — 1)

Now consider the FAM in between any two adjacent coarse aggregates in the aforementioned DEM
simulation. Based on the relative position and relative velocity of the two aggregates, we can calculate
the normal and tangential stresses on the boundary of the FAM material (Figure 3.7) as

_ Vrel,ntVrelt
On = Neftnlf h [3.15]

v 1,
T = Nerallf— [3.16]

where nefin and nestt are effective viscosities in normal and tangential directions, respectively and Vrein
and vreit are the relative velocities between two surfaces in normal and tangential directions,
respectively. h is the distance between two surfaces.
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Figure 3.7 Formulation of non-contact interaction of FAM in DEM simulations.

We can then calculate the inter-particle viscous forces as
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Fy°e" = 6mRet0n(1 — 1/y/1+V/(wRgth?)) [3.17]

1

FY% = 6mR ght [ 1n (Z) + 0.9588] [3.18]
where Re is the effective radius, which is given by (Ri* + R;*)™. Similar to Equations 3.3 and 3.4, we
consider the FAM as the coating on the surface of coarse aggregates. Therefore, the maximum allowable
magnitude of h should be twice the size of the coating, which is calculated based on the volume of FAM

(Figure 3.2(b)).

By combining Equations 3.17 and 3.18 and the Hertzian-Mindlin contact theory, we can use Equations
3.5 and 3.6 to calculate the motion of each coarse aggregate, and therefore simulate the compaction

curve of the asphalt mixtures.
3.4 PRELIMINARY COMPACTION EXPERIMENTS AND DEM SIMULATIONS

The proposed DEM framework is used to simulate a set of preliminary compaction experiments. The
experiments involve both conventional asphalt mixtures and GNP modified asphalt mixtures. The
aggregates were obtained from a local company. Figure 3.8 shows the size distribution of aggregates,
based on which we group aggregates of a size larger than 2.36 mm as coarse aggregates. The FAM
consists of aggregates size less than 2.36 mm and the binder. In this experiment, we use two types of
binders: unmodified PG 58-28 and PG 58-28 modified by GNP 4827. For GNP modified binders, four
different amounts of GNP (0.5%, 1.0%, 3.0%, and 6.0% by weight of the binder) are considered.
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Figure 3.8 Sieve analysis of aggregate size

We first use a rotational viscometer to determine the viscosity of asphalt binders at different shear rate
and different temperature. For each blend, the specimens are tested at angular velocity of 5 rpm, 10
rpm, 20 rpm, 50 rpm, and 100 rpm, and temperature of 100°C, 110°C, 120°C, 130°C, and 140°C. We first
put the asphalt binder into the oven of 150°C, and then mix GNP and asphalt binder together using a
high speed rotational mixer at constant temperature of 140°C.
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Figure 3.9 Measured viscosity of asphalt binders: a) at different temperatures, and b) at different strain rates at
130°C.

As seen in Figure 3.9, as we increase the temperature, the viscosity of asphalt binder decreases. At low
temperatures, the change in GNP concentration has a more significant effect on viscosity than at high
temperatures. When the temperature is at 130°C or 140°C, the addition of GNP does not affect the
viscosity of asphalt binder. In general, we observe that adding GNP leads to an increase in viscosity.

Compaction experiments are performed at 130°C. The pressure is kept constant at 600 kPa, the angle of
gyration is set at 1.25 degree, and the gyratory rate is 30 gyration/min. Figure 3.10 shows the
compaction curves experimentally obtained.
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Figure 3.10 Measured compaction curves for both unmodified and modified asphalt mixtures.

It can be seen that the addition of a small amou