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UNITS CONVERSION

SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO Sl UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mrm
ft feet 0305 meters m
yd yards 0914 meters m
mi miles 161 kilometers km
AREA
in® square inches 452 square millimeters mm?
ft2 square feet 0.093 square meters m?
yif square yard 0836 square meters m*
ac acres 0405 hectares ha
mi square miles 259 square kilometers ke
VOLUME
fl oz fluid ounces 2957 milliliters mL.
gal gallons 3785 liters L
ft? cubic feet 0.028 cubic meters m°
yf cubic yards 0765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
ford ounces 2835 grams s}
s} pounds 0454 kilograms kg
T short tons (2000 |b) 0207 megagrams {or "metric ton') g for "t
TEMPERATURE (exact degrees)
= Fahrenheit 5(F-32)9 Celsius iz
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10,76 Jux %
fl foot-Lamberts 3426 candelaim?® cdim?
FORCE and PRESSURE or STRESS
Iof poundforce 445 newtons N
Ibffin® poundforce per sguare inch 589 kilopascals kFa
APPROXIMATE CONVERSIONS FROM Sl UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
I millimeters 0039 inches in
m meters 328 feet it
M meters 109 yards yid
km kilometers 0621 miles mi
AREA
mm= square millimeters 00016 square inches in®
m* square meters 10764 square feet ft?
m* square meters 1.195 square yards yf
ha hectares 247 acres ac
km® square kilometers 0.386 sguare miles mi
VOLUME
mL milliliters 0034 fluid ounces fl oz
L liters 0264 gallons gal
e cubic meters 35314 cubic feet ft®
m° cubic meters 1.307 cubic yards v
MASS
q grams 0.03% aUnces 0z
kg kilograms 2202 pounds ls]
Mg (or "t megagrams [or "metric ton") 1.103 short tons (2000 (k) i
TEMPERATURE (exact degrees)
@ Celsius 18C+32 Fahrenheit i
ILLUMINATION
s I 00929 foot-candles fc
cdim? candelaim? 02919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
] newtaons 0225 poundforce |bf
kFa kilopascals 0145 poundforce per square inch Ibffin?

=51 is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380
(Revised March 2003)
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EXECUTIVE SUMMARY

Open-graded friction courses (OGFCs) are thin layers composed of open-graded asphalt
mixtures placed on top of regular pavement structures with the goal of improving traffic safety
conditions during rainy events and controlling the noise produced by the tire-pavement
interaction. One main challenge of this type of mixture is its short durability, which is mainly
caused by raveling (i.e., the loss of aggregate particles from the surface of the layer). Efforts to
prevent raveling in this type of mixture have included enhanced material selection procedures
(e.g., modified binders, increased asphalt binder content, use of mineral or cellulose fibers, and
high-quality aggregates), requirements on volumetric properties, and identification of suitable
project conditions (e.g., high-speed roads). These efforts have extended the life of OGFC
mixtures, but nevertheless, raveling continues to occur, which implies an increase in the costs of
maintenance and rehabilitation activities. Thus, the use of new commercially available materials,
such as a heavily polymer-modified (HP) binder, which is produced at a polymer dose
modification ranging between 6% and 8% by weight of binder, could be a viable option to
improve the raveling resistance of OGFCs.

The objective of this project was to evaluate whether the use of performance grade (PG) 76-22
HP binders that satisfied the requirements of FDOT specifications, Section 916-2 could produce
more durable FC-5 mixtures than those obtained with a control PG 76-22 polymer-modified
asphalt (PMA), as well as their cost effectiveness. To accomplish this goal, the project included a
comprehensive experimental plan at the binder, mastic, and mixture levels, as well as
computational mechanics simulations and life-cycle cost analysis (LCCA).

The experimental portion of the work plan included two main components:

e Evaluating and comparing the rheological properties of the PMA and HP binders and of
mastics obtained from combining both types of binders with two aggregate types (i.e.,
granite from Junction City Mining and limestone from White Rock Quarries)

e Assessing the cracking performance and durability of FC-5 mixtures that were prepared
with these same materials.

The viscoelastic behavior, aging susceptibility, and mechanical performance (i.e., creep recovery
and fatigue resistance) of the binders were determined at different aging conditions through:

The Superpave PG classification

Frequency and temperature sweep tests at low strain levels
The Glover-Rowe parameter

Fourier transform infrared spectroscopy tests

Multi-stress creep recovery tests

Pure linear amplitude sweep tests.

The binder test results showed that both the PMA and HP binders had improved PG grades (i.e.,
PG 82-22E and PG 82-28E for PMA and HP, respectively) than their commercial labels. The
rheology results conducted on both binders and corresponding mastics showed that the PMA
binder had improved linear viscoelastic (LVE) properties as compared to the HP binder, which
could be due to differences in the base binder used for modification. Nevertheless, the HP binder
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had an overall superior performance since it was less prone to aging and had better mechanical
response in terms of ductility and cracking susceptibility. Additionally, the results of the LVE
properties of the mastics prepared with the combination of the two binders and two aggregates
showed that their behavior was more dependent on the type of binder than on the type of
aggregate. Also, the inclusion of fillers reduced the differences in the dynamic modulus master
curves that were observed for the binders. Surface free energy tests were also conducted on the
binders and mastics, and the information was used as input in the numerical models.

In terms of asphalt mixture characterization, FC-5 mixtures were fabricated with the two types of
binder and both sources of aggregates to a target air void content of 20+1% and subjected to
multiple aging states. The fracture properties of the mixtures were assessed through the indirect
tensile asphalt cracking (IDEAL) test and the semicircular bending (SCB) test; the FM 1-T 283
test was performed to evaluate the moisture damage susceptibility of the mixtures; and, finally,
the Cantabro abrasion loss test for OGFC mixtures—which corresponds to the Los Angeles
abrasion test without the steel balls and with various cycles—was used to evaluate the durability
of the mixtures. Overall, the results of the IDEAL and SCB tests showed that the most influential
factor on the cracking resistance of the mixtures was the type of binder. Indeed, FC-5 mixtures
fabricated with the HP binder showed better performance than those prepared with the PMA
binder, regardless of the type of aggregate used. The results of the Cantabro abrasion loss test
with multiple cycles demonstrated that aging had a significant impact on the durability of the
mixtures, especially for those fabricated with the PMA binder. Overall, the FC-5 mixtures with
HP in combination with the granite aggregate showed better durability results than all other
mixtures, although the FC-5 with the HP binder and limestone aggregate presented better
resistance to degradation up to the first stage of aging. The results of moisture susceptibility were
inconclusive in terms of the influence of the aggregate or binder type.

It is noteworthy that these experimental results on binders, mastics, and mixtures correspond to
specific PMA and HP binders that were obtained from a single producer source. Moreover, since
the PMA binder had an improved PG grade, the relative differences between PMA and HP
binders might vary if other sources of these commercial binders are evaluated.

Two-dimensional finite element (FE) models were developed to evaluate the response of the
FC-5 mixtures under realistic field operational conditions. The FE models were implemented in
Abaqus®, and their goal was to compare the mechanical response and expected raveling
susceptibility in two moments of the service life of the OGFC layer:

e Inashort-term aging condition (i.e., right after construction)
e Inalong-term aging condition (i.e., after several years of service).

The susceptibility of the FC-5 mixtures to raveling after short-term field aging was evaluated
using a parameter called the raveling index, which measures the susceptibility to raveling based
on the amount of energy dissipated at the stone-on-stone contacts during the pass of a wheel
load. The susceptibility of the mixtures to raveling after long-term aging was evaluated using
cohesive zone modeling (CZM) elements located within the stone-on-stone contacts of the
microstructure of the FC-5 mixtures and a new index called energy remaining. These CZM
elements use fracture mechanics principles to simulate the actual failure at these contacts; which
represent raveling initiation and propagation. The results demonstrated that the long-term aging
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condition models that incorporated fracture mechanics principles were more appropriate to
simulate the initiation of raveling processes at the stone-on-stone contacts of the OGFC, and the
results showed that FC-5 mixtures with HP were less prone to raveling under field conditions.

Finally, an LCCA was conducted using the information obtained from the experimental work to
compare the four FC-5 mixtures evaluated. Using available cost data and adding a measure of
uncertainty to the values through Monte Carlo simulations, researchers calculated the net present
value (NPV) for the four FC-5 mixtures. The results showed that the expected NPV value and its
corresponding volatility were smaller for the FC-5 mixtures with the HP binder, suggesting that
this type of binder offers a cost-effective alternative for increasing the durability of OGFCs.
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1.0. INTRODUCTION

Open-graded friction courses (OGFCs) are a particular type of asphalt mixture placed at the
surface of conventional pavement structures. These mixtures differ from traditional dense-graded
hot mix asphalt (DGHMA) mixtures mainly in their volumetric properties. While conventional
DGHMA has air void content in the range of 4% to 7%, the air void content in OGFC is typically
between 18% and 22%. These air void contents, which are achieved by controlling the gradation
of the mixture and by the compaction effort applied during the construction of the layer in the
field, provide high permeability properties, which translate into superior performance of the
material under wet weather conditions (i.e., water can be removed from the pavement surface
quickly). The existence of large-sized pores in the microstructure of the OGFC also contributes
to the reduction of noise generated at the pavement-tire interface caused by passing traffic. Due
to these benefits, several states routinely use these mixtures.

Unfortunately, challenges and shortcomings related to the use of OGFC also exist. Several
studies have indicated that one main disadvantage of these mixtures is their poor durability and
short service life (Cooley et al., 2009). Indeed, the reported average service life of OGFC
mixtures is between 6 and 12 years, which is less than the typical service life of DGHMA (i.e.,
12 to 18 years), as stated in several studies (Huber, 2000; Huurman et al., 2010; Yildirim et al.,
2007). The shorter service lives of these materials compared to DGHMA imply frequent
maintenance and rehabilitation interventions. This condition, in conjunction with the fact that the
typical cost of OGFC per ton of material is higher than that of DGHMA (according to Root
[2009], between 30 to 38% larger), strongly affects the life-cycle cost of OGFC.

Several authors have reported that the main factor affecting the durability of the mixtures is
raveling (Huber, 2000; Cooley et al., 2009). Raveling is defined as the continuous loss of
aggregate particles from the surface of the OGFC. This degradation may be aggravated by the
presence of moisture and/or by intense winter conditions. In general, raveling affects riding
quality and accelerates the appearance and evolution of other distresses, causing an overall
reduction in the serviceability of the pavement.

To prevent raveling, most state agencies, including the Florida Department of Transportation
(FDOT), have restricted the materials that can be used in these mixtures, developed mix design
methods, specified construction and maintenance techniques, and limited the operation
conditions of the roads where the mixtures can be placed. Although the improvements in the
selection of materials and design and construction practices have demonstrated a positive impact
on the durability of OGFC, there is still a need to better understand the mechanisms related to
this degradation and to explore alternatives to produce more durable mixtures.

Heavily or highly polymer-modified binders (i.e., polymer modification between 6% and 8% by
weight of binder) have demonstrated superior performance characteristics in DGHMA.. Existing
modeling, experimental, and full-scale studies (Willis, 2012, 2016; Kluttz et al., 2009) suggest
that these types of binders significantly improve the performance of asphalt mixtures. Therefore,
based on the promising results observed in DGHMA, it may be possible that heavily polymer-
modified binders could also develop stronger and more durable adhesive aggregate-binder bonds
in OGFC, positively improving the resistance of these materials to raveling and increasing the
overall durability of the mixture.
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Therefore, the objectives of this project were to:

e Assess the durability of OGFC mixtures (also called FC-5 mixtures in Florida) prepared
with a control performance grade (PG) 76-22 polymer-modified asphalt (PMA) binder
(i.e., polymer modification between 2 and 3% by weight of binder) and with a PG 76-22
heavily polymer-modified (HP) asphalt binder (PG 76-22 HP) that complies with FDOT
specifications, Section 916-2.

e Conduct a numerical simulation to evaluate the raveling behavior of the FC-5 mixtures
under different in-service conditions.

e Perform a life-cycle cost analysis (LCCA) to evaluate whether the differences in FC-5

mixture durability would compensate for the higher initial cost of the PG 76-22 HP
binder.

Figure 1-1 illustrates the project’s work plan components.
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Figure 1-1. Work Plan Components.
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This report details the results of the three objectives. Chapter 2 presents a summary of the
literature review on the topics of OGFC and HP binders. The chapter is divided in several
sections, including:

e Anoverview of OGFC and recent relevant techniques and advances related to this type of
mixture.

e Research conducted by FDOT on OGFC.

e A brief description of existing computational models in finite elements (FEs) that have
been developed to better understand and quantify raveling in OGFC.

e The main characteristics and properties of binders that satisfy the general definition of
HP binders based on their polymer modification dose, including a compilation of
experiences in the United States, Europe, Japan, and Latin America, including
applications in OGFC.

The literature review includes the opinions and perceptions on the use of HP binders from
experts in the United States, Brazil, The Netherlands, Germany, and Japan.

Chapter 3 details the materials used to fulfill the experimental test plan, including two aggregate
types and two binder types:

e Aggregates: oolitic limestone and granite.
e Binders: PG 76-22 PMA and PG 76-22 HP.

All individual components complied with the specifications defined by FDOT for FC-5 mixtures
and are currently being used in the production of FC-5 mixtures in Florida.

Chapter 4 describes the experimental test plan, which includes test procedures aimed at
determining critical material properties of binders, mastics, and FC-5 mixtures. The results from
these tests were used to identify differences in material properties containing PMA and HP
binders, and to estimate service life.

Chapter 5 presents the results of the laboratory experiment results, which had two parts:

e Evaluating and comparing the rheological and surface energy properties of the PMA and
HP binders and mastics obtained from combining both types of binders and aggregates.

e Assessing the cracking performance and durability of FC-5 mixtures that were prepared
with these same materials.

The aging susceptibility and mechanical performance (i.e., creep recovery and fatigue resistance)
of the binders were determined through:

The Superpave PG classification.

The Glover-Rowe parameter (G-R).

Fourier transform infrared spectroscopy (FTIR) tests.
Multiple stress creep recovery (MSCR) tests.

Pure linear amplitude sweep (PLAS) tests.
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For the binders and mastics, the viscoelastic behavior and adhesive/cohesive characteristics were
evaluated using:

e Frequency and temperature sweep tests at low strain levels.
e Surface free energy (SFE) tests.

In terms of asphalt mixture characterization, FC-5 mixtures were fabricated with the two types of
binder and both sources of aggregates to a target air void (AV) content of 20£1% and were
subjected to multiple aging states. The fracture properties of the mixtures were assessed through
the indirect tensile asphalt cracking test (IDEAL-CT) and the semicircular bending (SCB) test;
the moisture damage susceptibility of the mixtures was evaluated per FM 1-T 283; and the
durability of the mixtures was evaluated with the Cantabro abrasion loss test for OGFC
mixtures—which corresponds to the Los Angeles abrasion test without the steel balls—and, in
the case of this project, with various test cycles.

Chapter 6 details the numerical FE models used to quantify the raveling susceptibility of the
FC-5 mixtures under various conditions. To complement the experimental portion of the work
plan, two-dimensional (2D) FE models of a pavement structure with realistic OGFC with two
thicknesses were used to assess the expected durability of the FC-5 mixtures. The main objective
of these FE models was to evaluate the response of the different FC-5 mixtures under realistic
field operational conditions. The models were implemented in Abaqus®, and their goal was to
compare the mechanical response and expected raveling susceptibility at two moments of the
pavement service life: after short-term aging (i.e., right after construction) and after long-term
aging (i.e., after several years of service). The susceptibility of the FC-5 mixtures to raveling
after short-term field aging was evaluated through the raveling index (RI), a parameter that uses
the linear viscoelastic properties of the mastics coating the coarse aggregates of the OGFC to
quantify raveling susceptibility based on the amount of energy dissipated at the stone-on-stone
contacts during the pass of a wheel load (Manrique-Séanchez et al., 2016). The susceptibility of
the mixtures to raveling after long-term aging condition was evaluated using cohesive zone
modeling (CZM) elements located in the FE geometries within the stone-on-stone contacts of the
microstructure of the FC-5 mixtures, and a new index called energy remaining (ER). These CZM
elements use fracture mechanics principles and were useful to simulate actual failure at these
contacts, which represent raveling initiation and propagation. Some of the material properties
measured experimentally were used as input parameters to the FE models (i.e., linear viscoelastic
properties of the mastics and fracture properties of the mixtures at different aging conditions),
while others (i.e., Cantabro abrasion test results) were used to validate the results obtained from
the simulations.

Chapter 7 describes the LCCA of the different FC-5 mixtures. The goal of the LCCA was to
evaluate whether the expected long-term benefit of the FC-5 mixtures fabricated with the HP
binder justified the added cost compared to mixtures prepared with the conventional PG 76-22
PMA binder. The results from the experimental work (i.e., durability through Cantabro tests and
fracture properties of the OGFCs) and the available cost data were used to estimate degradation
curves of the FC-5 mixtures. One important component of these analyses was the inclusion of a
measure of uncertainty of the degradation processes through Monte Carlo simulations. The
results of the LCCA were the net present value (NPV) of the service life of each FC-5 and the
volatility or uncertainty associated with this value.
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The last chapter, Chapter 8, summarizes the report findings and provides conclusions and
recommendations based on the experimental, numerical, and cost analysis observations.
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2.0.

LITERATURE REVIEW

OGFC mixtures have been used as part of road infrastructure projects during the past six
decades. In Europe, OGFC was first used in 1960, and 10 years later it was introduced in the
United States under the name first-generation OGFC (Mallick et al., 2009; Gunaratne and Mejias
De Pernia, 2014). OGFC mixtures are thin layers placed on top of pavement structures with the
goal of improving the serviceability of the road, mainly in regard to safety and noise reduction.
These improvements are achieved by a large AV content in the mixtures, usually between 15 and
20% (Thai, 2005; Hernandez-Séaenz et al., 2016), which translates into a highly permeable road
surface. The AV content requirements for OGFC mixtures in various states in the United States
are listed in Table 2-1.

Table 2-1. AV Content Requirements for OGFC Mixtures in Several States in the United

States; Information Partially Compiled from Watson et al. (2018).

State AV Requirement
Alabama Min. 12%
Florida” Not specified
Georgia 18-20%

20-22% for PEM
Louisiana 18-26%
Maine 18-22%
Maryland Min. 18%
Muississippi Min. 15%
Nebraska 17-19%
New Jersey Min. 15, 18, or 20% depending on mix
North Carolina Min. 18%
Oklahoma Min. 18%
Tennessee Min. 20%

Texas 18-22%

Virginia Min. 16%

* No ranges or minimum values were identified in the current
specification.

** A porous European mix (PEM) is a type of OGFC with stricter
requirements for the quality of materials and the minimum AV content.

The main reason OGFC is used in several states in the United States is the safety benefits it
provides, especially under raining conditions, including the following:

Reduced risk of hydroplaning (Dell’acqua et al., 2011).

Increased initial friction resistance (Adam and Shah, 1974; Brunner, 1975; Huddleston et
al., 1991).

Reduced backsplash and spray from vehicle tires (Nicholls, 1997; Rungruangvirojn and
Kanitpong, 2010).

Improved visibility of pavement markings (Lefebvre, 1993).

Improved car speed and traffic capacity (Cooley et al., 2009).
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Despite these benefits, the use of OGFC in the United States has declined since the 1980s,
mainly due to durability issues. In addition, states in the northern portion of the United States
face problems related to maintenance during winter seasons, primarily because OGFC tends to
freeze and retain the ice longer, and the application of sand, salt, or other treatments that are
commonly used to prevent ice formation tend to clog the AV structure of the mixture
(Hernandez-Séenz et al., 2016; Watson et al., 2018). Figure 2-1 shows the current use of OGFC
in the United States according to a recent survey; most states in the southern portion, including
Florida, currently use this type of mixture.

AT G .
A &
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DO NOT USE
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[[1] NO RESPONSE

Figure 2-1. Use of OGFC in the United States by State (Hernandez-Saenz et al., 2016).

The ongoing challenge with OGFC is achieving a balance between durability and functionality
of the mixture. As previously mentioned, the principal distress affecting the durability of these
mixtures is raveling, a degradation process that consists of the loss of aggregates from the
surface of the layer (Mo et al., 2008). The principal factor threatening functionality is clogging,
which reduces the effective AV content of the mixture and, consequently, its permeability
(Kandhal 2002, Rand 2004). Several countries and states in the United States currently using
OGFC have actively conducted research to improve the design, construction, and operation of
these types of mixtures, with the objective of achieving more durable and functional materials.

Europe has extensive experience using and improving OGFC mixtures, commonly called PEMs.
Although PEMs share several common characteristics with OGFC mixtures used in the United
States (e.g., the requirement for better materials than those used for DGHMA mixtures, and the
specification of a minimum level of AV content), important differences are that PEMs have more
gap-graded aggregate gradations and that the requirements for the materials used in their
fabrication are, in general, more demanding than those typically specified in the United States
(Thai 2005). Furthermore, although the safety benefits obtained with the use of OGFC mixtures
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motivate the use of these materials, the most important reason for using PEMs in Europe is the
environmental benefits achieved in terms of noise reduction (Bendtsen and Larson, 1999;
Mitchell, 2000; Keafott et al., 2005; Voskuilen and Elzinga, 2010; Eck et al., 2010).

Most research projects conducted on these mixtures in Europe have focused on achieving higher
noise reduction levels and longer durability. Some projects conducted in this area in recent years
include:

e Roads to the Future, a project conducted in The Netherlands between 1996 and 2010.

e Silent Roads for Urban and Extra-Urban Use, a joint program from the European Union
conducted between 1998 and 2002 (CORDIS, 2017).

e Program of Research, Experimentation, and Innovation in Land Transport, a project
funded by the French Government that included three phases between 1990 and 2006
(Centre d’Etudes et d’Expertise sur les Risques, I’Environnement, la Mobilité et
I”’Aménagement and Ministére des Transports France, 2017).

e Sustainable Road Surfaces for Traffic Noise Control, a joint research European program
conducted between 2002 and 2005 (Pucher et al., 2017).

e Harmonoise, a joint research of the European Union conducted between 2001 and 2004
(Peeters and Blokland, 2007).

Some of the European countries that were identified during this literature review as having
extensive experience in OGFC are The Netherlands, Denmark, Italy, the United Kingdom,
France, and Germany. Also, countries like Belgium have decreased the use of OGFC due to
raveling, clogging, and maintenance costs (Gibbs et al., 2005). A U.S. panel of professionals and
experts on pavement engineering and road materials that visited Europe in 2004 identified the
following aspects as those that should be reviewed and improved in the United States (Gibbs et
al., 2005):

e Consider OGFC as a pavement structural layer.

e Achieve equivalent OGFC service life as the mixtures observed in Europe.

e Determine critical mix design issues that need to be improved.

e Establish and quantify incremental costs associated with the use of OGFC in the long
term associated with the use of special equipment for maintenance and the need for
earlier rehabilitation activities.

Since The Netherlands applies OGFC extensively in its national road network (i.e., more than
80% of its current road network includes OGFC) (Voskuilen and Elzinga, 2010), The
Netherlands has conducted numerous studies on this topic. One example of these efforts includes
research developed in 2016 that evaluated the OffenPoriger asphalt (OPA) (i.e., the German term
for OGFC) design specification that was used at the time in Germany, in order to offer
recommendations to improve specifications (de Bondt et al., 2016). Using a series of OGFC
mixtures that were fabricated in the laboratory and later constructed in the field at different
thickness (50 and 60 mm thickness), the researchers evaluated durability and the capacity of the
layer to absorb noise. Among other results, they found that:
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e This range of OGFC thicknesses optimizes noise reduction measured via acoustic
impedance because the absorbed noise peaks corresponded to low frequencies (600 Hz or
below).

e Sanding the surface after paving increased the skid resistance of the pavement.

e The mastic present in the mixture could be engineered to have a positive impact on the
service life of the pavement.

e Proper management of the materials (i.e., production and handling optimization) and
strict construction quality control procedures could increase the durability of these layers
by up to two years.

After the completion of this study, a new OGFC Dutch specification was issued with the goal of
improving quality and the economic feasibility of this type of mixture (de Bondt et al., 2016).
Section 2.4.4 of this document presents a more detailed description of the experience in Europe
using OGFC.

2.1. NOVEL AND RECENT RESEARCH IN OGFC

As mentioned previously, the main challenges associated with OGFC are prevention and control
of raveling, as well as clogging (Varadhan, 2004; Hernandez-Séenz et al., 2016). Some important
advances that have been made in Europe to overcome these difficulties include the introduction
of multilayer OGFC mixtures, also known as two-layer porous asphalt (TLPA). This OGFC
system has been used for nearly 20 years and consists of a coarse bottom layer (aggregate size
from 16 to 22 mm) and an upper layer with a finer gradation (aggregate size from 5 to 8 mm)
(Kandhal, 2004; Hamzah et al., 2013) (Figure 2-2). The operation principle of this system is that
the top layer works as a sieve, retaining the dirt and sand that could clog the bottom layer, and
this layer could be easily washed twice a year with appropriate cleansing machines that apply
both pressure washing and vacuum techniques (Hamzah et al., 2013).

Figure 2-2. Example of Field Specimens in Norway with TLPA (Gibbs et al., 2005).

Evidence shows that TLPA significantly reduces noise levels when compared to conventional
single-layer OGFC—4 dB less noise than conventional OGFC with traffic speeds ranging from
30 to 130 km/h (Gibbs et al., 2005). Based on the information reported by Gibbs et al. (2005),
the thickness of the total structure is approximately 2.75 in. (7.0 cm), in which 1.0 in. (2.54 cm)
typically constitutes the top layer, and the height of the bottom layer is around 1.8 in. (4.5 cm).
In general, the experiences with the TLPA system have demonstrated good performance when
the system is properly designed, constructed, and maintained. Denmark has also investigated the
performance of these systems by evaluating different characteristics of the pavements throughout
their service life (Gibbs et al., 2005). Among other results, the AV content of the material in
porous asphalt mix single surface layers with an 8-mm maximum aggregate size (DA8) and an

= Texas AsM
A Tran: i

1sportation
"Ml [nsiitute g




initial AV content between 18%—-22% decreased by about 3% after six years in service; this is an
important finding because it could be used as part of life-cycle analyses to evaluate the
functionality of the material with time and develop appropriate maintenance strategies.

Another innovation with respect to OGFC is the use of recycled asphalt pavement (RAP) in the
design and fabrication of these mixtures. The Netherlands initiated a study in 2010 that is still in
progress, in which field validation is being done in order to develop a specification to incorporate
up to 50% RAP in OGFC mixtures (Voskuilen and Elzinga 2010). The motivation for the study
is the lack of suitable materials for pavement construction and the need to import them from
neighboring countries such as Germany (Voskuilen and van de Ven 2010). This study has
involved a series of tests (e.g., indirect tensile test, indirect tensile strength ratio, Cantabro loss
test, and rotating surface abrasion test, among others), and the laboratory results so far have been
promising, which prompted the recently initiated evaluation of the material in field trials.

In the United States, the most recent research effort related to OGFC at the national level include
National Cooperative Highway Research Program (NCHRP) project 9-50, conducted by the
National Center for Asphalt Technology (NCAT) between 2013 and 2016 (Watson et al., 2018),
with the objective of developing an improved design methodology for these mixtures. Some of
the findings obtained from the NCHRP project included the following:

e The parameter voids in coarse aggregate (VCA) is not required as part of a successful
OGFC design methodology.

e A minimum permeability level of 50 m/day measured via falling head permeability
apparatus is related to an OGFC that has 15% AVs in the field.

e The use of fibers is efficient to control draindown.

e A maximum value of 20% for Cantabro loss was suggested as a parameter to control
raveling, a condition that was not achieved by some of the mixtures evaluated, including
a typical Florida OGFC design.

e The minimum permeability and corresponding AV content should be correlated with the
amount of annual rainfall, with a minimum permeability of 100 m/day recommended for
places with more than 60 in. of annual rainfall.

e Test procedures to assess the moisture susceptibility of the mixture were recommended
based on the tensile strength ratio (TSR) concept.

e The indirect tensile strength test and the Illinois flexibility index (I-FIT) test (based on
the SCB test) were recommended to quantify the cracking resistance of the materials.

e The use of modified binders, including a PG 88-22, which is an HP, excelled in
performance (i.e., rutting resistance and Cantabro loss) but presented some difficulties
related to draindown and decreased permeability.

NCHRP project 9-50 evaluated three types of asphalt binders with the gradation and materials of
a Georgia OGFC that had reported good performance in the field. The binders included a 3%
polymer-modified asphalt, a 12% modified asphalt rubber (ground tire rubber [GTR] binder
classified as PG 76-22), and a 7.5% HP binder as listed in Table 2-2. None of the OGFC
mixtures fabricated with these binders included fibers. A control OGFC fabricated with a 2.5%
styrene-butadiene-styrene (SBS) modified binder (PG 76-22) and 0.4% fibers by total weight of
mixture was also included in the study.
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Table 2-2. Mix Characteristics for NCHRP Project 9-50 (Watson et al., 2018).

Characteristic C(_)ntrol PG 76_3-22 _HP PG 76_-22 GTR
Mixture SBS Mixture Mixture Mixture
Binder content (% wt mix) 6.0 6.0 6.0 6.7
Fiber (% wt mix) 0.4 - - -
Average AVs (%) 15.4 16.3 14.9 13.9
AVs in mineral aggregate (%) 26.6 26.5 255 25.9
Film thickness (microns) 27.1 25.2 26.1 28.2

The results from the Cantabro loss test showed that the mixture containing the HP binder
presented a low percentage of mass loss (i.e., 4.7%), and that this value was three to four times
smaller than the results obtained for the other mixtures. Specifically, the mixture fabricated with
PG 76-22 SBS and with PG 76-22 GTR presented an average mass loss of three specimens of
12.3% and 12.1%, respectively, and the result for the control mix was 19.3%.

Rutting resistance results obtained from the Hamburg wheel tracking test were also encouraging
for the HP mixture. The average rut depth obtained for this OGFC was 0.27 in. (6.89 mm), while
for the other mixtures, this parameter was between 1.3 and 1.6 times larger (i.e., 0.42 in. [10.56
mm] for the PG 76-22 SBS mixture, 0.43 in. [10.84 mm] for the PG 76-22 GTR, and 0.35 in.
[8.99 mm] for the control mixture).

Regarding resistance to moisture damage, the results obtained from the American Association of
State Highway and Transportation Officials (AASHTO) T 283 test demonstrated that only the
HP and the PG 76-22 GTR mixtures passed both AASHTO and ASTM criteria (i.e., TSR of 0.7
and 0.8, respectively).

Draindown tests were also conducted as part of the project to evaluate if the use of modified
binders could obviate the need for fibers. The tests were conducted at temperatures of 166°C and
181°C (330°F and 357°F), except for the HP mixture, for which the test temperatures were set at
171°C and 186°C (340°F and 367°F). The HP mixture was the only one that did not pass the test
acceptance criterion (i.e., 0.3% maximum draindown), suggesting that this OGFC required the
addition of fibers.

Finally, permeability tests were also conducted according to FM 5-565, Florida Method of Test
for Measurement of Water Permeability of Compacted Asphalt Paving Mixtures, on these
mixtures, and the results showed similar values for the control and the PG 76-22 SBS mixtures
(i.e., 79 m/day). However, the PG 76-22 GTR and the HP mixtures showed decreased
permeability (i.e., 33 and 37 m/day, respectively). For the case of the OGFC mixture with PG
76-22 GTR, this result was believed to be partially due to the higher binder content (Table 2-2),
while for the HP mixture, no explanation was evident, but the authors speculated that the result
could be related to the larger dosage of polymer modification (i.e., about 7.5% SBS polymer,
which is roughly double the rate of polymer used in a typical PG 76-22 as reported by the asphalt
binder supplier).

In conclusion, the HP mixture performed well in terms of Cantabro mass loss, rutting resistance,
and resistance to moisture damage, but the other OGFC mixtures presented superior results in
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terms of draindown and permeability. The inclusion of fibers in the HP mixture could help
improve its draindown.

2.2. FDOT EXPERIENCE WITH OGFC

This section summarizes the research conducted by FDOT on the topic of OGFC in recent years.
FDOT has been very active in promoting studies to improve the quality of their OGFC FC-5
mixtures. FDOT introduced the use of OGFC in the 1970s, when it developed a 3/8-in. nominal
maximum aggregate size (NMAS) OGFC with polish-resistant aggregate that was labeled FC-2.
Two decades later, in the 1990s, this type of mixture was replaced by a coarser 1/2-in. NMAS
OGFC, which was labeled FC-5 (Musselman, 2015). Currently, as a result of the continuous
effort of FDOT to improve the quality of these materials, several FC-5 mixtures with different
material types, sources, and requirements are available. Nevertheless, like in other states, some
FC-5 mixtures in Florida have displayed durability difficulties (Bennert and Cooley, 2014). This
explains the continued interest of FDOT to understand, prevent, and mitigate raveling effects in
these mixtures. Indeed, during the last 10 years, FDOT has funded several studies related to this
topic, including the following:

e BD-545-53: Introduction of Fracture Resistance to the Design and Evaluation of Open
Graded Friction Courses in Florida—Completed in 20009.

e BDS15-977-01: Evaluate the Contribution of the Mixture Components on the Longevity
and Performance of FC-5—Completed in 2014.

e BDV25-820-1: Determination of the Optimum Binder Content of Open-Graded Friction
Course (OGFC) Mixtures Using Digital Image Processing—Completed in 2015.

e BDV29-820-1: FC-5 Raveling Study—Completed in 2015.

e BDR74-977-04: Understanding Mechanisms of Raveling to Extend Open Graded
Friction Course (OGFC) Service Life—Completed in 2016.

These studies involved the following activities and efforts:

e Characterization of the fracture resistance properties of OGFC mixtures (BD-545-53).

e Full-scale experiments to evaluate the role of polymer-modified bonding agents between
the OGFC and regular asphalt layers (BD-545-53).

e Evaluation of the influence of volumetrics on the durability of OGFC mixtures
(BDS15-977-01).

e Review of existing design methods for OGFC using digital imaging techniques as a
support methodology (BDV25-820-1).

e ldentification of the causes for short-term raveling in FC-5 mixtures in the south of
Florida (BDV29-820-1).

e Experimental evaluation of the capability of existing tests to characterize raveling in
FC-5 mixtures based on field performance data and FE modeling, identification of
raveling mechanisms, and the most relevant factors influencing this phenomenon
(BDR74-977-04).

Appendix A provides additional information regarding the objectives and main results of these
projects.
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2.3. COMPUTATIONAL MODELS TO EVALUATE THE DURABILITY OF OGFC

Although the majority of research conducted on OGFC has been focused on laboratory
experimental tests or field evaluation activities, another approach that has been less explored is
the use of computational modeling to assess and understand the mechanisms associated with the
durability of the mixtures (i.e., raveling).

The majority of these works have been conducted by the research groups at TU Delft (The
Netherlands) (Mo et al., 2007; 2008; 2010; 2011; Huurman et al., 2009; Kluttz et al., 2013;
Jellema and Vonk, 2016), TTI (Alvarez et al., 2010b), and TTI in collaboration with Universidad
de Los Andes (Colombia) (Arambula-Mercado et al., 2016; Manrique-Sanchez et al., 2016).
With the exception of the work conducted by Alvarez et al. (2010b), these works have used FE
to evaluate the mechanical response of microstructures of OGFC and their susceptibility to
raveling, when considering different characteristics of the mixtures (e.g., binder content,
particles’ contact network, etc.) and operational and weather factors (e.qg., traffic speed, vehicle-
interaction friction forces, air temperature, etc.).

The main difference among the FE efforts conducted by the TU Delft and TTI1/Universidad de
los Andes (Uniandes) research groups is related to the geometry of the OGFC microstructures. In
order to represent the aggregate particles of the mixtures, the group at TU Delft has typically
used either polygons, spheres, or circles in 2D and 3D (Mo et al., 2007; 2008; 2010; 2011; 2014,
Huurman et al., 2009; Kluttz et al., 2013; Jellema and Vonk, 2016), as observed in Figure 2-3a,
while Ardmbula-Mercado et al. (2016) and Manrique-Sanchez et al. (2016) have used X-ray
computed tomography (CT) images to obtain 2D configurations of the actual microstructures of
OGFC mixtures, such as those observed in Figure 2-3b. Other differences in the efforts
conducted by both research groups include the overall thickness of the OGFC used in the models
(i.e., typical total thickness near 3 cm (1.2 in) were used by TU Delft while OGFC models with
2-cm and 4-cm (0.79-in — 1.57-in) were used by TTI/Uniandes), the type of materials used (i.e.,
OGFC satisfying Dutch specifications versus OGFC satisfying FDOT specifications) and, some
specific operational conditions (i.e., wheel speed, vertical and frictional load magnitudes, air
temperature). Conversely, equivalent approaches were followed in all models in terms of the
boundary conditions of the FE geometry and the techniques used for simulating a moving wheel
load on top of the OGFC. In general, the results obtained from these numerical works have
permitted researchers to efficiently identify factors that make the mixtures more susceptible to
raveling.

Figure 2-3. 2D OGFC Microstructure Geometry Configuration: (a) Used by TU Delft
(Kluttz et al., 2013); (b) Used by TTI/Universidad de Los Andes (Arambula-Mercado et al.,
2016; Manrique-Sanchez et al., 2016).

In the case of the efforts conducted by the research group at TU Delft, the simplified OGFC
microstructures were subjected to different loading conditions and the results were analyzed
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using a life optimization tool (LOT), which is a meso-mechanistic tool developed that combines
the results of stresses and strains with the skeleton of the mixture with a damage accumulation
model. Some of the main conclusions that have been obtained from the computational efforts
conducted by this group include the following:

e Anincrease in the binder content is related with a decrease in the magnitude of the
stresses at the interfacial zone in the mastic film and, therefore, to a reduction in the
raveling susceptibility of the mixture (Mo et al., 2008).

e The main cause for winter damage in OGFC is the decrease in relaxation potential of the
mortars present in the mixtures (Huurman et al., 2009).

e Raveling can occur within a wide range of temperatures (Mo et al., 2010).

The numerical efforts conducted by this same research group include two works that are of
particular interest for the context of this project since they evaluated the behavior of HP binders
when used in OGFC mixtures (i.e., HP-OGFC). These works are titled “Highly Modified
Bitumen for Prevention of Winter Damage in OGFCs” (Kluttz et al., 2013) and “Improving
Durability and Functionality Retention of Porous Asphalt by Using High Performing Bituminous
Binders” (Jellema and VVonk 2016). In both cases, the works used an FE approach with a
simplified geometry in combination with the LOT model to evaluate the performance of the
material, following a procedure similar to the one used in the previous works conducted by this
research group. The numerical results suggested an enhanced performance of the HP-OGFC in
winter conditions due to the combination of low modulus and high cohesive strength, and
suggested that the presence of low-temperature fluctuations had a severe impact on the durability
of the mixture. In the second work, the authors evaluated OGFC using four different binders that
presented different modification and toughness, and they concluded that the HP-OGFC modified
material presented a longer durability than the other OGFC mixtures and that the best material
combination was an HP fabricated with a soft base binder.

In the case of the work conducted by the TTI/Universidad de Los Andes research group
(Arambula-Mercado et al., 2016), FE models containing 0.7- in. and 1.57-in. (2-cm and 4-cm) of
realistic type FC-5 OGFC mixtures that are currently used in Florida were located on top of a
pavement structure and subjected to the pass of a moving wheel load. Different material
combinations and operational conditions were applied to the model, and an energy-based model
and probabilistic principles were used to quantify the raveling susceptibility of the material. The
four main findings obtained from these numerical models were:

e Raveling is mainly a Mode I fracture process (i.e., opening fracture mode).

e Mixtures that were observed to have performed good or poor in the field were also
identified in the models as having the lowest and highest probability to undergo raveling,
validating the quality of the model.

e High AV contents and binder contents different from the optimum (i.e., lower or higher)
were the two most critical factors in increasing the susceptibility of the mixtures to
raveling.

e Low vehicle speeds and zones where vehicles have to brake frequently were the two
operational factors identified as increasing the chances of raveling the most.
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Although the modeling results were not explicitly validated, the results were in good agreement
with field reported experiences of good and poor performing FC-5 mixtures that were
constructed with the same materials evaluated in the models. These numerical experiences
demonstrate that computational mechanics is a powerful tool to evaluate durability issues in
OGFC. Therefore, a more comprehensive FE model was developed in this project to evaluate the
durability of FC-5 mixtures containing PMA and HP binders.

2.4. HIGHLY POLYMER-MODIFIED BINDERS
2.4.1. Definition, Use, and Basic Characteristics

The ever-increasing loading demands on pavement structures have motivated the use of binder
additives to improve the mechanical response of asphalt mixtures to fatigue and permanent
deformation (Watson et al., 2018). Figure 2-4 illustrates the growing use of binder additives over
the last 60 years.

Scholtenand Vonk
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Ground rubbertire course
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1960 disadvantages of some PMA
Japan use polymersin asphalt 2000 l
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Figure 2-4. Timeline of Additives Used in Binders; Adapted from Mundt et al. (2009) and
Zhu et al. (2014).

Polymers are common additives used to enhance the properties of binders (Zhu et al., 2014,
Polacco et al., 2015; Watson et al., 2018). When a polymer is incorporated in the binder, two
phases are developed, influencing the durability and mechanical response of the binder. The first
phase is polymer-rich, while the second is asphaltene-rich. This occurs because the polymer
absorbs the saturates, aromatics, and resins in the binder (Polacco et al., 2015). As expected, the
amount of polymer strongly determines the final modification network and, consequently, the
mechanical response of the binder.

Although the typical dosages of binder polymer modification are around 3% (Airey, 2004;
Watson et al., 2018), greater amounts have been used during the last decade (Virgil Ping and
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Xiao, 2012). This new trend has produced HP binders that contain between 6% and 8% of
polymers. In HP binders, the polymer-rich phase is dominant, while the asphaltene-rich phase
has less relevance in the mechanical response of the material due to the extension of the polymer
network (Virgil Ping and Xiao, 2012). Figure 2-5 illustrates the differences in the molecular
network characterizing conventional and HP binders (Jellema and VVonk 2016, VVonk and Jellema
2016). Specifically, Figure 2-5a illustrates a simplified molecular representation of a binder
network after conventional modification with polymer molecules, where the yellow color
represents the polymer and the black color refers to the asphalt, while Figure 2-5b illustrates a
polymer-rich network (i.e., higher polymer modification dosages) in which the constitution of
both phases gets reversed. The most common polymer used for the production of HP binders in
the world is SBS, although other polymers such as styrene-butadiene rubber and styrene-
butadiene (SB) could also be used (Kuennen 2012).

(a) (b)

Figure 2-5. Microstructure Illustration of PMA with SBS: (a) SBS in an Asphalt Network;
(b) HP Binder in an SBS Network (Yellow Represents the SBS Phase, and Black
Represents the Asphalt Phase); Adapted from (Kluttz et al., 2014; Vonk and Jellema,
2016).

HP binders have been used to fabricate asphalt mixtures and are considered regular commercial
products in various U.S. states (R. Kluttz, personal communication, 2017). Figure 2-6 illustrates
the use of HP binders in the world, while Figure 2-7 shows the states within the United States
where this type of binder has been used. These maps were constructed based on information
reported by Kluttz (2015) and complemented with the information collected as part of this
literature review (R. Martins, personal communication, 2017). It should be noted that in these
maps, as well as in the experiences described in this section, HP binders refer to those that
comply with a polymer modification dose of 6% to 8% polymer, and not specifically to those
that comply with FDOT requirements.
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Figure 2-7. Use of HP Binders in the United States; Modified after Kluttz et al. (2014).

As part of a project conducted by Kluttz et al. (2013), the rheological characterization of mortars
with a maximum aggregate size of 0.5 mm and containing up to 34% of regular and HP binders
with different molecular composition (i.e., block, diblock, or triblock networks) was conducted.
Figure 2-8 reproduces some of these results. In this figure, binders B-1 and B-2 correspond to SB
block and SBS triblock modification, respectively, on an HP binder (7% polymer) that used a
penetration 100 1/10 mm as base binder. Meanwhile, binders B-3 and B-4 correspond to 7% HP
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binders with SBS triblock and SB diblock networks, in which the asphalt base had a penetration
of 300 1/20 mm. The rheological results in this figure present the typical ranges for the moduli of
these HP binders, from which it is possible to conclude that the highest modulus among this set
of binders was achieved by the B-2 binder with an SBS modification.
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Figure 2-8. Master Curve of Various HP Binders; Adapted from Kluttz et al. (2013) and
de Bondt et al. (2016).

On a separate project funded by FDOT, Greene et al. (2013) evaluated the behavior of a PG 82-
22 polymer-modified binder with 6% SBS (which would be classified as an HP binder using the
definition by dose of polymer employed in this project) and concluded that it had better rutting
resistance than a conventional PG 76-22 modified binder with about half the amount of polymer.
The classical Superpave parameter to control this degradation process (|G*|/sind, where |G*| is
the dynamic shear modulus and & the phase angle) showed a minimum of 1.0 kPa at 82°C, while
conventional modified and unmodified binders satisfied this requirement at a lower temperature.
In addition, the results from conducting the MSCR test on the same binders presented lower non-
recoverable creep compliance for the HP binder compared to the conventional polymer-modified
and unmodified binders, corroborating the superior resistance to permanent deformation of the
HP binder.

2.4.2. U.S. Experience Using HP Binders

During the last decade, several departments of transportation (DOTS) in the United States have
been using HP binders (also commonly referred to as HIMA in several parts of the United States
and worldwide) in the fabrication of DGHMA mixtures, with the common objective of obtaining
more durable and resistant structures (Kluttz et al., 2014). In general, the studies reported in the
literature related to the use of HP binders in the United States showed that asphalt mixtures
employing these materials have enhanced durability, improved rutting resistance, and reduced
thermal cracking susceptibility compared to unmodified or conventional polymer-modified
mixtures (Timm et al., 2012). Some specific examples of these studies are described next.
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In 2013, the New Hampshire DOT developed a project that consisted of constructing and
monitoring four trial sections with a variety of mixtures as surface course along a 14.8 mi stretch
of road between Auburn and Candia (Lee and Raghunathan, 2015). The surface course in one of
the sections included a DGHMA mixture with HP binder and 17% RAP content, while the others
contained a surface course with 33.8% RAP content, warm mix asphalt, and asphalt rubber.
Some important findings of this study were that the two surface courses with HP-modified or
asphalt rubber had the same riding quality as conventional DGHMA adjacent to the trial
sections. Moreover, some laboratory experimental tests conducted on these two mixtures showed
that they had a better resistance to cracking (i.e., up to three times more cracking resistance) and,
consequently, a longer service life. Finally, noise reduction was evaluated in the field following
AASHTO TP 76-12, and the results showed that these two mixtures provided quieter surfaces
compared to the conventional DGHMA mixture.

Other states, including Missouri and Utah, have expressed interest in using HP binder mixtures
and the need for conducting more research on these materials (NCAT 2015). Utah DOT, for
example, is developing a new cold-in-place recycling specification and is assessing the
performance of trial segments containing mixtures fabricated with HP-modified and fiber-
modified binders (NCAT 2015).

Between 2009 and 2012, NCAT conducted a study funded by a series of federal agencies, state
DOTs, and private companies (Timm et al., 2012) in which one segment in the NCAT test track
aimed at comparing the performance of two trial lanes with HP-modified and regular modified
binder mixtures. The pavement structure in one trial lane was composed of a surface course (1.2
in. [30.5 mm]) and an intermediate layer (2.8 in. [71.1 mm]) containing conventional polymer-
modified DGHMA, a base layer with an unmodified mixture (3 in. [76.2 mm]), and an unbound
aggregate base (5.8 in. [147.3 mm]). The other trial lane included an HP-modified DGHMA
mixture for the surface (1.5 in. [38.1 mm]), intermediate (2.8 in. [71.1 mm]), and base (2.6 in.
[68.6 mm]) courses, and an unbounded granular base (5.3 in. [134.6 mm]). Table 2-3
summarizes the main properties of the conventional (control) and HP-modified DGHMA
mixtures. In the fabrication of the DGHMA mixtures, higher temperatures were used for the HP
binder (i.e., the mixing temperature increased between 10-15°F [5.6-8.4°C] compared to the
mixtures with conventional modified binder), while the compaction temperature was almost
30°F (16°C) higher for these mixtures (Timm et al., 2012). In the same study, the PG of the HP
binder was reported as PG 88-22, although the continuous grade was PG 93.5-26.4 (i.e., the
binder failed passing the required difference in the non-recoverable creep compliance of the
MSCR standard).
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Table 2-3. Properties of Surface Courses in NCAT Phase IV Project (Timm et al., 2012).
Pavement with Regular Polymer-

Modified and Unmodified Pavement with HP-DGHMA
Mixture Type Mixtures (Control)
Surface Intermediate Base Surface Intermediate
and Base
Asphalt PG Grade 76-22 76-22 67-22  88-22* 88-22*
% Polymer Modification 2.8 2.8 0 7.5 7.5
Field Air VVoids % 6.9 7.2 7.4 6.3 7.3/7.2
Total Combined Binder (Py), 5.8 4.7 4.6 5.9 4.6
% wt
Asphalt, % 6.1 4.4 4.7 6.3 4.6
Dust Proportion 1.1 0.9 1.1 1.1 0.9
Maximum Specific Gravity 2.483 2.575 2574 2474 2.570
(Grnm)

* Heavily polymer-modified asphalt.

Back-calculated dynamic modulus values obtained from falling weight deflectometer (FWD)
measurements at a service temperature of 40-50°C showed that the modulus of the HP-modified
mixtures was greater than the conventional mixture. Additional tests conducted on plant-
produced laboratory-compacted specimens suggested that HP modification had a higher impact
(i.e., larger values) on the surface HP-DGHMA (9.5 mm NMAS) than in the intermediate and
base HP-DGHMA layers (19 mm NMAS) and, in accordance to the FWD results, that the
surface HP-DGHMA presented larger values of modulus compared to the control mixture, as
observed in Figure 2-9. In addition, bending beam fatigue testing conducted on both mixtures
showed that the cycles to failure in the HP-modified mixture (i.e., 6.04x10° cycles) were

45 times more than those required in the control or conventional modified material, indicating
that the HP-modified mixture presented a superior fatigue resistance. In terms of rutting
susceptibility, the surface HP-modified mixture presented lower flow number values compared
to the conventional material. Finally, it was corroborated that the HP-modified mixture used in
the surface layer (9.5 mm NMAS) also showed higher resistance to low-temperature cracking
and smaller susceptibility to moisture damage (based on TSR results) compared to the
conventional mixture.
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Figure 2-9. Dynamic Modulus Testing Results on Plant-Produced Conventional and
HP-Modified DGHMA Mixtures; Adapted from Willis et al. (2012).

No experiences in the use of HP binders for the fabrication of OGFCs were found in the United
States as part of this literature review. Nevertheless, based on the increasing experiences using
HP-modified binders, it is expected that several DOTs will explore the use of this type of binder
in the near future.

2.4.3. Latin American Experience Using HP Binders

The case of Latin America is similar to that of the United States, in the sense that the use of this
type of binder is recent (i.e., last five years) and has been limited to the fabrication of DGHMA
mixtures. A project in Argentina, for instance, included the use of this type of modified binder in
the construction of an airport runway (R. Martins, personal communication, 2017). In addition,
there is evidence that Argentina has been conducting some trial sections using HP binder
mixtures with the objective of extending the applications of this material in the road networks of
the country. This objective responds to the suggestions provided by Quevedo et al. (2016) and
Sanziani et al. (2015), who—through a comparative study of the performance of different
polymer-modified binders and a specific study on HP modification using Argentinian asphalts—
identified some specific benefits in terms of the performance of flexible pavements when using
this type of modification.

Other important experiences with this material have been conducted in Brazil. One of the most
relevant cases includes a project consisting of the performance assessment of a highway
connecting Sao Paulo and the city of Curitiba in the south of Brazil during a 29-month period.
This study, led by a research group from the University of Sao Paulo, included the comparison of
two pavement structures, one with a 3.0 in. (7.5 cm) HP-modified DGHMA overlay and the
other with a 2.0 in. (5.0 cm) DGHMA SBS overlay, both on top of a 1.0 in. (2.5 cm) stress
absorbing membrane interlayer (SAMI) located over an in-service pavement structure (Gaspar et
al., 2017). The objective of the SAMI layer was to prevent reflective cracking from the existing
surface course. So far, the results have shown that the use of the HP-modified DGHMA overlay
with the SAMI layer enhanced the response against reflective cracking since only 12.2%
reflective cracks were observed on the overlay, while the DGHMA SBS overlay presented
48.1% reflective cracking during the same time period. Moreover, the HP-modified DGHMA
overlay has presented a good rutting resistance (Gaspar et al., 2017).
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Besides these experiences in Argentina and Brazil, it was also possible to identify the use of HP
binders as part of DGHMA mixtures in public-private partnership road projects in Peru and
Bolivia (D. Gonzalez, personal communication, 2017; R. Martins, personal communication,
2017). In both cases, the motivation for having selected the use of HP binder over conventional
polymer-modified binder was the expected increased durability of the material.

Finally, it is worth mentioning that a representative of Kraton in Latin America mentioned in a
personal communication that one advantage of using SBS as an additive to fabricate HP binder
mixtures is that its implementation is not a challenging process since no additional equipment
costs are involved (R. Martins, personal communication, 2017). According to Martins'
experience, this condition, in addition to the existing successful experiences on the use of this
type of binder, has contributed to the expanded use of HP-modified mixtures in Latin America.

2.4.4. European Experience Using Polymer-Modified Materials in OGFC

This section focuses on the varied perception that exists in The Netherlands and Germany about
the use of polymer-modified binders, including the use of HP-OGFCs. As mentioned in the
initial part of this document, Europe applies OGFC mixtures extensively (J.L.M. Voskuilen,
personal communication, 2017). According to a published work about The Netherlands’
experience (Voskuilen et al., 2004), the government expects to implement 100% OGFC in its
national road network. An example of the broad experience and research conducted in the last
couple of decades on the topic of OGFC is accounting for a significant period of freeze-thaw that
occurs in the country about every 10 years. In fact, the deterioration caused by the presence of
this periodic climatic condition is considered a normal phase in the life cycle of these mixtures,
and no special conservation activities are currently applied to extend the service life of the
surface layer (Voskuilen and Elzinga, 2010).

In terms of the materials used in the production of OGFC mixtures, The Netherlands employs a
base bitumen classified as penetration 70-100 (1/10 mm) for single OGFC layers and a
conventional polymer-modified binder as part of the upper layer in TLPA systems (i.e.,
two-layer OGFC mixtures) (J.L.M. Voskuilen, personal communication, 2017). For OGFC
single layers, the typical thickness is 5.0 cm (2.0 in.), while the typical thicknesses for the TLPA
systems are 4.5 cm (1.8 in.) for the bottom layer and 2.5 cm (1.0 in.) for the upper layer. The
durability of the OGFC mixture is dependent on the location of placement; single OGFC layers
in fast lanes have longer service lives of about 16 years, while in the slow lanes, the average
service life is 12 years (Voskuilen and Elzinga, 2010; Voskuilen and van de Ven 2010).
According to the same sources, the lifespan of TLPA is about nine years in the slow lanes and 13
years in the fast lanes, on average.

Based on a personal communication via email with Mr. Jan VVoskuilen, senior advisor for
pavements of the Ministry of Infrastructure and Environment of The Netherlands, it was
determined that this country is not considering using HP binders as part of its OGFC mixtures.
The reason is that officials believe that the durability of their OGFC mixtures is great enough to
be equivalent to that of conventional DGHMA surface mixtures without the need for further
polymer modification (J.L.M. Voskuilen, personal communication, 2017). Mr. Voskuilen also
suggested that the use of HP-OGFC would not provide improved resistance to raveling compared
to their current OGFC mixtures, and therefore, it would not increase the durability of the
material. It is noteworthy that this is his personal point of view based on his professional
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experience but is not supported by written documentation. Nevertheless, this consideration
derives from the rationale that, based on the country’s experiences, polymer modification is used
as a strategy to prevent rutting in OGFC but not to improve raveling, which according to this
expert is mainly a phenomenon related to aging processes.

Contrary to the point of view of experts in The Netherlands, the information gathered as part of
this literature review showed that Germany is currently using HP binders in the fabrication of
OGFC mixtures. According to a personal communication with Mr. Stefan Ehlert, senior
consultant for pavements in the Northrine-Westfalia Federal State in the Road Construction
Department, the use of this type of binder enhances durability of OGFC mixtures. In general,
OGFC or OPA mixtures in Germany have an average service life between 10 to 12 years,
although no specific information about the durability of HP-OGFC was found. The specification
for polymer-modified binders in this country corresponds to a binder material classified as

PmB 40/100-65-H, in which the first letters refer to binder modification with polymers, the digits
refer to the penetration of the base asphalt and the result of the ring-and-ball softening boiling
point test, and the letter *“H” means that the material is highly polymer modified. According to
this specification, the percentage of polymer modification is defined by the contractor and has no
specific regulation (ZTV/TL Asphalt—STB 07) (S. Ehlert, personal communication, 2017). The
main characteristic of the OPA and HP-OPA mixtures are as follows (Bundesministerium fur
Verkehr Bau und Stadtentwicklung, 2007):

e AV content between 24 and 28%.

e 4510 50 mm layer thickness.

e Different NMASs, usually OPA 8 or OPA 11, which have values of NMAS of 8 mm and
11 mm, respectively.

e Presence of waterproof SAMI layer underneath the OPA.

e Noise reduction of 6 to 8 dB.

An important difference between the Dutch and the German OGFC mixtures is that the Dutch
mixtures have a more continuous gradation that enables more contact points, while the German
OGFC gradation is very open. According to information gather via personal communication with
Mr. Voskuilen, this could be a major factor explaining the longer lifespan of the Dutch materials
(de Bondt et al., 2016). Moreover, the decrease in quality of the contact network of the more
open gradation in the German OGFC might partially explain the necessity for using enhanced
binders (i.e., conventional and HP binders) in these mixtures in order to guarantee proper
performance throughout their service life (J.L.M. Voskuilen, personal communication, 2017). Is
important to denote that the high AV content present in the 43German OGFC may reduce the
durability of the mixtures.

2.4.5. Japanese Experience Using HP Binders in OGFC

Japan has used HP binders in the fabrication of OGFC mixtures for the last 15 years to prevent
raveling and, consequently, to increase the durability of these surface layers (Suzuki et al., 2010).
Use of polymer-modified binders initiated in 1952 in Japan, and according to Suzuki et al.
(2010), OGFC mixtures with 8% polymer modification dosages endure up to 20 years in service.
In fact, 11 to 15% polymer modification is used in the OGFC mixtures implemented in the
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coldest regions of the country, limiting the air voids to 17%, in order to obtain an equivalent
durability to conventional HP-OGFC in warmer regions.

According to Suzuki et al. (2010), Japan has used up to 15% SBS modification to overcome
major difficulties experienced in OGFC such as durability and functionality in cold winters,
bridge pavements, and manipulation and use of small aggregates.

Table 2-4 summarizes the basic properties required for polymer-modified binders used for
OGFC, according to the Japan Modified Asphalt Association Standard (Suzuki et al., 2010).
Table 2-5 summarizes the typical values obtained for high-viscosity modified binders, which
have between 10 and 15% polymer modification, a percentage that is superior to that used in
common HP binders (i.e., 7 to 7.5%) and that could be called super highly modified binders. A
comparison between this specification and those currently required by FDOT is difficult to
pursue, mainly due to the parameters that are used in each case (i.e., Superpave vs. traditional
classification).

Table 2-4. Characteristics Required in Japan for Polymer-Modified Binder for OGFC
Mixtures; Adapted from Suzuki et al. (2010).

Item/Type H H-F
Softening Point Min. 80.0
Ductility (7°C) - -
Ductility (15°C) Min. 50 -
Toughness Min. 20 -
Tenacity - -
Percentage of bitumen stripped off coarse aggregates - -
Fraass breaking point - Max. 12
Bending workload (—20°C) - Min. 400
Bending stiffness (—20°C) - Max. 100
Penetration 25°C Min. 40
Mass change after TFOT %m 0.6
Retained penetration ratio after TFOT Min. 65
Flash point Min. 260
Density (15°C) To be reported
Optimum mixing temperature °C To be reported
Optimum compaction temperature °C To be reported

Note: H = highly polymer-modified binder, H-F = high-viscosity or super highly polymer-modified
binders, TFOT = thin-film oven test.
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Table 2-5. Properties of Two Types of Binder; Adapted from Suzuki et al. (2010).

Type of Binder
Temperature Super Highly

Test Modified Asphalt  Binder 60/80
(10%-15% polymer)

Softening point (°C) °C 86 45.5
- 4°C 21 -

Ductility (cm) 15°C 93 100+
Toughness (n-m) 25°C 37 5
Tenacity (n-m) 25°C 26 1
Fraass breaking point °C -34 -9
Penetration (0.1 mm) 25°C 45 70
Viscosity (Pa-s) 60°C 49,100 250

Density (g/cm®) 15° 1.02 1,035
140°C 2,260 309

. Lo ) 160°C 921 136
Kinematic viscosity (mm?/s) 180°C 419 59
200°C 241 40
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3.0. MATERIALS

Two types of binders modified with SBS polymer were included in this study. The first was a
polymer-modified binder with an SBS dose between 2—-3% by weight of binder (PG 76-22
PMA), which was used as a control binder. The second was a PG 76-22 HP (i.e., SBS polymer
modification dose between 6-8%) produced in an asphalt plant in Greensboro, North Carolina.
This binder is labeled HP henceforth in this report. With respect to aggregate sources, a
limestone from White Rock Quarries, classified with code 87339 and subtype codes C41 (S1A
Stone) and C51 (S1B Stone), and a granite from Junction City Mining, with code GA553,
subtype codes C47 (S1A Stone) and C53 (S1B Stone), and F22 screenings, were used for the
FC-5 mixtures.

Four FC-5 mixtures were evaluated using combinations of these materials. The optimum binder
content (OBC) by total weight of mixture for the FC-5 with granite was 5.9%, which was
determined by FDOT’s State Materials Office, Bituminous Materials Division via the pie plate
method. This method consists of preparing several mixtures at different binder contents. The
mixtures are placed into clear Pyrex dishes, or pie plates. The dishes containing the mixtures are
placed in the oven for about 1-2 hours at the mixing temperature, which is approximately 320°F
(160°C). Then, the dishes are removed from the oven and the material is allowed to cool to room
temperature. The plate with the mixture is inverted and the bottom surface of the dish is
inspected visually. The OBC must show sufficient bonding between the plate and the mix
without evidence of excessive drainage. The granite mixture had 1% of hydrated lime by weight
of aggregate. The OBC for the FC-5 mixtures with limestone was 6.5% and included 0.5% by
weight of binder of a liquid antistrip additive. All mixtures had 0.3% of cellulose fibers by
weight of mixture. Table 3-1 summarizes the characteristics of the four FC-5 mixtures.

Table 3-1. Characteristics of the FC-5 Mixtures.

Blend Granite Limestone
Product - - -

mm Sieve No. Job Mix Formula Job Mix Formula

19 3/4 100.0% 100%

12.5 1/2 98.0% 85.5%

9.5 3/8 71.0% 58.2%

4,75 4 23.0% 21.0%

o 2.36 8 9.0% 8.6%

Sieve Size 118 16 4.0% 5.7%

0.6 30 4.0% 4.7%

0.3 50 3.0% 3.7%

0.15 100 3.0% 2.2%

0.75 200 2.5% 2.0%

70% S1A
Aqggregate Proportion 24% S1B 65% S1A
ggreg P 59 Screenings 35% S1B
1% Lime
OBC 5.9% 6.50%
Antistrip (%) 1.0 by weight of aggregate 0.5 by weight of binder
Cellulose Fiber 0.3 by weight of mixture
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The morphology and SFE characteristics of both aggregate types were obtained from a previous
report (Arambula-Mercado et al., 2016). Since the same aggregate sources were used in the
previous report and in this study, it was assumed that the aggregates tested before were
representative of the ones used in this project. A summary of the results of this characterization
is presented in Appendix B.

For the 2D FE numerical models, the same four mixtures resulting from combining the two types
of binders (i.e., PMA and HP asphalt binders) and the two types of aggregate (i.e., limestone and
granite) were used. The Cantabro abrasion loss results obtained on these same FC-5 mixtures
under various aging states and subjected to multiple cycles of 300 revolutions at 30-33 rpm each,
were used to generate deterioration curves to estimate pavement service life to be used as input
in the LCCA.

L T,
fran: ion
A fﬂsﬁzﬂe 27




4.0. EXPERIMENTAL TEST PLAN

Four OGFC mixtures resulting from combining each type of aggregate with each type of binder
listed in Chapter 3 were used in the experimental test plan (i.e., granite-PMA, granite-HP,
limestone-PMA, and limestone-HP). The following sections describe the tests that were
conducted on the binders, mastics, and mixtures.

4.1. BINDERS AND MASTICS

The PMA and HP binders were provided by FDOT. Each binder was evaluated under five aging
states since the impact of aging on the rheological response and performance of the binder is
critical for the durability of the FC-5 mixtures. The five aging states included (a) unaged (i.e.,
virgin/original binder [OB] state); (b) rolling thin-film oven (RTFO) state; (c) pressure aging
vessel (PAV) after 20 hours (i.e., PAV20); (d) PAV after 40 hours (i.e., PAV40); and (e) PAV
after 80 hours (i.e., PAV80). RTFO aging was done at 163°C (325°F) for 85 minutes per
AASHTO T 240, and PAV aging was at 100°C with a pressure of 2.1 MPa (305 psi) per
AASHTO R 28 (AASHTO 2012; 2013a).

According to a study conducted on dense mixtures (Epps-Martin et al., 2017), different PAV
aging periods simulate various pavement service life times, depending on the environmental
conditions of the location where the pavement is placed and the PG of the virgin binder. If one
considers that the climate in Texas and Florida is somewhat similar, for a PG 64-22, the
equivalency using rheology-based G-R estimations would be about three, six, and seven years of
pavement service life for PAV20, PAV40, and PAV60, respectively (PAV6O is a shorter aging
duration than the PAV80 that was used in this study; therefore, an aging of 11 years was
assigned to PAV80 based on a projected estimate). However, for FC-5 mixtures, a different
virgin binder PG is used, and the total AV content is higher as compared to dense-graded
mixtures; therefore, the equivalence in pavement service life could vary.

The tests performed on binders and mastics are listed in Table 4-1. The information about the
material properties obtained from these tests allowed researchers to compare them in terms of
their stiffness and provided fundamental input for the constitutive models used in the FE
numerical simulations. A brief description of these tests is presented next.
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Table 4-1. Experimental Plan for Binders and Mastics.

Material Test Method  Standard Parameter  Aging State  Replicates  Outcome
OB 1 Stiffness,
oG AASHTO  Continuous RTFO 1 ductlity.
M 320 PG and AT, e
PAV20 2 SenSItIVIty
to aging
% Recovery
and non- Elastic
AASHTO recoverable response
MSCR TP 70 creep RTFO 3 and stress
compliance dependency
(D)
. Temperature Master curve OB 3 LVE
Binder  and Frequency — and G-R RTFO 3 roperties
Sweep Tests parameter PAV20-40-80 3 each prop
OB 3 Chemical
FTIR — Carbonyl area RTFO 3 azw]'ga
PAV20-40-80 3 each
Fatigue OB 2
PLAS Test — resistant RTFO 2 Fatigue
energy index resistance
(FREI) PAV20-40-80 2 each
SFE OB .
SFE — components RTFO 5 each A;ghgi,:?eg
and total SFE PAV20 prop
Temperature Master curve OB LVE
and Frequency — and G-R RTFO roperties
. Sweep Tests parameter prop
Mastic PAV20
SFE .
SFE — components OB 5 Adhespn
properties

and total SFE

Mastics were prepared by combining the fine portion of the aggregates (i.e., fillers or particles
passing No. 200) with the binders. Four mastics were prepared using the combinations of the two
binders and two aggregates. The mastics were prepared using a volumetric concentration of 0.24
between binder and filler. This value was based on recommendations provided in the literature
(Alvarez et al., 2012; 2018; Massahi et al., 2018). Since the bulk specific gravities of the two
types of aggregates (2.77 for granite and 2.41 for limestone, per FDOT mix designs) were
different from each other and much higher than the specific gravity of the two types of binders
(assumed 1.10), the total binder content for the mastic specimens prepared with granite and
limestone fillers totaled 56% and 59% by total weight of the mastic specimen. The following
relationships describe how the mastic proportions were developed:

_ Vs
€7 ViV,

Vf _ Vc
Va  1-V.

= 0.24 (assumed)

= 0.32 (calculated)

(1)

(2)
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a a b Yw

%Py, = <1+1W_f>x 100% 4)
Wa

where:

e 1. = volume concentration of filler by total volume of mastic,

e V; =volume of fillers in mastic,

I, = volume of asphalt binder in mastic,

W = weight of fillers in mastic,

W, = weight of asphalt binder in mastic,

G, = bulk specific gravity of fillers,

Gsp = 2.77 for granite aggregates (from FDOT mix design),
Gsp = 2.41 for limestone aggregates (from FDOT mix design),
G, = bulk specific gravity of asphalt binder

(assumed 1.10 for both aspahlt binders ), and

e P, = asphalt binder content by total weight of mastic.

The LVE properties and SFE of the mastics in the original and aged conditions were evaluated
using the same procedures followed for the binders.

4.1.1. Binders—PG and MSCR Tests

To characterize the two types of binders, the standard methodology to determine the PG per
AASHTO M 320 was followed, including measurements of stiffness and phase_angle before and
after RTFO and PAV20 aging in the dynamic shear rheometer (DSR), and stiffness and
relaxation after RTFO and PAV20 aging in the bending beam rheometer (BBR). The information
obtained from the BBR was also used to determine the ATc parameter, which is calculated as the
difference between low temperatures where the asphalt binder reaches the thresholds for stiffness
and relaxation: S = 300 MPa and m-value = 0.30. This parameter was used as an indicator of the
quality of the asphalt binder with regard to its brittleness (i.e., its ability to be ductile, to relax
stress, and therefore to be more resistant to cracking). The MSCR test after RTFO aging per
AASHTO TP 70 was also performed to determine the percent recovery and non-recoverable
creep compliance (Jnr) and quantify the elastic response and stress dependence of the PG 76-22
PMA and HP binders.

4.1.2. Binders and Mastics—Temperature and Frequency Sweep Tests

The LVE material properties of the OB, RTFO, and PAV20-40-80 aged binders were obtained
through temperature (i.e., from 10°C [50°F] to 70°C [158°F], in increments of 10°C [50°F]) and
frequency sweep tests (e.g., 37.5, 30, 25, 20, 15, 10, 5, 1, 005, 0.01 rad/s) using the DSR. The
dynamic shear modulus and the phase angle results from these tests were used to construct
binder master curves and to calculate the G-R parameter. The G-R parameter is useful to
quantify initial binder brittleness and its evolution with aging and to compare these values
against pre-established damage thresholds that define susceptibility to onset and propagation of
cracking. Therefore, these tests were conducted on binders in original or virgin condition and
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after RTFO and several PAV aging conditions. The reason for testing the materials in different
aging states is that the brittleness induced by aging has been recognized as a negative factor in
relation to raveling.

4.1.3. Binders—FTIR Test

FTIR tests were conducted on both asphalts to evaluate the chemical changes caused by aging
(i.e., original state and PAV20-40-80). In this test, infrared radiation is applied to the sample, and
the resulting spectrograph is used to identify the molecular composition of the material (Thermo
Nicolet Corporation 2001). As proposed in several previous works (e.g., Jemison et al., 1992;
Lopes et al., 2012; Nivitha et al., 2016), the carbonyl area was selected to assess the progression
of aging in each aging state. As explained by Siddiqui and Ali (1999), an increase in the carbonyl
area of an asphalt may be due to the oxidation, dehydrogenation, and/or crosslinking reactions.

In general, greater carbonyl area values indicate larger oxidation reactions and, therefore, an
overall increase in the hardness of the binder.

4.1.4. Binders—PLAS Test

The PLAS test is a recently developed strain-controlled sweep procedure that is based on some
of the principles of the linear amplitude sweep test and is used to evaluate the fatigue resistance
of asphalts binder (Zhou et al., 2017b). The test is conducted in a DSR and consists of increasing
linearly the torsional shear strain from zero to 30% over the course of 3,000 oscillatory cycles.
The results from the tests are evaluated using a fatigue parameter called fatigue resistance energy
index that is derived from the test using linear fracture mechanics theory. Specifically, the
parameter FREI is computed using the following expression:

] —Tmax
FREI = Gf— (YO.S‘tmax)z (5)

0.5Tmax

where:

® Jr_rmax = Shear fracture energy calculated until the maximum shear stress,
®  Gysrmax = Shear modulus at the point of half of the maximum shear stress, and
®  Yostmax = Shear strain at the point of half of the maximum shear stress.

Figure 4-1 presents a typical result of the test and the parameters required to compute the FREI.
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Figure 4-1. Results of the PLAS Test and Explanation of the Parameters to Compute the
FREI Fatigue Parameter (Zhou et al., 2017b).

4.1.5. Binders and Mastics—SFE Test

SFE refers to the amount of work or energy required to create a new unit of surface of a material
under vacuum conditions. Three key components of SFE are used together to determine the work
required to separate two different materials at their interface and the work required to create a
new interface in a material. These components include the Lifshitz-van der Waals (LW)
component, W Lewis acid component, y*, and Lewis base component, ¥~ (Van Oss et al.,
1988).

Each of these components refers to a different type of property or interaction of material. The
LW component of SFE refers to work done for dispersion of atoms or molecules themselves
without the transfer of electrons. The Lewis acid or base components refer to a polarity-
dependent interaction that involves the transfer of electrons between atoms or molecules without
the dispersion of atoms or molecules. Materials with significantly higher y*" values (e.g.,
hydrocarbons) are known as non-polar compounds, whereas materials with significantly higher
y Tor y~ values are known as polar compounds. These components together determine the work
of cohesion between materials A and B, w,, and the work of adhesion of material A, w,,, as
described by the following equations (Van Oss et al., 1988):

2

Woeohesion —_
wap = — = YW 4 2 /v; Ya (7

wyp = wradbeson = Jvkw YR + \/y;-yg + Jyg-yg ©®
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The second component of work of cohesion, 2,/y* y7, is often referred to as the acid-base
component of SFE, y%?, and the sum of ¥, and y4" is referred to as the total SFE itself, y,.

Y=Y v =vEY 2 v v; (8)

These equations show that work of adhesion and work of cohesion have correlations with SFE
components of materials involved in the interaction. Work of adhesion also has a correlation
with the angle of contact, 8, formed between two materials (usually a liquid and a solid) that do
not chemically react. Details about the theory and calculations used to calculate SFE components
are provided in Appendix B.2.

An FTA188 Contact Angle and Surface Tension Analyzer, shown in Figure 4-2, was used to
perform sessile drop SFE measurements. This instrument is equipped with a manually controlled
syringe to dispense probe liquid drops onto a test specimen placed on a sample stage; in addition,
a light and a USB camera are used to capture static snapshots and dynamic movies during the
tests. A software developed by the equipment manufacturer was used to calculate the contact
angle at user-selected time periods during the test. Details about the probe liquids selected for the
test are also provided in Appendix B.2.2.

Syringe
Haolder

Tilting
Stage

Figure 4-2. Sessile Drop Test Equipment.

To prepare the SFE test specimens, the binder was first heated to the mixing temperature and a
small quantity was poured onto a glass slide. The glass slide was then placed in a convection
oven for about 2 minutes to let the binder spread thoroughly on the slide, making a smooth
surface. Thereafter, the slides were stored in a desiccator at room temperature overnight to
absorb the moisture from the surface of the test specimen before performing the sessile drop
measurements. Figure 4-3 shows the SFE specimens.
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Figure 4-3. SFE Test Specimens: (a) Inside the Desiccator; (b) Tested and Untested
Specimens.

The glass slides with the surface-desiccated specimens were then placed on the sample holding
stage of the instrument. Further, drops of probe liquid were released on the test specimen using a
syringe. The placement of the drop of probe liquid was made from a fixed height for all probe
liquids to avoid kinetic effects. An attached USB camera was used to videotape the placement of
the drop from 3 seconds before it was released until 60 seconds after it touched the surface of the
test specimen. A new syringe was used for each probe liquid to avoid contamination. Different
numbers of drops were placed on the test specimen to measure the contact angles. The tiling
stage was kept horizontal at all times for consistency.

The manufacturer software was used to separate the video into pictures that captured the change
in the shape of the drops and contact angle over time. The software was also used to draw a
baseline along the smooth surface of the test specimen and tangent at each of the two corners of
the drop of the probe liquid in contact with the test specimen. Then, the contact angle was
obtained by measuring the distance between the two tangent lines and the baseline and averaging
the two values, as shown in Figure 4-4. In general, the resulting contact angles could vary
between zero degrees and 180 degrees.
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Figure 4-4. SFE Contact Angle Measurement: (a) Contact Angle < 90°;

4.2. FC-5 MIXTURES

(b) Contact Angle > 90°.

The role of the HP binder on the durability of compacted FC-5 mixtures was evaluated through
the tests listed in Table 4-2. FDOT procured the aggregate and PG 76-22 PMA binder, while the

research team procured the fibers, antistrip additive, and PG 76-22 HP binder. FDOT provided

the mix design for the limestone and granite FC-5 mixtures.

Table 4-2. Experimental Tests to Characterize FC-5 Mixtures.

Test Method Specification ~ Parameters Agl_ng Replicates Outcome
Condition
_ Flexibility Unaged A0 4
index (FI) and
AASHTO : .
SCB Test cracking Fracture properties
TP 124 resistance
index (CRI) ~ ~\9edAS 4
Dry indirect
tensile (IDT)  Unaged A0 3
ASTM strength and .
IDEAL-CT D6931 cracking test Tensile strength
index Aged A5 3
(CTindex)
Unaged A0 3
Durability
Cantabrp/Los Angeles AASHTO Percent
Abrasion Machine - Aged A5 3
. TP 108 abrasion loss
without Steel Spheres
Aged A10 3
Unaged AO 3 .
IDT Strength FM 1-T 283 'Daz jt%‘gth Mo'rsg;‘ir;adnirgage
Aged A5 3
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The experimental activities consisted of performing the following tests on the PMA and HP FC-5
compacted specimens: SCB, IDEAL-CT, Cantabro, IDT strength, and TSR. Specimens were
prepared following the standard loose mix conditioning of 2 hours at 275°F (135°C) before
compaction as recently recommended by NCHRP project 09-52 to simulate aging during
production and construction (Newcomb et al., 2015). These conditioned specimens are labeled
unaged or AO in Table 4-2.

Including aging effects in the experimental test plan for the FC-5 mixtures was critical since
oxidative hardening is one of the main causes that diminishes durability in these materials (Lin et
al., 1995; Alvarez et al., 2006; 2008). Thus, an experimental procedure based on the research
conducted as part of NCHRP project 09-54 was herein adopted to age the test specimens (Kim et
al., 2017). The aging duration was based on the maps developed as part of NCHRP project
09-54, which indicate the amount of time of loose mix aging at 95°C (203°F) to simulate
different years of field aging based on location. Therefore, the second aging state was denoted as
A5, and it consisted of subjecting the loose mix prior to compaction to oven aging at 95°C
(203°F) for 5 days. According to NCHRP project 09-54 (Kim et al., 2017), this conditioning
procedure corresponds to approximately 2—3 years of field aging for dense-graded asphalt
mixtures. Although the equivalence of this aging in terms of the actual pavement service life
could be different for FC-5 mixtures, it was still considered representative and a significant
longer aging period compared to AQ. For durability evaluation (i.e., Cantabro abrasion loss test),
an additional aging state was included, which consisted of subjecting the loose mix prior to
compaction to oven aging at 95°C (203°F) for 10 days. This additional aging state was denoted
A10 and would be approximately equivalent to five or more years of pavement service life for
dense-graded mixtures (Kim et al., 2017).

4.2.1. Semicircular Bending Test

The SCB test was used to quantify fracture properties of the FC-5 mixtures. The SCB test is
performed according to AASHTO TP 124-16 (AASHTO, 2016). This test procedure consists of
fabricating Superpave gyratory compactor (SGC) specimens 150 mm (5.9 in.) in diameter and
160 mm (6.3 in.) in height. Next, using a diamond-tipped saw blade with a water cooling system,
two smaller cylindrical specimens with a height of 50£1 mm (1.97+0.04 in.) are obtained from
the SGC specimen. Afterwards, these specimens are cut in half and a notch 15+1 mm (0.59+0.04
in.) deep and 1.5+0.1 mm (0.059+0.04 in.) wide is introduced in the center of the flat side of the
specimen. It should be highlighted that although the AV content is controlled in the fabrication
of the 160 mm (6.3 in.) height specimen, it is usually not verified in the final SCB specimens.

The specimen is placed on top of two rollers for testing, as observed in Figure 4-5. The test is
performed at an intermediate temperature of 77°F (25°C) and consists of applying a monotonic
load (F) at a rate of 2.0 in/min (50 mm/min) at the top center of the specimen. This setup
produces tensile stresses that induce fracture initiation at the tip of the notch. The load-
displacement curve was plotted and the area under the curve was determined (i.e., fracture
energy [Gi]), as well as the slope of the fitted curve post-peak load. The output parameters are
the FI, which is calculated by dividing the fracture energy by the slope of the post-peak load
versus displacement curve, and the CRI, which is obtained by dividing Gt up to the peak load
over the magnitude of the peak load. Researchers have demonstrated that FI and CRI provide
separation between mixtures with distinct mixture characteristics, binder type in particular
(Al-gadi et al., 2015; Zhou et al., 2016; Kaseer et al., 2018).
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() (b)
Figure 4-5. SCB Test Setup: (a) Schematic; (b) Actual Specimen during Testing.

4.2.2. IDEAL-CT Test

The IDEAL-CT was performed to obtain the tensile strength of the FC-5 mixtures. The
advantages of this test are that it requires no instrumentation, cutting, gluing, drilling, or notching
of the specimen. The IDEAL-CT was performed at an intermediate temperature of 77°F (25°C)
and consisted of applying a monotonic load (P) at a rate of 50 mm/min (2.0 in/min) at the top
center of the specimen using IDT strength test equipment. Zhou et al. (2017a) demonstrated that
this test is sensitive to distinct mixture characteristics such as the presence of reclaimed asphalt
pavement or asphalt shingles, binder content, aging condition, AV content, and, more
importantly, binder type. Although not standard, the dimensions of the specimen that were
considered were 6.0 in. (150 mm) in diameter by 2.0 in. (50 mm) in height to match the SCB
specimen dimensions. The CTindex Was calculated using the following expression for specimens
whose thickness differed from 2.4 in. (62 mm):

)

t
62

1
CTindex = X Tf X B (9)
1

where:

Gy = work of fracture (area under the load-displacement curve),
t = specimen thickness,

. % = slope of the load (P) vs. vertical displacement () curve, and
o % = strain tolerance under load (vertical displacement to diameter ratio).

The CTingex is calculated post peak load on the load-displacement curve, where the load
corresponded to 75% of the peak load value (i.e., post peak point, or PPP7s). ? is considered a
modulus of the specimen and is calculated as the absolute value of the load-displacement curve
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slope between PPPss and PPPss to minimize variability. A larger value of CTindex indicates a
slower cracking growth rate, and thus it is preferred.

4.2.3. Cantabro Abrasion Loss Test

The Cantabro abrasion loss test consists of preparing 150 mm (6.0 in.) in diameter by 114.3 mm
(4.5in.) in height specimens and subjecting them to 300 revolutions in the Los Angeles abrasion
machine without the steel spheres. After the test, the percent abrasion loss (i.e., % mass 10ss) is
determined based upon the initial and final mass of the tested specimen, expressed as a
percentage. Despite being a simple test, several studies have demonstrated that the results
correlate well with field performance (Alvarez et al., 2008; Arambula-Mercado et al., 2016).
This is probably because the tumbling action of the specimen inside the drum tests the resistance
of the stone-on-stone contacts in the FC-5 mixture. The test was performed according to
AASHTO TP 108.

4.2.4. Moisture Susceptibility and Tensile Strength

To evaluate moisture damage resistance of the FC-5 mixtures, FM 1-T 283 using one
freeze/thaw cycle after subjecting the specimens to 10 minutes of vacuum saturation was
performed, followed by IDT strength testing. The ratio of wet IDT strength to dry IDT strength
was used to estimate the TSR of the FC-5 mixtures. The test consists of placing the specimen in
the loading frame and applying a vertical loading at a rate of 50 mm/min (2.0 in/min) until
failure. The resulting parameter is the peak load, and the IDT strength result was calculated using
Equation 10.

2000xP

St =
TtxHxD

(10)
where:

St = IDT strength (kPa),

P is the peak load (N),

H is the specimen height (mm), and
D is the specimen diameter (mm).

The wet conditioning consists of applying one freeze-thaw cycle after subjecting the specimens
to vacuum saturation for 10 minutes and leaving the specimen submerged in water as
recommended in AASHTO PP 77-14 (AASHTO, 2014c). During the freeze cycle, the specimens
are placed in an environmental chamber at —18+3°C (—0.4°F) for 18 hours. Afterwards, the
specimens are subjected to the thaw cycle by submergence in a water bath at 60+1°C (140°F) for
24 hours. Subsequently, the specimens are placed in water at 25+0.5°C (77°F) for 2 hours prior
to testing. The ratio of wet to dry IDT strength is the TSR of the mixtures.

4.2.5. Raveling Evolution

The last step in the characterization of the FC-5 mixtures consisted of quantifying magnitude and
rate of raveling. Collecting this information was decisive since all the other mixture tests provide
information on an initial and final state of the mixtures, but they do not describe the evolution or
degradation rate of the materials. Since one of the main objectives of this project was to establish
if the HP binder provided more durable FC-5 mixtures, it was necessary to obtain this
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information. For this purpose, trials were initially performed using the three-wheel polisher
shown in Figure 4-6a with custom-made studded tires in an effort to promote raveling and not
just polishing. The tests were performed at an intermediate room temperature of about 77°F
(25°C). Periodically, after a specified number of cycles (e.g., 5,000 load cycles), all dislodged
material from the surface of the slab was collected and weighed; in addition, the mean profile
depth (MPD) of the slab’s circular track left by the three-wheel polisher (Figure 4-6b) was
determined using a portable circular texture meter. This portable device, shown in Figure 4-6c,
employs a laser scanner to measure the texture depth along the circular track and was used to
quantify changes in the profile of the surface of the slab. Despite multiple efforts, the three-
wheel polisher was not able to provide the required evolution of raveling; yet, the various trial
attempts and results are still considered valuable and reported in this document.

(@) (b) (©)
Figure 4-6. (a) Three-Wheel Polisher Equipment Adapted for Evaluating Raveling
Evolution; (b) Slab after Testing; (c) Circular Texture Meter.

Because the three-wheel polisher was not able to provide the required evolution of raveling, the
Cantabro abrasion loss test at various aging conditions—5 and 10 days at 203°F (95°C)—was
performed, and the mass of the specimen was measured periodically at every 300 revolutions
until a terminal degradation level of 80% abrasion loss was achieved. These results were used to
estimate the degradation rate of each FC-5 mixture and used as input in the LCCA.
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5.0. LABORATORY EXPERIMENT RESULTS

5.1. BINDER CHARACTERIZATION

The PMA and HP binders were provided by FDOT in their virgin state. Each binder was
evaluated under a total of five aging states since the impact of aging in the rheological response
and performance of the binder is critical for the durability of the FC-5 mixtures. As previously
mentioned, the five aging states included (a) unaged (OB), (b) RTFO, (c) PAV after 20 hours
(i.e., PAV20), (d) PAV after 40 hours (i.e., PAV40), and (e) PAV after 80 hours (i.e., PAV80).

5.1.1. Performance Grade

Table 5-1 summarizes the information obtained from the PG testing for both binders. The results
showed that the actual PG of both binders differed from their as-received labels because they
were classified as PG 82-22E and PG 82-28E for PMA and HP, respectively (i.e., binders that
could be used in extreme traffic-related projects). The results of ATc, which is the difference in
temperatures of the BBR test when the creep stiffness (S) and the stress relaxation rate (m-value)
reach the PG Superpave specification limits of 300 MPa and 0.30, respectively, showed that the
HP binder had a wider useful temperature interval and better ductility because this parameter was
less negative (i.e., —0.8°C) and only one-fifth of that obtained for the PMA binder (i.e., —4.3°C).

According to FDOT specifications, the MSCR test should be conducted at different
temperatures, depending on the level of modification (i.e., 67°C [153°F] for PMA and 76°C
[169°F] for HP binders) (FDOT 2018a). Both binders should pass the minimum requirements for
a traffic type V, which is (a) the non-recoverable creep compliance at a stress level of 3.2 kPa
(Jnr, 3.2) has to be maximum 1.00 kPa* and 0.10 kPa* for the PMA and HP binders, respectively;
(b) the average percent recovery at 3.2 kPa should be larger than 29.37% and 90.0% for the PMA
and HP binders, respectively; and (c) the difference in the non-recoverable creep compliance
between 0.1 kPa and 3.2 kPa (i.e., Jnr, diff) should be 75% maximum (AASHTO, 2014a; FDOT,
2018a). Based on this information, both binders achieved a grade of E, which means that they
can stand the highest level of traffic under that classification (i.e., extremely heavy traffic). It
should be noted that due to letter f of section 916 of the Standard Specifications for Road and
Bridge Construction (FDOT 2018a), if Jur, 3.2 is lower than 0.5 kPa, %Ju, gifr is not applicable,
which is referred to as N/A in Table 5-1.

Table 5-1. PG and MSCR Results for Binders.

Binder ng“rgﬁgﬁ'g" Continuous  Rounded , - MSCR MSCR MSCR
Type Name PG PG ¢ (minJu,32)  (%Recovery) (%Jur, gifr)

PMA  PG76-22 PG83.7-265 PGB82-22E —4.3 0.09kPa' (Pass) 70.5% (Pass) N/A

HP PG 76-22HP PG 87.4-324 PG82-28E -0.8 0.04 kPa! (Pass) 93.8% (Pass) N/A

Note: N/A = not applicable.
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5.1.2. Linear Viscoelastic Properties

The linear viscoelastic properties of both binders in the different aging states were determined
with a DSR. The procedure included temperature sweep tests (i.e., from 10°C [50°F] to 70°C
[158°F], in increments of 10°C [50°F]) and frequency sweep tests (e.g., 37.5, 30, 25, 20, 15, 10,
5, 1, 005, 0.01 rad/s) using the parallel plate geometry. The resulting parameters of interest are
the dynamic shear modulus, |G*|, and the phase angle, 3, for both binders at all aging states.

Master curves of |G*| at a reference temperature of 45°C (113°F) were constructed for the
binders. The Christensen and Anderson (CA) model shown in Equation 11 was used to fit the
raw data (Christensen and Anderson 1992), and the Williams Landel Ferry (WLF) model shown
in Equation 12 was used to adjust the corresponding shift factors.

=)’ av

|G*|=Gg*(1+(

where:

G4 = maximum dynamic shear modulus or glass modulus (in Pa) equal to 1 GPa,
fred = reduced frequency (in rad/s),

k=1.0,and

we and g = fitting coefficients.

_ —C4(T-TR)
logar = T T (12)

where:

e T:=reference temperature (45°C [113°F]), and
e Ciand C2 = WLF fitting coefficients.

A summary of the master curve fitting parameters is presented in Table 5-2 and Table 5-3.

Table 5-2. Master Curve Parameters of the PMA Binder at a Reference Temperature (Tr)
of 45°C (113°F) for Different Aging States.

Parameter PMA-OB IZ.I\F:;AO FI’DX/?O PMA-PAV40 PMA-PAVE0
Ci 11.6 11.2 12.2 4.6 22.2
C, 133.3 135.1 137.0 79.9 207.0
Wc 1.6E+03 4.6E+02 1.9E+01 5.3E-01 2.4E-02
K 1 1 1 1 1
B 0.11 0.10 0.09 0.09 0.09
G*y 1.00E+09 1.00E+09 1.00E+09 1.00E+09 1.00E+09
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Table 5-3. Master Curve Parameters for the HP Binder at a Reference Temperature (Tr) of
45°C (113°F) for Different Aging States.

Parameter HP-OB HP-RTFO HP-PAV20 HP-PAV40 HP-PAVS0
Ci 6.8 7.3 8.2 10.5 15.6
C2 92.6 97.9 104.6 114.7 162.2
Wc 5.6E+03 3.2E+03 1.4E+02 1.9E+01 8.3E+00
1 1 1 1 1
B 0.091 0.098 0.09 0.09 0.09
G*y 1.00E+09 1.00E+09 1.00E+09 1.00E+09 1.00E+09

Figure 5-1 through Figure 5-3 present the master curves obtained for both binders under different
aging states at the reference temperature of 45°C (113°F). These curves correspond to the
average of the results obtained for three replicates of each binder at each aging state.
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Figure 5-1. Master Curves at 45°C (113°F) for PMA Binder in Different Aging States.

= Texas AsM
A Tran: i

42 "Ml [nsiitute ton




1.E+09

1.E+08

1.E+07

1.E+06 >

1.E+05 e

1.E+04

1.E+03

1.E+02
y‘

1.E+01

Dynamic Shear Modulus (Pa)

1.E+00
1.E-05 1.E-03 1E-01 1E+01 1E+03 1E+05 1.E+07 1.E+09

Frequency Reduced (Hz)

=—HP OB ==HP RTFO =#=HP PAV20 ==o=HP PAV4() ====HP PAVS80
Figure 5-2. Master Curves at 45°C (113°F) for HP Binder at Different Aging States.
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In terms of temperature susceptibility, within a given aging state, the modulus of the HP asphalt
binder was not affected as significantly as the PMA binder. This is observed in Figure 5-1 and
Figure 5-2, which show smaller values of the slope of the master curves for the HP binder in the
five aging states compared to those of the PMA binder (i.e., average slope of 38,609 (Pa/Hz) at a
frequency of 10 Hz for the HP binder compared to an average slope of 130,290 (Pa/Hz) for the
PMA binder).

The results for the HP binder (Figure 5-2) showed that there are significant differences between
aging states. The biggest change in the value of modulus for the HP binder was observed
between the RTFO and PAV20 aging states (i.e., an average increase in modulus of 4.29 times
with respect to the RTFO state at the reference temperature).

When comparing the OB to the most extreme aging state, the value of |G*| at 10 Hz for the HP
binder in the PAV8O0 state was 20.7 times larger than that of the OB at the same frequency
(Figure 5-3). Conversely, the equivalent modulus of the PMA binder in the PAV80 state was
only 11.9 times higher than the value of the OB, showing a smaller overall difference in the
magnitude of |G*| between these two aging states compared to the HP binder.

An analysis of the differences in the magnitude of |G*| between both binders for each aging state
showed that the PMA presents an overall larger modulus than the HP binder, for all aging states.
However, a direct comparison between these moduli is inadequate since the base binder used for
each modification might be different and unknown. Although in this particular case the PMA
binder presents higher moduli than the HP binder, various studies have shown different trends
(i.e., PMA modulus equal or less than HP modulus) (Bessa et al., 2018; Gaspar et al., 2017; Chen
et al., 2018). In addition, it is known that the inclusion of oils and maltenes before modification
is a common industry practice to increase the workability of the heavily modified material (R.
Martins, personal communication, 2017). This practice can reduce significantly the dynamic
modulus of the base binder, impacting the final modulus of the asphalt (Orlen Asfalt, 2017).
Therefore, the focus in this study was to compare the performance and susceptibility to
degradation of both binders and not only their linear viscoelastic properties.

5.1.3. Aging and Cracking Susceptibility

To explore the influence of aging on the expected cracking performance of both binders, the G-R
parameter (Equation 13), a rheological value proposed by Glover et al. (2005) that is considered
a good predictor of the binder resistance to degradation due to oxidative hardening, was
evaluated. The parameter was obtained from conducting an oscillatory shear test at 15°C (59°F)
and 0.005 rad/s with binders under different aging states.

G*(cos 8) 2
G — R Parameter = ~—_—-— (13)
This parameter presents a good correlation with ductility and has proven to be capable of
predicting block cracking performance with aging in the field. In fact, according to existing
studies on dense mixtures, G-R parameter values equal to or larger than 180 kPa are related to
mixtures that show an onset of early block cracking, while binders with values equal to or larger
than 600 kPa are related to mixtures that have a higher probability for developing significant

block cracking (Rowe et al., 2014).
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The G-R parameters were obtained through DSR tests under the aging states previously
described. Figure 5-4 presents the Black space diagram (i.e., |G*| vs. &) with the results of both
binders under all aging states; each binder at each aging state represents one point in this graph.
The results of an unmodified binder PG 52-28 from Florida were also included in this diagram to
show the influence of polymer modification with aging on the mechanical response of the
binders (i.e., less change in phase angle). It should be noted that the most aggressive aging state
for the unmodified binder PG 52-28 was PAV60 (i.e., there were no available data for PAV80
since these data were part of a different study). Figure 5-4 also includes two curves that represent
different damage states related with the G-R parameters. Each curve was computed using the
G-R limits previously mentioned. In other words, the damage onset curve shows the threshold
for G-R values equal to 180 KPa, and the significant damage curve represents the G-R threshold
values equal to 600 KPa. Although those G-R threshold values were determined for
dense-graded and not FC-5 mixtures, they are still considered acceptable to evaluate the binders’
potential susceptibility to damage, especially with aging.
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Figure 5-4. G-R Black Space Diagram for PMA, HP, and PG 52-28 Binders.

In terms of the modulus, data in Figure 5-4 showed that the value of |G*| at the PAV20 aging
state was 13 times larger for the PMA binder compared to the unmodified binder. In contrast, the
modulus of the HP binder was eight times larger than that of the unmodified asphalt at the same
aging state (i.e., PAV20). With the exception of the OB state, the PMA binder presented larger
values of |G*| compared to the other two binders in all other aging states. In fact, |G*| in the
PAV40 state was 26.9 and 31.5 times larger than in the original state in the PMA and the
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unmodified binder, respectively, while it was only 5.8 times larger in the HP binder between
these two aging states.

Significant differences caused by aging were also observed in the phase angle. The variations of
the phase angle for the unmodified and the PMA binders were 29.7% and 26.1%, respectively,
while for the HP binder, the variation was only 2.7%. This result suggests that the viscoelastic
behavior, in terms of the magnitude of &, of the HP binder is expected to be the least susceptible
to oxidative aging compared to the other two binders. In fact, the phase angle decreased an
average of 18.8% and 17.1% in the PMA and unmodified binders between the different aging
states (i.e., original, PAV20, PAV40, and PAV60—for the unmodified binder—or PAV80—for
the PMA), respectively, while in the HP binder, this property presented a steady reduction of
only 2% between the same aging states.

In terms of the G-R threshold curves, Figure 5-4 shows that the damage onset curve was reached
by the unmodified and HP binders after PAV40, while the PMA binder reached this curve earlier
than the PAV20 aging state. In fact, the susceptibility to significant cracking for the PMA binder
was expected to occur between the PAV20 and PAV40 aging states (about five years of
pavement service life), while for the unmodified binder, susceptibility to significant cracking
could occur between the PAV40 and PAV6O states. In contrast, the HP binder did not reach the
significant cracking curve even after PAV80 aging (i.e., about 11 years of pavement service life).
This finding suggests that the cracking resistance due to oxidative aging of the HP binder was
notably superior to that of the other two binders. In turn, this could implicate longer durability
for FC-5 mixtures fabricated with this type of binder.

5.1.4. Chemical Changes Due to Oxidative Aging

Figure 5-5 presents the FTIR results. Figure 5-5a illustrates the carbonyl area for the different
aging states, and Figure 5-5b presents the carbonyl area growth data with respect to the original
binder value for both binders. It is interesting to note that the HP binder presented larger changes
in its chemical structure due to aging (i.e., greater carbonyl area growth over time with respect to
the unaged state) compared to the PMA binder, despite those changes not impacting the phase
angle of the HP binder or its susceptibility to cracking due to aging, as shown in the previous
section. Even though the HP binder seemed to present faster chemical aging processes than the
PMA binder, this finding could be due to type or modification of the base binder used to
fabricate the PMA and HP binders. Regardless, these results did not seem to affect the expected
cracking performance of the material, as discussed previously for the case of cracking
susceptibility and described next for the case of fatigue cracking.
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Figure 5-5. FTIR Results: (a) Carbonyl Area Obtained from FTIR Tests on PMA and HP
Binders; (b) Carbonyl Area Growth with Respect to the Carbonyl Area of Original Binder
for the PMA and HP Binders.

5.1.5. Fatigue Resistance

The PLAS test is a continuous oscillatory strain sweep test conducted with the DSR equipment.
The applied torsional strain increases linearly from zero to 30% over the course of 3,000 cycles.
This test was conducted at a constant loading frequency of 10 Hz and provided the FREI, which
is derived from fracture mechanics principles and useful to evaluate the susceptibility to fatigue
of the binder.

Figure 5-6 presents the obtained FREI values for both binders under different aging states (i.e.,
OB, RTFO, PAV20, PAV40, and PAV80). Larger FREI values indicate better fatigue resistance.
These results showed that the HP binder presented significantly larger fatigue resistance in all
aging states compared to the PMA binder. For example, the FREI value of the HP binder was 3.2
and 8.5 times larger than that of the PMA binder in the original and after PAV80 aging,
respectively. These results were in good agreement with the literature, which consistently reports
that HP binders have a better performance than conventional polymer-modified asphalts (Willis
et al., 2009; Kluttz et al., 2013). Another interesting observation is that the reduction in the FREI
values for the HP binder between the different PAV aging states after RTFO was near 50%, and
this reduction for the PMA binder was near 44% between PAV aging states. This seems to
indicate that the speed of reduction in cracking resistance due to aging based on this parameter
was not sensitive to the type of binder.
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Figure 5-6. PLAS FREI Results for PMA and HP Binder.

5.1.6. Surface Free Energy

Binders in OB, RTFO, and PAV20 aging states were separated in small containers to avoid
additional aging when preparing the specimens for SFE measurements. The containers were
sealed and kept refrigerated in between testing. The contact angles measured after placing the
probe liquid drops over any given test specimen did not change significantly over time except for
a few cases. Details about the contact angle measurements for the various probe liquids and
binder types are provided in Appendix B.2.2. The average contact angle 10 seconds after
releasing the drop of the probe liquid over the test specimen was used to calculate the SFE
components. Ten seconds was selected to guarantee that the drop of the probe liquid was fully
stable. Table 5-4 presents the average (Avg.) and standard deviation (SD) of the SFE
components calculated using the average contact angles.

Table 5-4. Average Binder SFE Components.

Surface HP Binder PMA Binder
Free Energy Original RTFO PAV Original RTFO PAV

(mJ/m3) Avg. SD Avg. SD Avg. SD | Avg. SD Avg. SD Avg. SD
yw 25.3 0.8 20.3 0.8 14.6 1.0 22.7 1.3 185 0.9 14.7 1.0
y* 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0 0.0 0.0
Y 0.1 0.1 1.2 0.3 2.3 05 05 0.3 1.0 0.3 2.1 05
yAB 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0 0.0 0.0
Yt 25.3 - 20.3 - 14.6 - 22.7 - 18.5 - 14.7 -

Max. V' 26.1 20.3 15.5 23.9 18.5 15.7

Min. V' 24.4 20.3 13.6 21.4 1855 13.8

The results in Table 5-4 suggest that the PMA and HP binders had a strong LW component that
contributed to the total SFE (y42 = 0,yt = " > 0). This was true regardless of the aging
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state. The near-zero values of LW SFE components strongly suggest that the selected asphalt
binders were non-polar in nature. It also indicates that the LW component was the primary factor
determining the cohesive and adhesive properties of the selected binders. More importantly, the
results presented in Table 5-4 showed that the total SFE was lower for PMA binders than for HP
binders, and that the total SFE decreased with aging. Since materials with higher total SFE are
more cohesive (work of cohesion = 2 x yt), the HP binder would be expected to be more
cohesive than the PMA binder, and for both binders, the cohesiveness was expected to reduce
with aging.

Figure 5-7a presents the normalized PMA total SFE with respect to the HP binder total SFE in
different aging states. All normalized SFE values (except for one instance) were less than 1.0,
indicating that the PMA binder had smaller total SFE (or smaller LW component) than the HP
binder. Similarly, Figure 5-7b shows the normalized aged total SFE with respect to the unaged
total SFE values. For both HP and PMA, these normalized total SFE values were less than 1.0 in
all cases, which indicates that the binders in the aged state had smaller total SFE (or smaller LW
component) compared to the ones in the aged state. Figure 5-7b also shows that the total SFE (or
LW component) decreased around 20% after RTFO and about 60% after PAV20. Note that the
normalized total SFE values are equal to the normalized LW component values because the
Lewis acid-base components are zero. The normalized results once again showed that the HP
binder had a better resistance to cohesive fracture than the PMA binder, and that binders became
less resistant to cohesive damage with aging.
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Figure 5-7. Normalized Total SFE for HP and PMA Binders in Different Aging States:
(a) Effect of Binder Type; (b) Effect of Aging.

5.2. MASTIC CHARACTERIZATION

In order to prepare the samples, the binders and fillers were independently oven heated to their
corresponding FC-5 mixture mixing temperatures (Section 5.3.1.2). Afterwards, the filler was
added to the samples of binder and the mixture was stirred with a metal spatula until
homogeneous. The mixture was oven heated again for a few minutes until guaranteeing a stable
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temperature. The LVE properties and SFE of the mastics in the original and aged conditions
were evaluated as explained next.

5.2.1. Linear Viscoelastic Properties

The linear viscoelastic properties of the mastics were determined under two aging states:

(@) original, and (b) PAV20. A DSR was employed to perform the measurements. The procedure
consisted of conducting temperature sweep tests (i.e., 10°C [50°F] to 70°C [158°F], in
increments of 10°C [50°F]) and frequency sweep tests (e.g., 37.5, 30, 25, 20, 15, 10, 5, 1, 005,
0.01 rad/s) using the parallel plate geometry. Similar to the characterization of the binders, the
resulting parameter of interest was the dynamic shear modulus, |G*|, for the four combinations
of binder and aggregates at the two aging states. Master curves of the dynamic modulus were
constructed at a reference temperature of 45°C (113°F) using the CA model equation previously
explained in Section 5.1.2. The coefficients are summarized in Table 5-5 and Table 5-6 based on
the CA and WLF model.

Table 5-5. WLF Adjustment Coefficients for Unaged Mastic Master Curves.
Parameter Granite-HP Granite-PMA Limestone-HP Limestone-PMA

C1 6.00 9.89 6.06 9.56
Cc2 79.27 115.38 79.61 112.30
Wc 132.55 1650.74 131.44 1371.24
K 1 1 1 1
B 0.09 0.12 0.09 0.12
G*g 1.0.E+09 1.0.E+09 1.0.E+09 1.0.E+09

Table 5-6. WLF Adjustment Coefficients for Aged Mastic Master Curves.

. ranite- Lim ne- Lim ne-

Parameter  Granite-HP GP?\/I At\e ﬁlsl;[,o € P?\;tg ¢

C1 10.30 17.17 9.93 17.55

C2 109.50 169.18 107.67 168.65

Wc 56.36 11.32 57.77 6.47

K 1 1 1 1

B 0.10 0.11 0.10 0.10

G*g 1.0.E+09 1.0.E+09 1.0.E+09 1.0.E+09

Figure 5-8 and Figure 5-9 show the master curves of the dynamic modulus for the four mastics in
both aging states. Figure 5-8 presents the data on the original state, in which important
differences in terms of the magnitude of |G*| are observed, depending on the asphalt binder. It is
important to note that the behavior of the mastic was strongly dependent on the type of binder. In
other words, there was almost no significant variation in the magnitude between samples with
different aggregates but with the same type of binder. Regarding the magnitude of |G*|, the
results indicated that the values of the modulus for mastics with the PMA binder were higher
than the values of the HP mastics at high reduced frequencies but slightly lower at low values of
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reduced frequencies. For example, at high frequencies (higher than 1,000 Hz), the magnitude of
|G*| of the PMA mastics was 2.31 times greater than the moduli of the HP mastics. In contrast, at
low reduced frequencies (lower than 0.01 Hz), the values of |G*| of the mastics with the HP
binder were, on average, 1.21 times larger than the PMA mastics.
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Figure 5-8. Master Curve for Mastic Samples Using Original HP and PMA Binders.

Regarding the results for the aged mastics (Figure 5-9), the same trend observed for the unaged
samples persisted in the sense that the type of binder—and not the aggregate—was the
dominating factor affecting the modulus. In this case, and similar to the binders, the values of
|G*| were consistently larger for the PMA mastics. In fact, the HP mastics presented a 78.5%
reduction in |G*| compared to the PMA mastics at low reduced frequencies (smaller than

0.01 Hz) and 48.4% at high reduced frequencies (greater than 1,000 Hz). When compared to the
master curves of |G*| of the aged binders (Figure 5-1 and Figure 5-2), it was observed that the
inclusion of the fillers reduced the gap between the curves for the two types of binders, showing
the impact of adding this component in the assessment of the response of the material. This result
was important since the contacts between particles within the microstructure of an FC-5 mixture
are mastic-on-mastic contacts rather than stone-on-stone contacts. Therefore, the durability of the
mixture was directly related to the properties of the mastic. The results obtained from these DSR
tests were used as input in the numerical models that are detailed in Chapter 4.
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Figure 5-9. Master Curve for Mastic Samples Using Aged HP and PMA Asphalt Binders.

Figure 5-10 compares |G*| for three different reduced frequencies (i.e., low, intermediate, and
high reduced frequencies), two filler combinations (i.e., granite-HP and granite-PMA), and two
aging states (i.e., original and PAV20). Since the results showed that the performance of the
material was independent of the type of filler, the combinations with the limestone aggregate are
not presented. As observed in Figure 5-10, the biggest difference between the two aging states
was observed at low frequencies, whereas at high frequencies, the modulus tended to be the same
among mastics. For instance, the moduli in the aged state were, on average, 3.55 and 13.20 times
that of the original state at low reduced frequencies for the granite-HP and the granite-PMA,
respectively. As the frequency increased, the gap between the aged and original state decreased
to 3.10 and 3.72 times at 10 Hz and to 2.82 and 2.76 times at 100 Hz for the granite-HP and the
granite-PMA, respectively. If higher frequencies were included, some overlapping between the
curves would have been observed, demonstrating that the modulus at high frequencies (or at low
temperatures) was similar for all mastics (i.e., the dynamic modulus of these materials was not
sensitive to aging at these testing conditions).
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Figure 5-10. Dynamic Modulus of Mastic Comparison for the Granite-HP Mastic and the
Granite-PMA Mastic.

5.2.2. Surface Free Energy

Similar to binders, mastics in the original or unaged state were placed in small containers to
avoid additional aging when preparing the specimens for SFE measurements. The containers
were sealed and kept refrigerated in between testing. Table 5-7 presents the mastic combinations
that were characterized using SFE. All mastic specimens were tested in their original state (i.e.,
unaged). Appendix B.2.1 details the theory and calculations used to estimate the SFE values, and
the procedure followed to conduct the sessile drop test was presented in Section 5.1.6.

The average contact angles over time were derived from a minimum of three tests conducted on
the mastics. Like in the case of the binders, the values did not significantly change over time.
Therefore, the average contact angle 10 seconds after releasing the drop of the probe liquid over
the test specimen was used to calculate the SFE components. As before, 10 seconds was selected
to guarantee that the drop of the probe liquid was fully stable.

Table 5-7. Mastic Combinations for SFE Characterization.

Mastic Label Material Combination
GH56 Granite + 56%HP
GP56 Granite + 56%PMA
LH59 Limestone + 59%HP
LP59 Limestone + 59%PMA

Table 5-8 presents the average and standard deviation values of the mastic SFE components
calculated using the average contact angles presented in Appendix B.2.2. The mastic specimens
had strong non-polar components contributing to the total SFE (y42 = 0,yt = ¥y » 0).
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Table 5-8. Average Mastic SFE Components.

SFE GH56 GP56 LLH59 LP59
(mJ/m?) Avg. SD Avg. SD Avg. SD Avg. SD
yew 2172 062 | 1849 076 | 2031 070 | 1823  0.62
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
T 0.02 0.06 0.19 0.18 0.02 0.04 0.76 0.22
Y4B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% 21.72 - 18.49 - 20.31 - 18.23 -
Max. 7' 223 19.3 21.0 18.8
Min. V' 21.1 17.7 19.6 176

Finally, Figure 5-11a presents the normalized PMA mastic total SFE with respect to the HP
mastic total SFE. These normalized values were all less than 1.0, indicating that the total SFE of
the PMA mastics was smaller compared to the HP mastics. Therefore, the HP mastics are
slightly more resistant to cohesive failure than the PMA mastics. Figure 5-11b shows the
normalized limestone mastic total SFE with respect to the granite mastic total SFE. The
normalized values were marginally smaller than 1.0; therefore, the granite mastics could have a
slightly higher cohesive fracture resistance than the limestone mastics.

1.30

1.00

Normalized
Total Surface Free Energy

0.70

0.85

. 0.90

Granite

PMA/HP

(@)

Limestone

Normalized
Total Surface Free Energy

1.30
] 0.99
0.93
0.70
HP PMA
Limestone/Granite

(b)

Figure 5-11. Normalized Mastic Total SFE: (a) Effect of Binder Type; (b) Effect of

Aggregate Type.

Figure 5-12 shows the normalized mastic total SFE with respect to the binder total SFE. All
values are less than 1.0, indicating that mastics had less total SFE than binders. This was true
regardless of the type of binder or type of aggregate. This finding implies that mastics are more
prone to failure by fracture compared to binders without fillers due to reduced cohesiveness.
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Figure 5-12. Normalized Mastic-to-Binder Total SFE.

5.3. MIXTURE CHARACTERIZATION

FC-5 mixtures were prepared in the laboratory by combining each type of aggregate with each
type of binder, and compacted specimens were tested to compare their expected cracking
performance and durability. The results from this experimental stage provided input for the FE
and LCCA models that were also conducted as part of this study and detailed in Chapters 6 and
7. The experimental test plan for the FC-5 mixtures was presented in Chapter 4, and the tests to
be conducted on the FC-5 mixtures were listed in Table 3-1.

5.3.1. Mixture Preparation

5.3.1.1. Washed Sieve Analysis

The first step in the production of the asphalt mixtures was the adjustment in the proportions of
the aggregates in accordance with the FC-5 job mix formula provided by FDOT. The two
aggregate types, limestone and granite, were provided by FDOT in 5-gal buckets from the
original quarries. All the aggregates were oven dried at 110°C (212°F) for 24 hours and later
cooled and sieved.

Washed sieve analyses were conducted according to ASTM C117, which requires 2,500 g

(5.5 Ib.) of batched aggregate samples following the gradations in the job mix formula
(AASHTO, 2013b; ASTM, 2017a). Enough water was added to cover the aggregate samples,
and the material was agitated by hand with vigor to separate the finer particles from the coarser
aggregates. Once the fine aggregates were in suspension, the water was poured into a set of
sieves (i.e., No. 8 and No. 200 sieves); when the decantation of materials was complete, the
process was repeated until clear water was observed, which indicated that most fines were
washed from the larger aggregate particles. The remaining material and the material retained in
the two sieves were combined and dried at 110°C (212°F) for 24 hours; then, the material was
sieved to determine its washed gradation. If the change with respect to the mix design gradation
was larger than 1% and 0.5% for coarse and fine particles, respectively, the aggregate
proportions were adjusted, and the process was repeated until a minimum error (i.e., difference
between the job mix formula and the washed percent passing amount for all sieves, within the
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margin of error) was achieved. The granite aggregate gradations did not require any correction,
while for the limestone aggregate gradations, three iterations were needed to obtain a washed
aggregate gradation equivalent to the FC-5 job mix formula gradation. The original and adjusted
after-washed sieve analysis aggregate gradations (i.e., percent passing) are listed in Table 5-9.

Table 5-9. Washed Sieve Analysis Results for Granite and Limestone Mixtures.

Sieve Size  Sieve Origin.al Adjustfed Origin_al Adjustgd

(mm) Number Gradapon Gradapon G_radatlon G_radatlon

Granite Granite Limestone Limestone
12.8 12" 2.0% 2.0% 13.0% 14.5%
9.5 3/8" 27.0% 27.0% 28.0% 27.3%
4.75 #4 48.0% 48.0% 37.0% 37.2%
2.36 #3 14.0% 14.0% 13.0% 12.4%
1.18 #16 5.0% 5.0% 3.0% 2.9%
0.6 #30 0.0% 0.0% 1.0% 1.0%
0.3 #50 1.0% 1.0% 1.0% 1.0%
0.15 #100 0.0% 0.0% 1.0% 1.5%
0.075 #200 0.5% 0.5% 0.3% 0.2%
Pan 2.5% 2.5% 2.7% 2.0%

5.3.1.2. Specimen Fabrication

With the adjusted aggregate gradations and the OBC specified in the mix design, the theoretical
maximum specific gravity, G,,,,, (ASTM 2011), was determined for each mixture. These results,
obtained as the average from a total of three replicates, are listed in Table 5-10.

Table 5-10. Maximum Specific Gravity for the FC-5 Mixtures.

Aggregate PMA Binder HP Binder
Limestone 2.36 2.35
Granite 2.57 2.55

Compacted test specimens were prepared following AASHTO R30 (AASHTO 2002). The
mixing and compaction temperatures depended on the type of mixture. The mixtures with the
PMA binder had lower mixing and compaction temperatures compared to the mixtures with the
HP binder. These temperatures were provided by FDOT. For the granite-PMA mixtures, the
temperatures were 166°C (330°F) and 163°C (325°F) for mixing and compaction, respectively;
for the limestone-PMA mixtures, both temperatures were 160°C (320°F). For the mixtures with
the HP binder, the temperatures were 171°C (340°F) and 166°C (330°F) for mixing and
compaction, respectively, regardless of the type of aggregate.

The aggregates were batched following the washed sieve analysis adjusted gradations and dried
overnight at the respective mixing temperature. When hydrated lime was required, it was
included in the aggregate batch. The aggregates were mixed with the fibers before adding the
binder. Short-term oven aging, labeled AO, was achieved by subjecting the loose mix to the
compaction temperature for 2 hours prior to compaction.

o [
ransportation
5 6 "Ml [nsiitute




The specimens were compacted using the SGC at a compaction angle of 1.25 degrees and a
pressure of 600 kPa with a target AV of 20+1%. The specimens were confined using 150 mm
(5.9 in.) polyvinyl chloride (PVC) pipe sleeves as soon as they were extracted from the SGC
compaction mold to prevent sagging and crumbling, which was likely to occur in specimens with
high AV content. The sleeves were left in place for at least 12 hours while the specimens cooled
down in front of a fan. The PVC pipe sleeves were cut on one side to avoid disturbing the sample
during extraction from the SGC mold and sealed with duct tape. Even with this precaution, the
average diameter of the extracted specimens was not exactly 150.0 mm (5.91 in.) but
approximately 150.6 mm (5.93 in.), which was considered acceptable. In addition, the
observations by Alvarez et al. (2009), who noted that SGC-compacted FC-5 specimens tend to
expand in the vertical direction after extracting from the mold, were taken into consideration.
This phenomenon was also reported in the work conducted by Arambula-Mercado et al. (2016),
who observed that SGC-compacted specimens expanded in the vertical direction an average of
1.0 mm (0.04 in.), although this growth depended on the size of the sample (i.e., specimens
smaller than 80 mm [3.1 in.] expanded less than the specimens 160 mm [6.3 in.] in height). To
prevent these issues, the specimens were compacted 1.0-2.0 mm (0.04-0.08 in.) below the target
height required for each test to take into account the vertical expansion. The actual diameter and
height measurements per ASTM (2017c) were taken into consideration in the AV content
calculation. The AV content was determined between 12—48 hours after the specimen was
compacted per ASTM D3203 (ASTM 2017b). All specimens were tested within one week after
they were compacted.

The average results and the corresponding variability of the bulk specific gravity, G,,;, of the
compacted specimens for the mixtures with PMA and HP binders under all aging states are
summarized in Table 5-11 and Table 5-12. In these tables, the term N/A refers to those tests in
which the A10 aging state was not considered (i.e., all but the Cantabro abrasion loss tests). As
observed, the coefficient of variability (COV) of the G,,,;, results were less than or equal to 1% in
all cases, proving the high reliability of the specimen fabrication process.

Table 5-11. Gmp for Mixtures with PMA Binder.

Avg” Avg. Avg. SD® SD SD COV COV COV
A0 A5 A0 A0 A5 A0 A0 A5  AIl0

Granite 2035 2.044 N/A 0.002 0.012 N/A 0.1% 0.6% N/A

Test Aggregate

SCB Limestone  1.894  1.907 N/A 0.008  0.003 N/A 0.4% 0.2% N/A
IDEAL Granite 2.058 2.032 N/A 0.021  0.002 N/A 1.0% 0.1% N/A
Limestone  1.892  1.897 N/A 0.014 0.019 N/A 0.7% 1.0% N/A
Granite 2.066  2.064 2.05 0.013 0.011 0.003 0.6% 0.6% 0%

Cantabro

Limestone 1903  1.902 1.89 0.008 0.008 0.010 0.4% 0.4% 1%
AASHTO Granite 2.040  2.047 N/A 0.009 0.012 N/A 0.5% 0.6% N/A
T 283 Limestone  1.880  1.895 N/A 0.012 0.010 N/A 0.6% 0.5% N/A

* Avg. corresponds to the average of all test replicates.
™ SD corresponds to the standard deviation between the test replicates.

o [
ransportation
"Ml [nsiitute 5 7




Table 5-12. Gmp for Mixtures with HP Binder.

Test  Adaregate AV~ Avg. Avg.  SD” SD  SD COV COV COV
J9reg AO A5 AI0 A0 A5 AI0 A0 A5 AIlD

Granite 2.047 2.047 N/A 0006 0006 N/A 03% 03% NA

ScB Limestone 1.882 1.878 N/A 0.003 0003 NA 02% 0.2% N/A
IDEAL Granite 2.043 2040 N/A 0.015 0018 NA 07% 0.9% N/A
Limestone  1.867 1.867 N/A  0.019 0.019 N/A 1.0% 1.0% N/A
Granite 2069 2038 205 0.004 0.009 0.020 02% 0.5% 1%

Cantabro

Limestone 1881 1884 190 0.016 0.008 0.009 09% 0.4% 0%
AASHTO Granite 2.048 2042 N/A 0012 0018 N/A 06% 0.9% N/A
T 283 Limestone 1.881 1.893 N/A 0017 0.008 NA 09% 0.4% N/A

* Avg. corresponds to the average of all test replicates.
™ SD corresponds to the standard deviation between the results of all test replicates.

Table 5-13 and Table 5-14 present the corresponding AV content of the test specimens for each
mixture, aging state, and test type. As a consequence of the low variability in Gmb, the AV
content also presented a small dispersion (i.e., COV <5% for all cases). It is noteworthy that due
to the low height required in the IDEAL test specimens, it was particularly challenging to
achieve the target AV in these samples. More replicates were required to be within the tolerance,
and the COV of the IDEAL test specimens was higher than the others in three out of the four
cases.

Table 5-13. AV Content (%) for the Mixtures with PMA Binder.

Test  Adareqate AV~ Avg.  Avg.  SDT SD  SD COV COV COV
ggreg A0 A5 Al A0 A5 A0 A0 A5  AI0

Granite 20.8 204 N/A 0.1 0.5 N/A 0.5% 2.3% N/A

SCB Limestone 19.8 19.2 N/A 0.3 0.1 N/A 1.7% 0.7% N/A
IDEAL Granite 19.9 20.9 N/A 0.8 0.1 N/A 4.0% 0.4% N/A
Limestone 19.9 19.7 N/A 0.6 0.8 N/A 3.0% 4.1% N/A
Granite 19.6 19.6 20.1 0.5 0.4 0.1 2.5% 2.3% 1%

Cantabro

Limestone 19.4 19.5 19.7 0.4 0.4 0.6 2.1% 2.0% 3%

AASHTO Granite 20.6 20.3 N/A 0.4 0.5 N/A 1.8% 2.2% N/A

T 283 Limestone 20.4 19.7 N/A 0.5 0.4 N/A 2.5% 2.2% N/A

* Avg. corresponds to the average of all test replicates.
™ SD corresponds to the standard deviation between the results of all test replicates.
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Table 5-14. AV Content (%) for the Mixtures with HP Binder.

Avg.” Avg. Avg.
Test Aggregate AV AV AV
A0 A5 A10

Granite 19.5 19.5 N/A 0.3 0.3 N/A 17% 17% N/A

SD™ SD SO COV COov cCcov
A0 A5 Al10 A0 A5  Al0

ScB Limestone 19.8 19.9 N/A 0.1 0.1 N/A  08% 0.7% N/A
IDEAL Granite 20.0 20.1 N/A 0.6 0.7 N/A  29% 3.6% N/A
Limestone  20.0 20.0 N/A 0.5 0.5 N/A  23% 23% N/A
Granite 19.0 20.2 19.8 0.2 0.4 0.8 08% 1.8% 4%

Cantabro

Limestone 19.8 19.7 19.2 0.7 0.3 0.4 3.5% 1.7% 2%
AASHTO Granite 19.8 20.1 N/A 0.5 0.7 N/A 23% 3.5% N/A
T 283 Limestone  19.8 19.3 N/A 0.7 0.3 N/A  36% 1.7% N/A

* Avg. corresponds to the average of all test replicates.
™ SD corresponds to the standard deviation between the results of all test replicates.

5.3.2. Performance Tests

As listed in Table 4-2, the SCB and IDEAL tests were used to determine the fracture properties
of the four FC-5 mixtures, the Cantabro abrasion loss test was conducted to assess their
durability and degradation, and the FM 1-T 283 test was used to evaluate their susceptibility to
moisture damage.

5.3.2.1. Semicircular Bending Test

The assembly for the SCB test can be observed in Figure 5-13. After the specimens were
conditioned at 25+0.5°C (77°F) for 2 hours + 10 minutes, they were located in the assembly
where they were supported on their flat side. Then, a control load was applied on top of the
specimen at a controlled displacement rate of 50 mm/min (1.97 in/min). Two input values were
required for the test software: (a) the ligament length, and (b) the total thickness of the specimen
to the nearest millimeter. The parameter recorded during the test was the vertical load applied on
top of the specimen.

Figure 5-13. Semicircular Bending Test Setup.
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For the mixtures with the HP binder, a major difficulty was encountered when using the SCB test
assembly because the specimen deformed excessively under the test load, and its edges touched
the sides of the loading frame toward the end of the test, as shown in Figure 5-14, creating some
noise in the recorded data. This was likely due to the high deformability of the HP binder at
intermediate temperature. This noise was detected as a second increase in the recorded load,
which had to be eliminated during data post-processing to make the results comparable to the
mixtures with the PMA binder. A photographic catalog of the cracked specimens and the load-
displacement curve can be found in Appendix C.

—

Figure 5-14. Specimen of a Granite-HP Binder Mixture in Contact with the Edges of the
SCB Loading Frame during Testing.

The I-FIT software from the University of Illinois at Urbana Champaign
(https://apps.ict.illinois.edu/software/) was used to determine the test parameters—(a) flexibility
index, (b) fracture energy (Gg), and (c) peak load (P max)—which were calculated as follows:

I=G¢/ |m|*0.01 (14)
Gi=W;/A=[(P)du/A (15)

where A is the ligament area (i.e., product of the ligament length and specimen thickness, as
shown in Figure 5-15).

F1 was obtained by dividing Gr, the fracture energy (J/m?) over the absolute value of the post
peak load slope m (KN/mm) times a constant equal to 0.01. Larger values of FI are associated
with better cracking resistance and, therefore, a more desirable cracking behavior. Gr was
computed as the total area below the vertical displacement at the center of the specimen versus
the vertical applied load curve (see work of fracture in Figure 5-16) divided by the ligament area,
A. Larger values of Gr are associated with materials with higher resistance to fracture. Finally,
the third parameter was defined as the maximum load supported by the specimen during the test;
larger values of Pmax (KN) are related with mixtures having improved strength properties.
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Figure 5-15. Lateral and Side View of an SCB Notched Test Specimen.
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Figure 5-16. Example of Load versus Displacement Curves for Mixtures Tested in the
I-FIT.

Based on the results presented by Kaseer et al. (2018), another test parameter was considered in
this study, namely the cracking resistance index, shown in Equation 16. It should be noted that
although the fracture energy considers both the strength and the ductility of the mixture, it does
not differentiate between mixtures that may have different properties but similar fracture
energies. The CRI, on the contrary, is able to do so by incorporating the peak load in its
calculation. Thus, the CRI is effective in differentiating and ranking the cracking resistance of
asphalt mixtures with diverse characteristics, with the additional advantage that it has a reduced
variability compared to the FI (Kaseer et al., 2018). Overall, larger values of CRI represent better
resistance to cracking, while lower values indicate brittleness.
CRindex = S

Pmax

(16)

Out of the available test parameters, the FI and CRI were selected in this study to evaluate the
fracture performance of the mixtures.
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Figure 5-17 presents the SCB results, from which it was observed that mixtures containing the
HP binder present a better fracture performance than all PMA mixtures. For example, the
granite-HP in an unaged state (AO) had a value of FI that was nearly two times greater than that
of the granite-PMA mixture. Moreover, in the same aging state, the FI values were five times
larger in the limestone-HP mixtures compared to the limestone-PMA mixtures. In the aged state,
the same trend was observed; in this case, the FI of the granite-HP mixtures was 2.4 times larger
than the granite-PMA mixtures, and the FI of the limestone-HP mixtures was 3.6 times larger
than the limestone-PMA mixtures.

200 3000
160 2500
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120 —
= 5 1500 I
80
1000
I
0] 500
I
0 0
A0 A5 A0 A5
Granite PMA 34.7 14.1 Granite PMA 1319.1 807.4
® Granite HP 711 33.7 ® Granite HP 1864.9 1271.2
B Limestone B Limestone
PMA 24.3 5.2 PMA 994.5 536.8
B Limestone HP 123.6 18.9 B Limestone HP 2194.0 923.3
(a) (b)

Figure 5-17. SCB Test Results for All Mixtures with Various Aging States: (a) Flexibility
Index; (b) Cracking Resistance Index.

For a single type of binder, however, the influence of the type of aggregate and aging state
presented mixed results. In the mixtures with HP in the unaged state, the FI was 1.7 times larger
in the mixtures with limestone compared to those with granite, while it was 78% larger in the
mixtures with granite in the A5 aging state. For the PMA binder, on the contrary, the FI was
consistently larger for the granite mixtures in both aging states. In terms of variability, the COV
of the FI was between 24.7% and 42.3%, and larger for mixtures in the unaged state (i.e., COV
between 24.7% and 42.31%), especially those with the PMA binder (i.e., COV between 30% and
42.31%).

Overall, the CRI results presented in Figure 5-17b are in good agreement with the FI trends.
Indeed, the mixtures with larger CRI values were those containing the HP binder, in both aging
states. The CRI for the limestone-HP mixture was 2.2 times larger than for the limestone-PMA
mixture in the unaged state, and 1.7 times larger than in the A5 state; the CRI for the granite-HP
mixture was 1.4 times larger than for the granite-PMA in the unaged state, and 1.6 times larger
than in the A5 state. This corroborates the superiority of the HP binder in FC-5 mixtures
fabricated with both types of aggregates. In terms of the performance of the mixture with respect
to the aggregate type, limestone mixtures with HP had a better CRI value in the unaged state but
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a worse CRI value in the A5 state. In the mixtures with PMA, the results were superior when
granite was used, independently of the aging state, similar to what was reported for the FI values.

Due to the large amount of data obtained from the experiments, and the number of variables that
were considered in this test, a statistical analysis was conducted to identify any outliers in the
data and to determine valid relationships between the different variables (e.qg., the effect of the
aggregate type, binder type, aging state, and/or AV content on the FI and CRI results). Since
there is no statistical analysis that can determine an outlier from a sample of a few replicates, an
analysis of variance (ANOVA) was performed over the sum of the 75 measurements and the
outliers detected at the end based on residuals. A detailed report of this statistical analysis is
presented in Appendix D. A single data point was found to be a potential outlier (i.e., replicate 3,
for the limestone-HP in the AO state). However, the results of the statistical analysis indicated
that the removal of the value did not significantly affect the results, so the value was kept in all
analyses.

Aggregate type, binder type, and aging state as main effects and all possible two-way
interactions were included in the ANOVA. The p-value in this analysis is the lowest level at
which the observed parameter is significant for the statistic evaluated (Walpole et al., 2009). In
this case, a p-value of 0.05 was selected. In terms of the FI results, the only two-way interaction
that was statistically significant was aggregate type x aging state. However, the two-way
interaction between aggregate type x binder type was borderline significant with a p-value of
0.0573. Thus, the type of binder could also be considered a significant factor determining higher
FI values, being larger for the HP binder. The effect of aging on FI was found to be dependent on
the type of aggregate: limestone aggregates lead to mixtures with higher values of FI for AO
compared to the A5 state, while no statistical significance was observed when granite was used.

Based on the analysis for CRI, binder type and aging state were statistically significant as well as
the two-way interaction between aggregate type x aging state. Specifically, the use of the HP
binder was found to provide statistically significant larger CRI values than those obtained with
PMA. This result agreed with the ones obtained with the FI parameter. Finally, also similar to the
FI results, the effect of aging on CRI was statistically significant for the mixtures with limestone,
but not for the mixtures with granite. This could be because the limestone aggregate was more
absorptive, and with aging, more binder was absorbed and thus there was less effective binder.

The mixtures were ranked based on the FI and CRI results, as shown in Table 5-15. The ranking
of the mixtures depended on their aging state. For instance, for the unaged mixtures, limestone-
HP was the best, but it ranked second after aging. Regardless, the mixtures with the HP binder
were still superior to the mixtures with the PMA binder.

Table 5-15. Ranking of Mixtures Based on SCB Test Results.

Rank Unaged Mixture (A0) Aged Mixture (A5)
1 Limestone-HP Granite-HP
2 Granite-HP Limestone-HP
3 Granite-PMA Granite-PMA
4 Limestone-PMA Limestone-PMA
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5.3.2.2. IDEAL-CT Test

The IDEAL-CT test is conducted using the IDT strength test equipment at 25°C (77°F).
Although there is no standard for the height of the specimen, a value of 62 mm (2.4 in.) was
selected. Figure 5-18 shows the test assembly.

o A

Figure 5-18. IDEAL-CT Test Setup.

Similar to what was reported for the SCB test, some of the specimens with the HP binder
endured large deformations during testing, allowing the sample to touch the edges of the loading
frame, inducing an error in the acquired data. This phenomenon can be observed in Figure 5-19,
which shows that the lower left corner of the specimen was in contact with the lower part of the
IDT assembly. This situation did not affect the post-processing of the data since the values for

PPPss and PPPss required to compute the ; variable were not impacted. Although this situation

also induced some small increments in the load-displacement curve, those increments were
considered negligible, and therefore there was no need to correct the computed fracture energy.
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Testing.

The CTindex values (Equation 9) for all mixtures at both aging states are presented in Figure 5-20.
In general, larger values of CTindex indicate slower cracking growth rates and, consequently,
better cracking performance. The overall trend was consistent in both aging states and shows
that, in agreement with the SCB test results, HP mixtures had the best performance. In terms of
the aggregate type, granite aggregates provided larger CTindex results in both aging states for both
binders. It is worth mentioning that the order of magnitude of the values obtained for the
mixtures in the original state significantly differed from those observed in Zhou et al. (2017a) for
dense mixtures. However, the IDEAL test is known for being sensitive to the AV content; for
example, results for dense mixtures with 9% AV content were found to present values of CTindex
that were 1.6 times greater than in mixtures with 5% AV content. Thus, larger differences were
expected for the FC-5 specimens that had a target AV content of 20%.
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Figure 5-20. CTindex Values for the Four Different Mixtures in Unaged and Aged States.

Since the CTindex Was used to rank mixtures according to their susceptibility to fracture, the four
FC-5 mixtures were classified using this parameter in each aging state. Table 5-16 summarizes
this ranking, where the first position corresponds to the mixture with the best CTindex. These data
verify that the HP binder provides superior FC-5 mixtures in terms of cracking performance,
regardless of the aggregate type. For instance, the CTindex Of the granite-HP mixtures was

4.6 times the value of the granite-PMA mixtures, and the CTindex for the limestone-HP mixtures
was 3.9 times higher than the limestone-PMA in the original state. It should also be pointed out
that a main difference between these results and those of the SCB tests was that the ranking of
the mixtures remained the same independently of the aging state and aggregate type.

Table 5-16. Ranking of Mixtures Based on the CTindex.

Rank Unaged Mixture (A0) Aged Mixture (A5)
1 Granite-HP Granite-HP
2 Limestone-HP Limestone-HP
3 Granite-PMA Granite-PMA
4 Limestone-PMA Limestone-PMA

As done with the SCB test results, an ANOVA was performed for the IDEAL test results. The
objective was to assess the effect of aggregate type, binder type, aging state, and AV content on
the CTindex. All main effects and two-way interactions between aggregate type, binder type, and
aging state were considered. The results indicated that the interaction between binder type x
aging state was statistically significant with a p-value of 0.05. Tukey’s multiple comparison tests
showed that in the AO state, the CTindex Of the HP binder had a significantly higher value
compared to the PMA binder, while in the A5 state, there was no statistically significant
difference. Details of the statistical analysis can be found in Appendix E.

| T,
fran: ion
66 A J'nstf:s(ﬂe




5.3.2.3. Cantabro Abrasion Loss Test

The Cantabro abrasion loss test is specified in AASHTO TP 108 (AASHTO 2014b), as
previously detailed in Section 4.2.3. Mixtures with larger mass loss are considered more prone to
degradation. The impact of aging was further evaluated in this test by testing specimens in three
different aging states: A0, A5, and A10 (Table 4-2). Figure 5-21 summarizes the results for the
three aging states.

80.0%
70.0%
«n 60.0%
3
1 50.0%
= 40.0%
2
g 30.0%
20.0%
- -
10.0% |—
o L ol |
0.0% A0 A5 Al10
Granite-PMA 13.4% 15.8% 30.7%
m Granite-HP 4.3% 10.1% 14.7%
m Limestone-PMA 7.2% 21.4% 64.9%
H Limestone-HP 3.9% 8.1% 19.0%

Figure 5-21. Cantabro Test Results for Three Aging States.

These results demonstrate that the mixtures with the HP binder were consistently less prone to
degradation (e.g., small abrasion or % mass loss). Also, the results showed that aging
considerably affected the performance of all mixtures. The minimum percentage mass loss
suggested in AASHTO TP 108 (i.e., less than 20% mass loss) was easily achieved for every
FC-5 mixture in the original state. However, aging fostered the degradation of the mixtures,
especially those prepared with the PMA binder, increasing the mass loss. Specifically, the mass
loss in the limestone-PMA mixture increased about three times in between aging state (i.e., AO—
A5 and A5-A10). This was in accordance with previous experiences of FDOT with FC-5
mixtures, which indicate that after five years of service, some limestone-PMA mixtures
experience raveling (Massahi et al., 2018). Conversely, the HP binder FC-5 mixtures passed the
standard requirement in both A0 and A5 aging states. Also, the limestone-HP mixtures presented
an average of 30% increase in percentage loss compared with the granite mixtures when
comparing the AO and the A10 aging states, suggesting that mixtures with limestone could be
less durable (i.e., present a larger abrasion). In terms of the dispersion of the data, the standard
deviation of the results increased with aging, which was the opposite of what was observed in
other performance tests.

As detailed in Appendix F, an initial unsuccessful attempt was done to assess the evolution in the
performance of the FC-5 mixtures (i.e., degradation rate) using compacted slabs in the three-
wheel polisher with studded tires. Therefore, an alternative method to evaluate the degradation
rate was conducted using compacted specimens in different aging states and subjected to various
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Cantabro abrasion loss cycles. The specimens were weighed after the completion of the first
cycle corresponding to the standard 300 revolutions, the material that detached from the
specimen was removed from the drum, and the specimen was subjected to additional cycles of
300 revolutions each until one of the following two criteria was met: (a) the % mass loss reached
80+2% with respect to the original weight of the specimen, or (b) a total of 4,500 revolutions
were applied (i.e., 15 Cantabro abrasion loss cycles). Figure 5-22 shows two specimens, the
original granite-PMA Cantabro specimen and the specimen in its final condition after
approximately 14 Cantabro abrasion loss cycles and reaching about 80% mass loss. A complete
photographic compilation of the condition of the specimens before and after testing is presented
in Appendix G.

Figure 5-22. Comparison of a Granite-PMA Cantabro Specimen That Reached 80% Mass
Loss with Respect to Its Initial Condition.

The results from the Cantabro abrasion loss tests can be observed in Figure 5-23, where lines
with dot markers correspond to FC-5 mixtures containing PMA binder, and curves with triangles
correspond to FC-5 mixtures prepared with HP binder. In addition, the labels in Figure 5-23
correspond to the type of binder/type of aggregate aging state. Lower values in the vertical axis
of these graphs represent mixtures with enhanced durability. These results showed the
outstanding performance of the HP mixtures. For example, in the original state, there was a 58
and 39% reduction in mass loss for the granite-HP mixtures and limestone-HP mixtures,
respectively, when compared to the equivalent PMA binder mixtures. In addition, in five out of
six cases, the PMA specimens achieved the test stopping criterion of 80% mass loss, while for
the FC-5 mixtures with the HP binder, this condition was only achieved in one aging state (i.e.,
limestone-HP in the A10 state). It is worth noting that the test stopping criterion of 80% mass
loss was probably excessive for these FC-5 mixtures, and that a smaller mass loss value of 60%
could be used in future studies since beyond this point the rate of mass loss reduced significantly
between Cantabro abrasion loss cycles, possibly due to the more rounded shape of the specimens
as they get abraded, as shown in Figure 5-22.
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Figure 5-23. Cantabro Degradation Curves of Mixtures in Various Aging States
(A0, A5, and A10); Each Cantabro Cycle Consists of 300 Revolutions.

Another major finding from these experiments was the clear effect of aging on the degradation of
the mixtures. The influence of the binder in the resistance to abrasion with aging progression was
significant since the limestone-HP mixtures in the A10 state were able to withstand five times
more Cantabro cycles until reaching the 80% degradation test stopping criterion compared to
limestone-PMA mixtures at the same aging state. In accordance with previous results, it was also
found that mixtures containing limestone were more susceptible to damage than the mixtures
with granite. In fact, the target 80% mass loss test stopping criterion was achieved more rapidly
for the PMA mixtures with limestone, except for the PMA in the AO state, and all limestone-
PMA mixtures presented a faster mass loss than those with the granite aggregate.

In general, it was observed that the variability among results decreased with an increase in the
applied number of Cantabro abrasion loss cycles. For example, the limestone-HP specimens in
the A5 state presented a COV of 16.8% in the first cycle, and this value reduced to 3.8% in the
15th cycle. This trend was similar in the other FC-5 mixtures and might be due to the rounder

shape of the specimens as they get abraded, as shown in Figure 5-22.

The Cantabro abrasion loss test results were analyzed statistically using an ANOVA with
aggregate type, binder type, aging condition, and AV content as main effects along with their
two-way interactions. The results indicated that the two-way interactions between aggregate type
x aging condition as well as between binder type x aging condition were significant with a
p-value of 0.05. This supports the observations in Figure 5-21 and Figure 5-23, where binder
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type, aggregate type, and especially aging condition seemed to have a significant effect on mass
loss. Based on Tukey’s multiple comparison tests, the PMA mixture in the A10 state was
statistically different from the rest (worse Cantabro abrasion loss), while HP mixtures in the
original and A5 states along with the PMA mixture in the A0 state performed statistically better
than the rest. Details on the statistical analysis can be found in Appendix H.

5.3.2.4. Moisture Susceptibility and Tensile Strength

The FM 1-T 283 test was used to evaluate moisture damage resistance of the FC-5 mixtures,
(FDOT 2015a) in two aging states (i.e., A0 and A5). The test was performed on at least three
cylindrical specimens having 150 mm (5.91 in.) diameter and 75 mm (2.95 in.) height. The first
set of dry samples conditioned at a temperature of 25+£0.5°C (77°F) were subjected to the IDT
strength test. The IDT strength test was also conducted on the wet conditioned samples following
the conditioning procedure detailed in Section 4.2.4. A total of three replicates were tested for
each mixture. The results for the FM 1-T 283 test can be observed in Figure 5-24, where the first
result corresponds to the IDT strength in the dry condition and the second to the IDT strength in
the wet condition for the AO and A5 aging states.

800.0
700.0
600.0
500.0
E3
400.0 —
wn =
= g 300.0 —
2000 — =
(@]
100.0 —
0.0
A0 A5
0 Granite PMA Dry 459.48 606.73
B Granite PMA Wet 412.47 475.63
B Granite HP Dry 430.62 494.43
B Granite HP Wet 358.09 446.19
B Limestone PMA Dry 560.52 562.26
B Limestone PMA Wet 466.50 361.99
B Limestone HP Dry 441.44 663.67
B Limestone HP Wet 334.41 474.23

Figure 5-24. Wet and Dry IDT Strength Results for Mixtures Subjected to
FM 1-T 283 in Two Aging States.
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The results showed considerable variability among replicates (i.e., the COV for the PMA binder
in the AO state was 10% and up to 18% for the specimens in the A5 state, while the COV for the
HP binder in the AO state ranged between 3.2% and 16.4% and between 6-12% in the A5 state).
Overall, the IDT strength of the mixtures increased with aging (i.e., between 3 and 32%), with
the only exception being the value obtained for the limestone-PMA mixture. The highest IDT
strength value in the unaged state obtained from the test corresponded to the mixtures with
limestone, and this trend was reversed for the aged state. Mixtures having granite experienced a
lesser decrease in the IDT strength from dry to wet condition compared to the limestone mixtures
(i.e., the granite-PMA in the AO state lost 10% from the dry to wet condition). Overall, mixtures
with PMA presented higher IDT strength values compared to those fabricated with HP, with the
only exception being the limestone-HP mixture in the A5 state. These results were in agreement
with the values of the dynamic shear moduli of both asphalts (i.e., PMA presented larger overall
values with respect to HP). However, as demonstrated in previous sections, in terms of fracture
properties (Sections 5.3.2.1 and 5.3.2.2) and durability (Section 5.3.2.3), the HP mixtures were
superior to the PMA mixtures.

Figure 5-25 presents the TSR results. This figure indicates that the susceptibility to moisture
damage changes over time due to aging. In the original state, the limestone-PMA mixture had a
low TSR value and, contrary to all other mixtures, it did not comply with the typical acceptance
criterion of a minimum TSR value of 70% (represented in Figure 5-25 with a red line), based on
AASHTO PP 77-14 (AASHTO 2014c). Surprisingly, all mixtures in the aged state (A5) satisfied
the minimum TSR of 70%. However, there was not a consistent trend of increase or reduction in
the TSR values of the mixtures with respect to the original state. For example, the TSR of the
granite-HP mixtures in the A5 state increased 8.5% with respect to the AO state, while the TSR
of the limestone-HP mixtures reduced 5.2% between both aging states. In the case of the PMA
mixtures, the TSR in the mixtures with the granite aggregate exhibited a reduction of 13.3%
between the A0 and A5 states, while those with limestone had an increase in TSR between these
aging states of 27.7%. In terms of the type of aggregate, most mixtures with limestone in both
aging states had lower TSR values than those with granite (except for the granite-PMA versus
limestone-PMA in the A5 state), independently of the type of binder. As observed, the effects of
the asphalt binder or aging state on the susceptibility to moisture damage of these mixtures were
diverse.
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Figure 5-25. TSR Results for Mixtures Subjected to FM 1-T 283 in Two Aging States.

It should be noted that both the IDEAL and FM 1-T 283 tests provided IDT strength values.
Figure 5-26 compares the results for both tests in the dry condition. The values were similar with
differences smaller than 20%, except for the limestone-HP mixtures in the aged state (A5) and
the limestone-PMA mixtures in the original state (A0).
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Figure 5-26. Dry IDT Strength Results for Mixtures in Two Aging States: (a) Subjected to
FM 1-T 283; (b) Subjected to the IDEAL Test.
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There are several possible explanations for the differences between both test results. According
to NCHRP 9-56 (Azari, 2010), it is not appropriate to compare IDT strength results from dense
mixtures from different IDT strength tests conducted with different equipment due to calibration
issues, even if the specimens and loading conditions are the same. The TSR and the IDEAL tests
were conducted with different test equipment, which could partially explain the differences in the
results. Also, the height of the specimens was different in both cases (i.e., 62 mm [2.44 in.] in the
IDEAL test and 75 mm [2.95 in.] in the FM 1-T 283), which could cause discrepancies in the
response of the specimens due to the open structure of FC-5 mixtures. Based on the reasons
provided before, detailed analyses of the influence of a specific parameter (i.e., binder or
aggregate type) on the IDT strength results were not recommended.

A statistical ANOVA assessing the effects of aggregate type, binder type, aging state, moisture
condition, and AV content and their two-way interactions was conducted. The two-way
interactions with AV content were insignificant, so they were removed from the model and the
ANOVA was conducted again without that variable. The results indicated that the two-way
interaction between aggregate type x moisture condition was statistically significant with a
p-value = 0.05. This suggests that the effect of aggregate type on the test result depended on
whether the material was in the dry or wet condition. Using Tukey’s multiple comparison tests,
mixtures with the limestone aggregate in the dry condition had significantly larger IDT strengths
compared to mixtures with granite in the dry condition, while for mixtures in the wet condition,
there was no statistically significant difference for the two aggregate types. In addition, mixtures
in the A5 state had larger values of IDT strength compared to mixtures in the original or A0
state. This result was expected since aging stiffens the binder in the mixture. Details of the
statistical analysis can be found in Appendix I.

5.4. SUMMARY OF EXPERIMENTAL RESULTS

Table 5-17 and Table 5-18 summarize the results obtained from the different tests. In terms of
the binders, as observed in Table 5-17, the HP binder showed a better overall ranking, with the
exception of the FTIR test. However, this was not of concern for two reasons: (a) the base binder
for each of the modified binders was believed to be different, which could explain some of the
changes induced by aging in their chemical composition; and (b) the properties and performance
indicators obtained from the other tests showed a better performance for the HP binder. This
finding implied that, although the HP binder seemed to have larger carbonyl area growth, this
condition did not impact the performance of the HP mixtures.

Table 5-18 shows the ranking of the FC-5 mixtures based on the aging state and the type of
mixture. In general, mixtures with the HP binder excelled in performance. More specifically, the
HP mixtures with granite were typically ranked better than those with limestone, and in those
cases where the limestone-HP mixtures were superior, the corresponding parameter was very
similar to the granite-HP.
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Table 5-17. Summary Results for Binder and Mastic Characterization and Ranking.

Property Parameter Best-Performing

Test Evaluated Evaluated Binder Type Result Ranking Binder
PMA PG 82-22 2
PG - PG grade HP
HP PG 82-28 1
Cracking Aging state at
G-R susceptibility which the PMA PAV20 2 HPp
d_ue t_o damage zone in HP PAVS0 1
oxidation reached
Aging Carbonyl area PMA Slope =0.2429 1
FTIR  susceptibilit rowth PMA
ptbiity g HP Slope = 0.2693 2
i PMA HP ! 2
PLAS atigue FREI consistently HP
resistance better in all
HP . 1
aging states
PMA Original 2
Sessile Contact Total SEE Granite-PMA Hp
Drop angles HP Original 1
Granite-HP 9

In terms of fracture susceptibility, mixtures with the HP binder performed better than those with
the PMA binder. Regarding the potential abrasion of the mixture measured through the Cantabro
abrasion loss test, the HP mixtures were also consistently superior to the PMA mixtures.
Moreover, the granite mixtures were predominantly more resistant to Cantabro abrasion loss
compared to the limestone mixtures. Finally, the IDT strength values from the IDEAL test were
larger for aged states and for mixtures with the HP binder and, in terms of the moisture damage
susceptibility, no conclusive pattern regarding the influence of aging, aggregate type, or binder
type was obtained.

Based on the experimental results, the HP binder and corresponding FC-5 mixtures presented an
overall better performance compared to those prepared with the PMA binder. Particularly,
granite-HP mixtures were more resistant to cracking in both aging states and were also more
resistant to abrasion.

Finally, it should be mentioned that this experimental study was conducted on PMA and HP
binders obtained from a single producer source. Furthermore, the control PMA binder had an
improved PG grade (i.e., PG 82-22E) with respect to its commercial label (i.e., PG 76-22). Thus,
the relative differences between the PMA and HP binders might vary if other sources of these
commercial binders were evaluated. In this particular case, however, and even when both binders
shared the same superior PG grade (i.e., 82), the results were conclusive in demonstrating that
the increased polymer amount in the HP binder enhanced the overall performance and durability
of the FC-5 mixtures.
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Table 5-18.

Summary Results for Mixture Characterization and Ranking.

Test Property Parameter ~ Mixture é < é < § < g < s < g < Mixture
Granite-
OMA 3470 1410  N/A 3 3 NA
Gra”;te' 7110 3370 NIA 2 1 NA
Int?g]n?g'ate Fl Limestone HP Mixtures
Cracking PMA 2430 520  N/A 4 4 NA
Properties
LMSONe 12360 1890 NA 1 2 NIA
SCB :
Granite- 1,319.1
OMA 0 8074  N/A 3 3 NA
Granite-  1,864.9
Hp 0 12712 N/A 2 1 NA
'”“*Trg‘nfg'ate CRI L imestone HP Mixtures
Cracking A 99450 53680  N/A 4 4 NIA
Properties
L'”jgslgone 21940 92330 NA 1 2 NA
Granite-
oMa 33737 14795 N/A 3 3 NA
Granite- - 15653 55057 A 1 1 NA
DT HP 8
IDEAL '”teTrg‘nfg'ate strength Granite-HP
Cracking 2 CTiec  ~ppin 2334 6857  N/A 4 4 NIA
Properties
LM 91247 18003 NIA 2 2 NIA
Granite- o 1580  30.70
ova 1340% o o 4 3 3
Granite- o 10.10  14.70
Hp 4.30% % o 2 2 1 '
Cantabro D bility/ Percent Limestone-
“tr)a MY/ Mass Loss  Limestone 2oy 2140 6490 o A A HP
Abrasion -PMA 2y %
Resistance
Limestone o o 19.00
P 390% 810% o 1 1 2
Granite- o, [8.44
oma 89TT% Ty N/A 1 3 NA
oT GVt gzaew 0 wAa 2 1 NA
FM 1-T Moisture Strength Granite-HP
283 o Limestone 0 82.97
Suscestlblllt and TSR PMA 64.58% % N/A 4 2 N/A
Limestone o 1170
P 75.84% N/A 3 4 NIA
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6.0. NUMERICAL MODELING

The objective of the 2D FE numerical modeling effort was to complement the experimental work
by evaluating the response of the various FC-5 mixtures under short-term and long-term aging
conditions. The numerical models included in this project were built based on the previous
efforts reported in the literature and on the experience gained by the research team as part of a
recently completed FDOT project that aimed at understanding and identifying the mechanisms
associated with raveling in these materials (Arambula-Mercado et al., 2016; Manrique-Sanchez
et al., 2016). Since raveling is a stone-on-stone contact phenomenon (Alvarez et al., 2010a), the
strength and resistance to raveling of the FC-5 mixture is strongly dependent on the
characteristics of the microstructure (Alvarez et al., 2008; Alvarez et al., 2010a; Alvarez et al.,
2010b; Manrique-Sanchez et al., 2016). Thus, realistic geometries of the microstructure of the
FC-5 mixtures were obtained with X-ray CT and image analysis techniques on specimens
fabricated in the laboratory to a target AV content of 20% and used in the FE models, using a
similar approach to that used in the previous works. Figure 6-1 presents an example of an X-ray
CT cross-section of an FC-5 specimen, as well as the rectangular portion that is used in the FE
model. Each one of the sections was fully characterized in order to count with information useful
to explain the experimental results (i.e., gradation, AV content, average length of stone-on-stone
contacts, aggregate orientation, etc.). Figure 6-2 illustrates an example of the characterization of
a cross-section of an FC-5 mixture with respect to the number of stone-on-stone contacts per
aggregate and aggregate orientation. Abaqus® was used to perform simulations on the FC-5
geometrical models with distinct material properties.

(a) (b)
Figure 6-1. (a) X-ray Scan of an OGFC Mixture; (b) 2D Section of an OGFC Mixture
Obtained from an X-ray CT-Scanned Image and Processed as Input to the FE Model.
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(b)
Figure 6-2. Characterization of the OGFC Sections: (a) Number of Contacts per
Aggregate; (b) Quantification of Aggregate Orientation.

In the previous FDOT research effort, a rigorous energy-based methodology was designed and
used to process the outcome data. This method required processing the results of the stresses and
strains within the stone-on-stone contacts of the FC-5 mixture in order to obtain the maximum
dissipated energy in both Mode | (opening) and Mode Il (shear) of failure at the critical stone-on-
stone or mastic-on-mastic contacts where fracture could occur through a parameter named
raveling index. In general, larger values of the RI are related with contacts that are more prone to
break and, therefore, with a higher susceptibility to raveling. This approach was used to evaluate
the raveling susceptibility of the FC-5 mixtures in a short-term aging state.

One difference between the numerical simulations included in this project with respect to
previous effort was the evaluation of raveling in the FC-5 mixtures near the end of their service
life (i.e., long-term aged condition). This methodology consisted of using aged rheological and
fracture properties of the mixtures in order to conduct FE simulations where the actual
dislodgement of an aggregate could be represented at the stone-on-stone contacts (i.e., actual
simulation of raveling processes). The simulation of fracture was achieved through the use of the
CZM technique, a numerical method that has been commonly used to simulate fracture processes
in solid materials. Raveling susceptibility was quantified in this long-term aging scenario using
the new evaluation parameter ER. This parameter quantifies the energy that the mastic material
located at each stone-on-stone contact is still able to dissipate before cracking. Thus, values of
ER equal to 0.0 imply that the contact was broken (i.e., raveling initiation), values near 0.0 imply
that the contact is near fracture (i.e., raveling is close to initiate), while larger values of ER
represent mastic contacts that are far from reaching a fracture condition (i.e., raveling-resistant
contacts).

Figure 6-3a illustrates the mastic-on-mastic contact zones where the CZM technique was
incorporated, while Figure 6-3b illustrates the bilinear constitutive response that will be used for
the cohesive contacts. The mechanical response of these contacts under this traction-separation
law is as follows: when the contact is subjected to a certain stress condition, it deforms following
a linear elastic response until reaching its maximum tensile strength in any fracture mode

(Mode I or 1I). At this point (3in Or omax in Figure 6-3b), the structural resistance of the contact
starts decreasing (i.e., o after din in Figure 6-3b) until failure. Once the energy dissipated by the
element equals that of the fracture energy of the material, the contact breaks, and the finite
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elements originally in contact lose that contact and get separated, which represents the initiation
of fracture. Afterwards, the propagation of the crack continues through the mastic-on-mastic
zone where the cohesive contacts are located, until the point where both aggregates separate
from each other (i.e., raveling development).

CZM Jmax
elements

(relative displacement)

() (b)
Figure 6-3. (a) Location of the CZM Elements at the Mastic-on-Mastic Contacts;
(b) Traction-Separation Law for the CZM.

Since the previous FDOT research effort demonstrated that the particular X-ray CT section
selected for the FE model strongly influenced the probability of a mixture to raveling, at least
three FC-5 microstructures were selected for each type of mixture in order to achieve more
reliable results. Table 6-1 summarizes the input data for the FE models and the relationship with
the experimental test plan.

Table 6-1. Parameters Used as Input in the FE Models.

Input Parameter Method to Obtain the Values
Geometry of the FC-5 microstructure X-ray CT scans and image processing techniques
Constitutive relationship for mastics at
different aging conditions

Master curves

Traction-separation law of the CZM IDT testing: tensile strength
elements SCB testing: fracture energy
Load magnitudes: existing long-term pavement performance
(LTPP) data for Florida
Traffic or equivalent data from similar databases

Longitudinal loading simulating different friction conditions:
reported models in the literature

6.1. MODELING METHODOLOGY AND MATERIALS

6.1.1. FC-5 Microstructure Geometry

Portions of 2D vertical cross-sections captured with the X-ray CT scans on OGFC specimens
with a target AV of 20% were selected to obtain three FC-5 microstructure replicates with two
different thicknesses: 2-cm (0.79-in.) and 4-cm (1.57-in.). Figure 6-4 illustrates the six
microstructures used in the FE models. All the aggregates shown in the microstructures in
Figure 6-4 are coated with a thin mastic film. The thickness of this mastic film was computed
after assuming that the aggregates were spheres covered by a homogeneous film of mastic,
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which resulted in a value of 150 um. This implies that the stone-on-stone contacts in these
models are actually mastic-on-mastic contacts.

Figure 6-4. FC-5 Microstructure Replicates with 20% AV: (a) 2-cm-Thick (0.79-in.);
(b) 4-cm-Thick (1.57-in.).

The FC-5 microstructures in Figure 6-4 were characterized in terms of:

e The number of contacts per aggregates. This parameter is correlated with the
coordination number of a granular media (i.e., average number of contacts per aggregate)
and is considered a good indicator of its network connectivity (Chen and Wong 2016). In
this work, two aggregates were considered to be in contact if the distance between their
edges was smaller than 0.2 mm (0.008 in.). This value was selected after considering an
average binder film thickness for the FC-5 mixtures, and the resolution of the CT image.
After obtaining the number of contacts per aggregate, a probability density function
(PDF) was adjusted to the results of each microstructure.

e The average orientation of the aggregates. This parameter is defined as the angle between
the longest line along the aggregate and the horizontal axis. In a vector image, the longest
line corresponds to the highest distance between the two farthest points on the contour or
perimeter of the particle (i.e., in a range between —90 degrees to 90 degrees; see Figure
6-5). The orientation of the aggregates for each microstructure was also adjusted to a
PDF.

X Axis

v

Y Axis

Figure 6-5. Particle Orientation.
e The vector magnitude (A) of the microstructure. This is an internal structural index that

indicates the average anisotropy of contact orientation on a 2D image (Sefidmazgi et al.,
2012), and it is useful to identify the preferred orientation of the particles (i.e., a value of
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0% indicates a random particle orientation, and a value of 100% indicates a perfect
alignment of particles) (Masad et al., 1999; Bessa et al. 2012). The vector magnitude of
each microstructure was defined as follows:

A= (11%0) * \/(Z sin 0)° + (X cos 8;)° 17
where:

0 A = vector magnitude of the microstructure,
0 0k = angle of each aggregate particle and the horizontal line, and
o N =number of aggregates.

Typical values of this parameter for dense asphalt mixtures vary between 40% and 55%
(Masad et al., 1999; Sefidmazgi et al., 2012).

e The total length of the stone-on-stone contacts. This parameter, which provides
information on the strength of the network, is computed as the sum of the total length of
the contacts per aggregate. In general, higher contact lengths indicate stronger networks
since this condition is related to better stress distributions and friction properties between
aggregates (Sefidmazgi et al., 2012).

A summary of the characteristics of the FC-5 microstructures is presented in Table 6-2.

Table 6-2. Characteristics of the Microstructures of the FC-5 Mixtures.

Number of contacts per Total contact

Layer Replicate aggregate Orientation of contacts A (%) length
thickness (mm [in])
PDF__ p*  o** PDF e 6 (°)
1 Normal 3.0 1.1 Normal -8.0 39.5 33.8 410 (16.1)
(0_27;2‘“.) 2 L;‘(;gtic 33 16 Normal 77 429 379 650 (25.6)
3 Normal 2.7 1.5 Normal 4.5 41.0 42.8 591 (23.3)
A-cm 1 Weibull 2.6 1.8 Normal —5.1 46.1 57.1 1101 (43.3)
(157-in.) 2 Logistic 3.4 1.4 Normal -3.8 44.0 53.6 1083 (42.6)
3 Normal 3.1 1.4 Normal -3.0 42.2 48.1 1077 (42.4)
* Mean value.

** Standard deviation.

Data in Table 6-2 showed that the mean value of the number of contacts in all microstructures
was close to 3.0, but it was highly variable within the microstructures (i.e., the minimum COV
among all microstructures was 37%). The results also showed that the mean values of the
orientation of particles range between —8 degrees and 5 degrees. This indicates that although, on
average, the orientation of particles tends to be horizontal, there are several particles within the
microstructures presenting a vertical orientation. This result is verified with the vector magnitude
of the microstructures, or A, which shows that there is not a preferred orientation of the
aggregates (i.e., values on average of 45.0%). Finally, in terms of the length of the contacts, the
4-cm (1.57-in.) microstructures had a total contact length that was about two times larger than in
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the 2-cm (0.79-in.) microstructures, which was an expected result since larger thicknesses can
accommodate more aggregates.

6.1.2. Pavement Structure

The pavement structure used in the FE model consisted of three layers: (a) an FC-5 mixture, (b)
an equivalent base layer, and (c) a subgrade (Figure 6-6). The equivalent base and subgrade
layers were assumed continuum, isotropic, and homogenous materials. The use of an equivalent
base layer instead of certain specific base and subbase layers representing a more realistic
pavement structure is a simplification that allowed a reduction in the computational cost,
permitting researchers to focus on the microstructural phenomena occurring within the FC-5
mixture layer. From the mechanical point of view, this simplification is justified based on
previous numerical studies showing that the layers beneath the OGFC are not a relevant factor
impacting the raveling susceptibility of these mixtures (Arambula-Mercado et al., 2016). The
horizontal direction in the vertical sides of the models was restrained, allowing only movements
in the vertical direction, and all degrees of freedom were restrained at the bottom of the models.
Figure 6-6 shows the selected pavement geometry with a 4-cm (1.57-in.) FC-5 microstructure
and the mastic-on-mastic contacts between the aggregates within the OGFC.

~70 cm (27.6 in)

4cm ?E T
(1.6 in)
60 cm
(23.6in
Continuum Equivalent
Pavement Base
A\
A
40 cm Subgrade
(15.7in) *©
\4

Figure 6-6. Pavement Structure for FE Model in Abaqus®.

The pavement structure used in the FE model included three types of elements. The equivalent
pavement base, the subgrade, and the aggregates were meshed using three-node linear elements
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(i.e., type CPE3 in Abaqus®). A seed of 15 mm (0.6 in.) was used to mesh the equivalent base
and subgrade layers of the pavement, and a seed of 30 mm (1.2 in.) was used to mesh the
aggregate particles. The mastic films were meshed using a four-node bilinear quadrilateral
element (i.e., type CPE4R in Abaqus®) with a seed of 0.075 mm (0.003 in.). In the models that
simulated the long-term field performance of the FC-5 mixture, the mastic-on-mastic contacts
were meshed using four-node 2D cohesive elements (i.e., type COH2D4 in Abaqus®). The FC-5
mixture layer was meshed with a total of approximately 460,000 elements, and the pavement
structure with a total of about 6,200 elements. Figure 6-7 shows in detail the mesh of a portion of
an FC-5 mixture layer of 4-cm (1.57-in.) and part of the mesh of the base layer.

OGFC
4cm

Equivalent
Base Layer

Figure 6-7. Global Mesh of an FE Model with a 4-cm (1.57-in.) FC-5 Mixture.

6.1.3. Loading Conditions

The models were subjected to the pass of a half single axle load of 49.7 kN (11,173 Ibf) at a
speed of 88.5 km/h (55 mph), as observed in Figure 6-8. This loading magnitude and velocity
represent typical traffic conditions in highways with FC-5 mixtures in the state of Florida (LTPP
2015). The tire-pavement interaction included a vertical force, which generated the contact
pressure on the FC-5 mixture, and a friction force. The friction force was 1.2 kN (270 Ibf) and
was defined using the data by Milne et al. (2004), who specified that the friction force could be
equivalent to 2.5% of the maximum vertical force. Finally, the contact pressure was 0.9 MPa
(130.5 psi), which produced a loading contact radius of 12.5 cm (4.9 in.).

Displacement [mm]

+5.832e-01
+5,346e-01

+3.402e-01
+2.916e-01
+2.430e-01
+1.944e-01
+1.458e-01
+9.719e-02
+4.860e-02
+0.000e+00

Figure 6-8. Loading Application and Vertical Displacement for a 2-cm (0.79-in.) FC-5
Mixture.
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6.1.4. Aggregate and Pavement Layer Properties

Both aggregates (limestone and granite) were modeled as linear elastic materials with a
Poisson’s ratio of 0.30 and an elastic modulus of 50,000 MPa (7.2x10° psi) for granite and
27,000 MPa (3.9x10° psi) for limestone (Rummel 1991). The layers of the equivalent base layer
and subgrade were also modeled as linear elastic materials. The elastic modulus of the equivalent
base was 520 MPa (7.5x10* psi) and the Poisson’s ratio was 0.35, and for the subgrade layer, the
elastic modulus was 100 MPa (1.4x10* psi) and the Poisson’s ratio was 0.45.

6.1.5. Mastic Properties

The mechanical response of the four mastics coating the aggregate particles in the FC-5 mixtures
was determined as explained in the Mastic Characterization section of this deliverable. To
include this information in the FE models, data in Figure 5-8 and Figure 5-9 were transformed
from the frequency (i.e., dynamic modulus) to the time domain (i.e., relaxation modulus). Thus,
the parameters of the Prony series of each mastic at a reference temperature of 30°C were
determined. These series were normalized with respect to the instantaneous shear modulus to
comply with the input requirements of the constitutive linear viscoelastic model of Abaqus®:

g® =1-3L, g1 —e P) (18)
where:

e g(t) = the normalized shear relaxation modulus of the material with respect to the
instantaneous shear modulus (Go) as a function of time (t),
e pi=the ith relaxation time parameter of the Prony series, and

e gi=the Prony series parameter Gi divided by the instantaneous shear modulus (i.e., g; =
Gi
Gy’

The relationship among the instantaneous modulus, Go, the long-term shear modulus, G .., and
the Prony series parameter, Gi, is:

Go = Go + Xizq G (19)

Table 6-3 and Table 6-4 present the Prony series parameters of the four mastics after short-term
(i.e., after RTFO) and long-term (i.e., after PAV) aging. In accordance with the experimental
results, the mastics with PMA had a higher instantaneous modulus than those prepared using the
HP binder. In addition, the instantaneous moduli of the mastics after long-term aging were, on
average, 200 MPa (2.9x10% psi) larger than those after short-term aging, independent of the type
of binder.
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Table 6-3. Prony Series for Mastic at a Temperature of 30°C after Short-Term Aging.
Granite-HP Limestone-HP Granite-PMA Limestone-PMA

i pi [s] Gi [Pa] Gi [Pa] Gi [Pa] Gi[Pa]
1 1.0x106 5.0x107 5.2x107 1.3x108 1.1x108
2 1.0x10° 1.2x107 9.6x108 2.8x107 2.9x107
3 1.0x10* 1.0x107 9.6x10° 2.7x107 2.4x107
4 1.0x10°3 4.3x106 4.0x108 1.1x107 9.8x108
5 1.0x107? 1.8x108 1.7x108 4.2x106 3.8x106
6 1.0x10t 6.8x10° 6.3x10° 1.3x10° 1.2x108
7 1.0x10° 2.0x10° 1.8x10° 3.1x10° 2.9x10°
8 1.0x10! 5.3x10* 4.9x10* 6.1x10* 5.9x10*
9 1.0x10? 1.2x10* 1.1x10* 9.9x10° 10.0x10°
10 1.0x108 2.4x10° 2.2x10° 1.5x108 1.4x10°
11 1.0x10* 4.6x101 3.8x10? 8.7x10* 2.2x10?
12 1.0x10° 4.7x10? 5.8x102 4.3x10°
13 1.0x108 3.0x10-03 4.2x107 7.1x10°
Eo (MPa) 222.6 216.4 561.3 487.6
Poisson’s ratio 0.40

Table 6-4. Prony Series for Mastic at a Temperature of 30°C after Long-Term Aging.
Granite-HP Limestone-HP Granite-PMA Limestone-PMA

i pi [s] Gi [Pa] Gi [Pa] Gi [Pa] Gi [Pa]
1 1.0x10® 9.8x107 1.3x108 1.2x108 1.3x108
2 1.0x10® 2.1x107 7.9x108 4.1x107 3.1x107
3 1.0x10* 2.4x107 7.7x10° 4.2x107 3.9x107
4 1.0x10°3 1.1x107 7.7x108 2.3x107 2.2x107
5 1.0x102 5.4x108 5.1x108 1.3x107 1.2x107
6 1.0x10? 2.3x10° 1.4x108 6.0x106 6.1x10°
7 1.0x10° 7.3x10° 4.7x10° 2.3x10° 2.3x108
8 1.0x10% 2.1x10% 1.3x10° 7.3x10° 8.0x10°
9 1.0x102 5.1x10* 3.2x10% 2.0x10° 2.2x10°
10 1.0x108 1.0x10* 8.3x10° 4.3x10* 6.9x10*
11 1.0x10* 1.8x108 1.0x1073 1.1x10* 1.3x10°3
12 1.0x10° 2.3x10° 1.0x10* 5.1x10® 1.3x10°®
13 1.0x10° 3.2x10° 1.0x10® 2.6x10° 1.2x10°3
Eo (MPa) 456.0 449.1 700.8 677.2
Poisson’s ratio 0.40
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6.2. MODELING CASES

A total of 24 models were evaluated based on combining six FC-5 mixture microstructures (i.e.,
three replicates for two different thicknesses); four material combinations (i.e., two aggregate
types, granite and limestone, and two binder types, HP and PMA); and two conditions: (a) short-
term and (b) long-term aging. As noted previously, the short-term aging resembles the A0 aging
state of the mixtures, which is the “as constructed” state, while the long-term aging condition
resembles the A5 aging state of the mixtures, or about two to three years of pavement service
life.

6.2.1. FE Model for FC-5 Mixtures after Short-Term Aging

The RI was the selected parameter to evaluate the raveling susceptibility of the FC-5 mixtures.
This index was previously proposed in the research conducted by Arambula-Mercado et al.
(2016). The RI (Equation 20) is a scalar defined as the ratio between the dissipated energy from
each mastic element located at the mastic-on-mastic contacts and the cohesive bond energy of
the mastic material obtained from the SFE presented in Table 5-8. Higher values of RI indicate
higher probability of raveling (i.e., higher chance of reaching the cohesive bond energy of the
material). As explained by Masad et al. (2010), the theoretical work of cohesion computed
through SFE measurements is various orders of magnitude smaller than the actual work of
fracture measured for any material in the laboratory. Thus, the RI is a non-dimensional quantity
that would never reach a value of 1.0 but rather a numerical indicator that provides information
about the potential fracture of the mastic-on-mastic contacts.

RI = Dissipated energy (#) (20)

N Cohesive bond energyqdry (#)

To compute the RI, the Mohr’s circle theory is used to transform the data extracted from each
finite element in the mastic-on-mastic contacts (e.g., horizontal, vertical, and shear stresses and
strains) from global coordinates to local coordinates. This transformation allows for computing
the dissipated energy of each element during the pass of the wheel load on top of the FC-5
mixture layer in Mode | and |1 of failure (i.e., opening and shear fracture modes, respectively).
The maximum tensile stress obtained from this coordinate transformation, o1, is related to
Mode | of failure, while the maximum shear stress, tmax, is related to Mode 11 of failure.

Considering the number of elements located in the mastic-on-mastic contacts (i.e., approximately
4,900 elements for a 2-cm [0.79-in.] FC-5 mixture layer), the RI results for each microstructure
and material combination were adjusted to a PDF with a 95% confidence level. As explained
later, the PDF presenting the best fit in all cases was a Weibull distribution. However, since
raveling constitutes a fracture-related problem, an extreme value analysis was required to
quantify the actual chances of fracture in the contacts. In other words, only the elements with
very high RI values that had the potential of fracture at a specific mastic-on-mastic contact were
considered of interest. Thus, the PDFs of the Rl were truncated using a threshold value of RI of
5.0x10" 2 (Figure 6-9). This procedure consisted of defining the PDF of a restricted domain of the
original distribution composed of those values higher than the defined threshold. The threshold
was selected after guaranteeing that the tail of all the PDFs was correctly represented with a
reasonable minimum number of elements in this range (i.e., more than 180 elements). To include
the variability of the results, the parameter to evaluate the raveling susceptibility of a mixture
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was the mean value plus one standard deviation (u+c) of the truncated Rl PDFs, also called
(uto)ri. Larger values of the evaluation parameters indicate that the FC-5 mixtures had a greater
chance to ravel in the early life of the pavement in the field.
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Figure 6-9. Example of the Threshold RI Value to Be Used for Obtaining the Truncated
PDF for the First Replicate of a 4-cm (1.57-in.) Limestone-PMA FC-5 Mixture.

6.2.2. FE Model for FC-5 Mixture after Long-Term Aging

The FE models after long-term aging incorporated CZM elements to simulate actual fracture
within the mastic-on-mastic contacts. The inclusion of these fracture elements was due to the fact
that, if constructed properly, raveling in FC-5 mixtures is expected to initiate after several years
of pavement service life, when the mastic at the contacts have been exposed to both mechanical
and weather degradation.

The mechanical response of the CZM elements was defined through a bilinear traction-
separation law, as observed in Figure 6-10. This law relates the applied stresses (tensile stress for
Mode I of failure and shear stress for Mode Il of failure) with the relative displacement caused
between the two parallel faces of the CZM element. In this law, the initial stiffness (K)
determines the mechanical response of the element prior to reaching the maximum tensile stress
of the material (omax). From that point on, the element is not able to support tensile stresses, a
softening process occurs (i.e., a gradual reduction of stiffness), and the displacement among the
faces of the element continues increasing until reaching the maximum fracture displacement (Jc).
When this occurs, the material fractures (i.e., the CZM element physically disappears from the
model), which promotes the propagation of the crack through the mastic-on-mastic contacts. The
area under the stress-displacement curve corresponds to the fracture energy of the material.
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Figure 6-10. Traction-Separation Law of the CZM Elements Modified after Caro (2009).

A common problem with CZM elements is that they are incorporated as physical elements in the
FE model, but they do not exist in the real world. Therefore, their inclusion in the FE models
tends to increase the compliance of the FC-5 microstructures. Thus, the initial stiffness of each
mastic material (K) was calibrated after guaranteeing that the mechanical response of each FE
model was equivalent to that of the model that did not include CZM elements, but only regular
linear viscoelastic mastic elements at the contacts. This process took into consideration the
results of the works conducted by Salve and Jalwadi (2015), Aragédo and Kim (2012), Aragéo et
al. (2017), and EIl Haloui et al. (2018) on this topic. Also, the magnitude of the initial stiffness of
each mastic was reduced after considering that after certain years of service, the material had
overcome some mechanical degradation (i.e., fatigue damage, based on the FREI parameters
obtained from the PLAS tests). Moreover, the calibration of the input parameters of the CZM
traction-separation law considered the results reported by Aragédo and Kim (2012) and Aragéo et
al. (2017), in which the effective displacement (i.e., di /d¢ from Figure 6-10) of typical asphalt
and mastic materials was at least 5x10*. Finally, the fracture energy of the CZM was determined
using SCB test results, after considering a reduction of near 80% to resemble the critical
condition in which raveling should initiate due to the fatigue and other field-related degradation
that had occurred in the material. This assumption was justified by existing literature that
indicated that aging and field deterioration after five to six years could indicate a reduction of up
to 70% of various performance properties (e.g., fracture energy, cohesive bond energy) for
dense-graded hot mix asphalt materials (Bhasin et al., 2007a; Saeidi and Aghayan, 2016).

A summary of the input parameters for the traction-separation law of the CZM elements for
Mode | of failure is presented in Table 6-5. Since experimental data were not available to define
the constitutive response of these elements for Mode 11 of failure, it was assumed that the mastic
materials had isotropic fracture properties.
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Table 6-5. Input Parameters of the CZM Traction-Separation Law.

Mixture Type (hS/Itlgf;?nis;]) Disr!lnz;:e%ent EneFrg?/C;[lL\jI;renm)
(mm)
Granite-PMA 15292.97 1.80x10* 0.21
Limestone-PMA 14745.97 1.80x10* 0.24
Granite-HP 45000.00 1.05x10* 0.49
Limestone-HP 44670.06 1.05x10* 0.37

To illustrate the results obtained from the simulations, Figure 6-11 presents the stiffness
degradation (SDEG) output variable on three mastic-on-mastic contacts after the wheel load
passed over the FC-5 mixture. The SDEG is a state variable with values ranging between 0.0—if
no damage has occurred—and 1.0—when the energy dissipated by the material equals its
fracture energy. Values closer to 1.0 indicate elements that are near to crack (or near to disappear
in the model) since their dissipated energy is close to the fracture capacity of the material. As
shown in Figure 6-11, in this particular case, some of the contacts have failed or are close to
failure, indicating the potential loss of these two mastic-on-mastic contacts.

SDEG

(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01 . p
+7.500e-01 R Y
+6.667e-01 ‘ N~
+5.833e-01
+5.000e-01 )
+4.167e-01 / ~
+3.333e-01 AN h AN _—
+2.500e-01 /) -
+1.667e-01
+8.333e-02
+0.000e+00
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Figure 6-11. SDEG Values for Contacts in an FC-5 Microstructure.

As previously mentioned, the susceptibility to raveling in these models was quantified using the
new parameter called ER, of the CZM elements. This parameter is defined as the difference
between the fracture energy of the material and the energy dissipated by the CZM element after
the pass of the wheel load (in N/mm). When the energy dissipated by a CZM element after the
pass of the wheel load reaches the fracture energy of the material (i.e., ER = 0.0), a crack appears
at that specific location, indicating the initiation of the contact failure. On the contrary, CZM
elements that dissipate low amounts of energy after the application of the load (i.e., high ER
values) are still resistant to the initiation of raveling. Thus, microstructures having larger ER
values in the mastic-on-mastic contacts are more resistant to raveling.

In order to better assess the overall behavior of the microstructures with respect to ER, the results
were adjusted to a log-normal distribution with a 95% confidence level. Figure 6-12 presents an
example of the frequency distribution of the ER values obtained for one replicate of a 2-cm
(0.79-in.) FC-5 microstructure. Moreover, in order to capture not only the mean value of ER but
also the variability of these data, the mean plus one standard deviation (u+c) of the PDF of ER,
or (u+o)er, was selected as the evaluation parameter to compare the susceptibility to raveling of

| T,
fran: ion
88 A fﬂsti:ﬂe




the different FC-5 mixtures. Based on the definition of ER, higher values of (u+o)er indicate less
probability of a mixture to be affected by raveling.
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Figure 6-12. PDF of ER for a Replicate of the 2-cm (0.79-in.) Granite-HP FC-5 Mixture.

6.3. MODELING RESULTS
The results for the numerical simulations conducted in both aging states (i.e., short- and long-
term aging) are described next.

6.3.1. Raveling Susceptibility after Short-Term Aging

As an example of the FE model results, Figure 6-13 presents the vertical stress distribution of a
section of a 4-cm (1.57-in.) FC-5 microstructure under the wheel load. It is possible to observe
that the maximum concentration of stresses occurs at the mastic-on-mastic contacts; which could
result in raveling.
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Vertical Stress (MPa)
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Figure 6-13. Vertical Stress State for a 4-cm (1.57-in.) FC-5 Microstructure with Red
Circles Indicating the Location of Maximum Concentration of Stress.

Table 6-6 presents the results of the mean (w), standard deviation (o), and mean plus standard
deviation (u+o) of the RI parameter for the FC-5 mixtures evaluated after short-term aging. As
mentioned previously, larger values of (u+c)ri obtained from the truncated PDF indicate higher
susceptibilities of the mastic-on-mastic contacts to undergo damage and, therefore, higher
susceptibility to raveling. This table includes the results for the three replicates of all 2-cm and
4-cm (0.79-in. and 1.57-in.) microstructures, the four FC-5 mixtures (i.e., limestone-PMA,
granite-PMA, limestone-HP, and granite-HP), and both modes of failure (i.e., Mode | and

Mode I1).
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Table 6-6. Raveling Index for Mode | and Mode |1 of Failure after Short-Term Aging for
the FC-5 Mixtures.

Micro- _ _ Mode | Mode |1
structure Replicate Aggregate Binder BRI GRI (p+o)RI BRI ORI (n+o)r
(x10?%)  (x10?%) (x10?) (x10?) (x10?) (x10?)
Granite HP 0.9 0.5 1.3 0.6 0.1 0.8
1 PMA 0.6 0.1 0.7 0.6 0.1 0.7
Limestone HP 0.9 0.6 15 0.7 0.2 0.8
PMA 0.8 0.4 1.2 0.6 0.1 0.7
. HP 0.9 0.5 1.3 0.6 0.1 0.7
Granite
2-cm ’ PMA 0.7 0.3 1.0 0.6 0.1 0.7
(0.79-in.) Limestone HP 0.9 0.6 15 0.7 0.2 0.8
PMA 0.9 0.6 15 0.6 0.1 0.7
Granite HP 1.6 1.9 35 1.0 0.7 1.7
3 PMA 1.2 1.0 2.1 0.8 0.4 1.2
Limestone HP 1.7 2.1 3.8 1.0 0.7 1.7
PMA 1.2 1.0 2.1 0.9 0.4 1.3
Granite HP 1.3 1.2 25 0.9 0.5 1.4
1 PMA 1.1 0.8 1.9 0.8 0.4 1.2
Limestone HP 1.4 15 29 1.0 0.6 1.6
PMA 1.1 0.9 2.0 0.9 0.5 1.3
Granite HP 2.4 3.8 6.2 1.4 1.3 2.7
4-cm ) PMA 1.9 2.5 44 1.2 1.0 2.2
(1.57-in.) Limestone HP 2.7 4.8 7.6 15 15 3.0
PMA 2.0 2.8 4.8 1.2 1.1 2.3
Granite HP 1.6 1.7 3.3 1.0 0.6 15
3 PMA 1.3 1.2 25 0.9 0.5 14
Limestone HP 1.7 1.9 3.6 1.0 0.7 1.7
PMA 1.3 1.2 2.6 0.9 0.5 15

An initial conclusion from this table is that Mode I of failure is predominant in all cases since
(uto)ri is near two times higher than the results for Mode I1. Therefore, the analysis will be
narrowed to Mode | of failure. As a summary of these results, Table 6-7 and Figure 6-14 present
the average values of the raveling parameter and the COV for each mixture at the two
thicknesses evaluated.
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Table 6-7. Results after Short-Term Aging for (u+o6)ri Parameter to Evaluate Raveling.

Average
Layer .
Thickness Mixture Type (],l+6_)2RI Cov
(x102)
Granite-PMA 1.4 45%
2-cm Limestone-PMA 15 34%
(0.79-in.) Granite-HP 2.0 61%
Limestone-HP 2.3 58%
Granite-PMA 2.9 45%
4-cm Limestone-PMA 31 47%
(1.57-in.) Granite-HP 4.0 49%
Limestone-HP 4.7 54%
1.E-01
8.E-02
5.E-02 T

(ute) of RI[]

- I ] w
| il

2cm 4.cm

Thickness

Granite-PMA Granite-HP  m Limestone-PMA Limestone-HP

Figure 6-14. Results of (n+o)ri for Mode | of Failure of the FC-5 Mixtures with
2-cm (0.79-in.) and 4-cm (1.57-in.).

The numerical results were consistent with the experimental findings: since the PMA mastics
had a higher modulus than the HP mastics, under the same stress level, mixtures containing PMA
presented smaller strains than those fabricated with the HP binder. This implies that the FC-5
mixtures with PMA binder will dissipate less energy (i.e., same stress level but smaller strains)
and, consequently, will result in smaller values of the (u+o)ri parameter (i.e., lower
susceptibility to raveling in the short-term aging state).

More specifically, the results of the 2-cm-thick (0.79-in.) microstructure layers showed that the
granite-HP mixture had an (u+o)ri that was 47.2% higher than the value in the granite-PMA
mixture. This trend prevailed for the mixtures with limestone since the mixture with HP
presented 51.3% higher values of (u+o)ri than the mixture with PMA. In the case of the 4-cm-
thick (1.57 in.) microstructure layers, the (u+o)ri values for the granite-PMA mixtures were
36.6% smaller than for the granite-HP mixtures, and 49.0% smaller in the case of limestone-
PMA when compared to limestone-HP.
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In terms of the influence of the aggregate type, the results indicate that the limestone FC-5
mixtures were more prone to raveling in the early stage of service life than the granite FC-5
mixtures, independently of the type of asphalt (i.e., (u+o)ri was between 11.7% and 12.4%
higher for the limestone FC-5 mixtures 2-cm and 4-cm-thick, respectively).

The numerical simulations also suggest that the 4-cm-thick (1.57 in.) microstructure layers were
more prone to raveling than the 2-cm-thick (0.79-in.) microstructure layers since the former
resulted in (u+o)ri values that were, on average, 2.0 times larger than in the thinner layers. It
should be pointed out, however, that this result might be influenced by the quality of the 2D
network of the selected microstructures and, consequently, that these results could be
inconclusive in this regard. It should also be noted that the results presented high variability
independently of the thickness or material (i.e., values of COV of at least 34%). This indicated a
strong relationship between the raveling potential and the specific characteristics of the
microstructure, which was expected since raveling is a stone-on-stone contact phenomenon.

It should be pointed out that these models exclusively rely on the linear viscoelastic properties of
the mastics in other to estimate raveling potential of the mixtures. In other words, they do not
include fracture or degradation properties of the materials as part of the analysis. This explains
why mixtures with PMA resulted in less raveling susceptibility than mixtures with HP in the
early stage of the service life of the pavement, even though the experimental work showed
enhanced fracture and durability results for the HP mixtures in this aging state (i.e., AQ0). This
highlighted the necessity for including fracture mechanics-based models in the FE simulations in
order to obtain reliable raveling predictions. However, if the construction of the FC-5 mixture
complies with the required standards, raveling is expected to occur later in the service life of the
pavement. Therefore, a better approach to evaluate raveling susceptibility of the different FC-5
mixtures was to not only consider actual fracture mechanics models (i.e., CZM) but also use the
material properties representing an advanced pavement service life of the mixtures. The results
of these simulations are presented next.

6.3.2. Raveling Susceptibility after Long-Term Aging

In this subsequent numerical modeling effort, a total of 24 FE simulations were conducted. An
example of the results is shown in Figure 6-15, which depicts the evolution of the fracture in a
mastic-on-mastic contact for the second replicate of a 4-cm-thick (1.57-in.) thick microstructure
granite-PMA layer. This figure shows the evolution of a crack at the contact between both
aggregates. In this case, the energy remaining to resist fracture or the ER parameter of these
CZM elements was zero.
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(b)

Figure 6-15. Fracture Evolution of a Contact Using CZM in Replicate of a 4-cm (1.57-in.)
Thick Granite-PMA Microstructure Layer: (a) Prior to Crack Initiation; (b) After Crack
Propagation at the Mastic-on-Mastic Contact.

Table 6-8 presents the results of the mean (u), standard deviation (o) of ER, and mean plus
standard deviation (u+c)er for the FC-5 mixtures evaluated after long-term aging. As previously
noted, ER is the energy remaining of each CZM element after the pass of the wheel load; larger
values of this parameter indicate that the element can still resist stresses before failure, values
near zero indicate that the element is approaching fracture, and values equal to zero indicate that
the CZM element has failed. Table 6-9 and Figure 6-16 summarize the results for each type of
mixture and the two microstructure layer thicknesses evaluated.
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Table 6-8. ER Results after Long-Term Aging.
Results of ER (N/mm)

Layer

- Replicate ~ Aggregate Binder ER OER +6)ER
Thickness ¢ ggreq (><ulO‘3) (x109) (('; 10)_3)
. HP 107 371 478
Granite
1 PMA 45 152 197
Limestone HP 93 469 562
PMA 48 148 196
Granite HP 18 46 102
2-cm 9 PMA 14 30 75
(0.79-in.) Limestone HP 14 33 87
PMA 15 38 74
. HP 46 184 229
Granite
PMA 30 103 133
3 . HP 33 166 199
Limestone PMA 38 162 200
Granite HP 71 295 366
PMA 34 105 139
. Limestone HP 48 217 264
PMA 38 118 156
. HP 54 243 297
Granite
4-Cm ’ PMA 28 98 127
(1.57-in.) Limestone HP 41 198 239
PMA 33 107 140
Granite HP 30 68 98
3 PMA 10 102 124
Limestone HP 24 142 167
PMA 27 138 165

Table 6-9. ER Results after Long-Term Aging to Evaluate Raveling Potential.

Laver Average ER
-ay Mixture Type (N/mm) cov
Thickness 1
(x107)
Granite-PMA 1.3 45.0%
2-cm Limestone-PMA 1.6 45.7%
(0.79-in.) Granite-HP 2.7 71.0%
Limestone-HP 2.8 88.0%
Granite-PMA 1.3 6.0%
4-cm Limestone-PMA 15 8.0%
(1.57-in.) Granite-HP 2.5 55.0%
Limestone-HP 2.2 23.0%
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Figure 6-16. (ut+o)er Results for the FC-5 Mixtures.

Overall, the numerical results after long-term aging showed that there are differences in the
resistance to fracture or raveling among the FC-5 mixtures. In terms of the influence of the type
of binder, the mixtures with HP present overall higher values of (u+c)er than the mixtures with
PMA. This means that FC-5 mixtures fabricated with the HP binder are expected to be more
resistant to raveling after several years of pavement service life than the mixtures with the PMA
binder. For example, in the 2-cm-thick (0.79-in.) microstructure layer, the overall ER of the
mastic-on-mastic contacts (i.e., remaining resistance to failure) in the HP mixtures was between
1.8 and 2.0 times greater than in the PMA mixtures, depending on the type of aggregate.
Similarly, in the 4-cm-thick (1.57-in.) microstructure layer, the values of (u+o)er in the HP
mixtures were between 1.5 and 2.0 times greater than in the PMA mixtures, depending on the
type of aggregate. Figure 6-17 also shows that the results obtained from the different replicates
of a single mixture were highly variable, and that this variability was larger for the HP mixtures
(COV of 63.0 and 55.0% for granite-HP and limestone-HP, respectively) than for the PMA
mixtures (COV of 26.0 and 27.0% for granite-PMA and limestone-PMA, respectively). This is
due to the fact that, since the PMA mixtures suffered severe damage after loading, most contacts
presented overall low values of ER, independent of the type of microstructure evaluated. On the
contrary, contacts in the HP mixtures were in an early stage of damage, and therefore the ER to
failure within the contact of each microstructure and among microstructures varied significantly.

In terms of the influence of aggregate type, the results suggested that the limestone-PMA
mixtures were 1.2 times less prone to raveling than those fabricated with granite. However, due
to the high COV values (Table 6-9), it is difficult to conclude on the significance of the
differences in raveling due to aggregate type. In the case of the HP mixtures, these differences
varied depending on the thickness of the microstructure: for the 2-cm (0.79-in.) microstructure
layers, the results showed that mixtures with limestone were slightly more resistant to raveling
than mixtures with granite (i.e., (u+o)er was 1.05 times higher for the limestone mixtures), while
for the 4-cm (1.57-in.) microstructure layers, mixtures with granite were more resistant to
raveling than those with limestone (i.e., (u+o)er was 12% larger for the granite mixtures).
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Figure 6-17. Correlation between the Results of the Cantabro Abrasion Loss Test and the
Numerical ER Results.

Finally, the results also showed that the thickness of the FC-5 mixture was not a factor affecting
raveling susceptibility after several years of pavement service life since the evaluation parameter
was very similar for the 2-cm and 4-cm-thick (0.79- and 1.57-in.) microstructure layers, with the
only exception being the limestone-HP mixtures (i.e., (u+o)er was 20% larger in the 2-cm-thick
(0.79-in.) microstructure layer).

In order to validate the numerical results, these findings were compared to those obtained from
the Cantabro abrasion loss test. Figure 6-17 presents the Cantabro mass loss of the specimens
tested in the A5 and A10 aging states after the first load cycle (i.e., 300 revolutions) versus the
selected raveling resistance parameter after long-term aging (i.e., (ut+o)er). These results showed
a negative correlation between the Cantabro and the ER result; that is, the mixtures that exhibited
greater mass loss in the Cantabro test were those showing lower ER values prior to failure in the
mastic-on-mastic contacts within the microstructures. This demonstrates an overall good
agreement between the experimental and the numerical results, despite the fact that the numerical
results were effective in capturing the influence of the type of binder used in the mixture but not
the impact of aggregate type. Since Alvarez et al. (2008) demonstrated that the Cantabro
abrasion loss test presented a good correlation with the raveling results observed in the field, it is
possible to conclude that (u+c)er could be used to obtain a first estimate of the durability of
FC-5 mixtures through computation mechanics.

6.4. SUMMARY OF MODELING RESULTS

Table 6-10 lists the numerical results of the resistance to raveling obtained after short- and long-
term aging of the FC-5 mixtures. The table also presents the ranking of the raveling resistance of
the mixtures based on the selected evaluation parameter for each state: (u+o)ri for the short-term
and (uto)er for the long-term condition. As can be observed, the trend of the results in each
aging state is independent of the thickness of the pavement layer. For the short-term aging
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condition, mixtures with the PMA binder presented better resistance to potential raveling (i.e.,
smaller (u+o)ri) than the mixtures with the HP binder because the stiffness of the PMA mastics
was consistently larger than that of the HP mastics in this aging state. In contrast, for the long-
term aging condition—which is a better representation of a field situation in which raveling is
more prone to initiate—the HP mixtures were, on average, 1.8 times more resistant to mastic-on-
mastic fracture or raveling than the PMA mixtures. These results are related to the fact that the
HP mastics had superior CZM fracture properties than the PMA materials in the long-term aged
conditions, despite the fact that the magnitude of the linear viscoelastic properties of the PMA
mastics were higher than those of the HP mastics in these conditions. This was consistent with
the observed experimental results that demonstrated that after aging, the durability of the HP
mixtures was higher than for the PMA mixtures. Therefore, it is possible to conclude that under
realistic field conditions—both in terms of the mechanical response of the materials (i.e., after
considering aging and fatigue degradation) and in terms of the operational characteristics of a
FC-5 pavement layer (i.e., load and velocity applied to the pavement)—FC-5 mixtures with the
HP binder would be less prone to raveling as opposed to FC-5 mixtures prepared with the PMA
binder.

Table 6-10. Summary of Numerical Modeling Results after Short- and Long-Term Aging
and Ranking of the FC-5 Mixtures to Resist Raveling.

Layer Mixture Tvoe Short-Term Long-Term

Thickness P (('::18?%' Ranking (('Z%)_ZE)R Ranking

Granite-PMA 1.38 1 13.48 4

2-cm Limestone-PMA 1.52 2 15.70 3

(0.79-in.) Granite-HP 2.04 3 26.98 2

Limestone-HP 2.30 4 28.28 1

Granite-PMA 3.44 1 12.99 4

4-cm Limestone-PMA 3.69 2 15.37 3

(1.57-in.) Granite-HP 472 3 25.38 1

Limestone-HP 5.58 4 22.34 2
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7.0. LIFE-CYCLE COST ANALYSIS

The assessment of the use of alternative materials for the construction of new infrastructure
should consider aspects such as cost, environmental impact, and social welfare, among others.
Life-cycle analysis is a widely used project evaluation strategy that focuses on assessing the
evolution of a project, system, or material throughout its lifetime in terms of some specific
metrics (Ghosn et al., 2016). For the specific case in which this metric is cost (mainly
maintenance and rehabilitation) throughout service life, this technique is called life-cycle cost
analysis (Sanchez-Silva and Klutke, 2016). Based on the experimental results, which resulted in
enhanced durability of FC-5 mixtures prepared with the HP binder compared to the PMA binder,
an LCCA was conducted to compare the four FC-5 mixtures that were studied.

The life-cycle cost objective function of a specific project or system (Z(p, 8)) can be written as
follows, using the vector parameters p and @that describe, respectively, the decision variables
(e.g., in the case of pavement design, the thicknesses of the layers) and the set of random
parameters (e.g., in the case of pavement design, climate and expected loading, among others)
that characterize the problem:

Z(p' e) = B(p' 9) - [Co(p: e) + Zjn=1 in;1 C1] (p' e) + 281:1 Cq(pJ e)Pf(p: e)] (21)
where:

e B(p, 6)= benefit derived from the existence of the project;

e Co(p,6) = initial investment cost;

e Cij(p, 8) = cost associated with the j-th investment in the i-th activity type, which might
be, for example, maintenance, insurance payment, etc.;

e Cqy(p, 6 = cost of failure (or any other unexpected unknown event); and

e Pi(p, 8) = corresponding failure probability.

It is important to highlight that in these analyses, all actions related with the operation and the
corresponding costs, as well as the costs that the owner or manager may incur, are part of the
assessment. The parameters p and @are specific for each problem, and they depend on both the
particular use or purpose of the project under evaluation (e.g., a pavement structure, a pavement
segment, a layer within the pavement, etc.) and the overall objective of the LCCA. With respect
to the latter, the objectives of the LCCA are to define the feasibility of a particular solution by
balancing cost and safety.

It is important to notice that the term safety describes the probability that the system or
component under evaluation complies with some specific prescribed criteria, usually defined as a
limit state. For the case of pavement structures, this limit state is usually a serviceability level or
a performance threshold; for the case of an asphalt mixture, this limit is usually the level of
functionality (e.g., a minimum permeability value) and/or the level of performance (e.g., extent
and magnitude of raveling). Figure 7-1 illustrates the components of a typical LCCA of a project.
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Figure 7-1. Components of LCCA (after Sdnchez-Silva and Klutke 2016).

In the case of the FC-5 mixtures evaluated in this project, the LCCA included the following:

=

Definition of the parameters used to characterize the performance of the material.

2. Characterization of the material performance over time; in particular, information about
the degradation mechanisms and the uncertainties associated (i.e., evolution of raveling
through Cantabro results in different aging conditions).

Stochastic model of the material performance (i.e., strategy for uncertainty management).
4. Definition of critical performance criteria; these include serviceability limit state
(performance under conditions that are below required standards) and ultimate limit state
(i.e., failure, unacceptable performance). For the particular case of the FC-5, these limits
were established based on the raveling performance evaluation obtained from Cantabro
test results in different aging states and based on FDOT existing durability criteria for
OGFCs and reported service life for these mixtures.

Characterization of costs associated with the construction and rehabilitation of OGFCs.
6. Selection of the economic criteria for the cost evaluation (e.g., discount rate, time
mission).

w

o

Then, the following general LCCA methodology was applied:

1. Definition of the objective function Z(p, 6) and the parameters that will define the
material performance over time.
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2. Definition of stochastic models that will be used in the analysis, including the selection of
the critical variables and the determination of the deterioration curves of the FC-5
mixtures over time.

One relevant aspect that should be stressed about the LCCA used in this project is that it allowed
accounting for uncertainty. In other words, through the vector parameter 6, the method
recognized that the deterioration of the FC-5 mixtures due to raveling is an uncertain process
and, therefore, that the overall NPV of the life service of an FC-5 mixture, with and without the
HP binder, is also uncertain. Therefore, the information obtained from this analysis was not only
the expected value of the NPV of the service life of different mixtures but also the variability or
uncertainty associated with that value.

7.1. DETERIORATION CURVES

7.1.1. Material Loss Functions

The deterioration function of the four FC-5 mixtures was measured indirectly using the results of
the Cantabro abrasion loss test, which were presented and discussed in Section 5.3.2.3. Although
this test was carried out until the weight loss of the specimens reached a predetermined
threshold, for the purpose of assessing deterioration, the weight loss curves for the mixtures in
different aging conditions were truncated at a value of 20% (Figure 7-2). This is justified by
previous works (e.g., Boersman, 2017) and AASHTO TP 108 (2014b), which established that a
20% weight loss in the Cantabro test is an appropriate threshold to guarantee the durability of
OGFC mixtures in the field. Data points in Figure 7-2 represent Cantabro revolutions (i.e.,

300 revolutions per cycle).
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Figure 7-2. Change in Mass Loss with Cantabro Revolutions for FC-5 Mixtures:
(a) A0 Aging State; (b) A5 Aging State; (c) A10 Aging State.

Figure 7-2 shows that the change in mass loss of all mixtures, in all aging states, can be
approximated using linear functions, and consequently, curves in Figure 7-2 consist of segments
with different slopes. Under this assumption, the mass loss rate per revolution for any mixture i,

= Texas AsM
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at a specific aging condition between any two cycles (i.e., 300 revolutions per cycle) in the
Cantabro abrasion loss test can be computed as:

mj g —Mj k—1

300 (22)

ik =
where m; ;, = weight lost in cycle k (measured in percentage), and m; , = 0.

Then, the average mass loss rate within the range of interest (0% to 20%), for a given mixture at
a given aging state, can be computed as:

= 1
8 = ;ZE=1 8i k (23)

where n = minimum number of cycles in the Cantabro test required for the mixture to exceed the
20% mass loss threshold.

A summary of the results of the mass loss rates for the different mixtures at A0, A5, and A10
aging states is presented in Table 7-1, Table 7-2, and Table 7-3, respectively. The rate analysis
shows that mixtures with the HP binder presented smaller mass loss rates than those with the
PMA binder, for all aging states.

Table 7-1. Mass Loss Rates of the Different FC-5 Mixtures at AO Aging State.
Rates for Aging Condition A0 (% mass loss per revolution) =

Mixture 0;
Lo 5ix 5.z 51a 1o 515 B ey
(x10) (x10) (x10) (x10) (x10) (x10)
Limestone-
A 2.4 2.9 27 - - - 27
Granite-
oA 45 46 _ _ _ ~ 45
L'meHS;O”e' 13 14 1.6 15 15 - 15
Gra“F',te' 14 15 13 12 12 12 13

Table 7-2. Mass Loss Rates of the Different FC-5 Mixtures at A5 Aging State.
Rates for Aging Condition A5 (% mass loss per revolution) =

Mixture 5.
Type 6i1 62 6i3 6ia 85 8i6 (xli%i)
(10 (<109 (<109  (<10%)  (x10)  (xi0%)
Limestone-
PMA 1 7.0 - - - _ 20
Granite-
PMA 5.3 49 - - _ _ 51
leeHsIgone- 97 . . _ B - .
Grznplte- 34 3.0 ”E _ B i "
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Table 7-3. Mass Loss Rates of the Different FC-5 Mixtures at A10 Aging State.
Rates for Aging Condition A10 (% mass loss per revolution) =

Mixture J;
Type 6i,1 6i,2 6i,3 6i,4 6i,5 61',6 (le(:)l.?t)
(x104) (x109) (x10) (x104) (x104) (x104)
L'”F‘,?jltg”e' 21.6 13.4 - - - - 175
Granite-
o 10.2 8.3 - - - - 9.3
L'mﬁéo”e' 6.3 5.1 - - - _ 57
Grﬁ'nF:te— 4.9 45 - - - - 4.7

Then, for a given aging state, Ax, the mass loss after a specific number of revolutions, r, L(r| Ax),
can be computed as follows:

L(r|A) = 8iur @24)

where:

e §;, = average rate of mass loss of mixture i (see last column in Table 7-1, Table 7-2, and
Table 7-3);

e X =aging state A0, A5, A10; and

e 1 =number of revolutions.

7.1.2. Deterioration Curve Development

In the previous section, the function describing the mass loss for a specific number of revolutions
(i.e., Equation 23) was developed for each mixture at each aging state. Then, the deterioration
curves that describe the mass loss with time (i.e., D(t)) were developed. Although there is not a
well-established approach that relates the number of Cantabro abrasion loss revolutions with
time, the mass loss as a function of the number of cycles or revolutions can be used to make
some inferences regarding the degradation of the FC-5 mixtures in the field.

The form of the deterioration function Di(t) (for material i) was defined as piece-wise with
constant rates. These curves are characterized by three segments, j = 1, 2, 3, which describe
different aging states (Figure 7-3). In each segment j, deterioration occurs at a constant rate, §; ;.
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Figure 7-3. Example of Deterioration Curves for the Limestone-PMA Mixture.
Because deterioration rates were not measured directly, the rates, &; ;, were different from those
defined in Equation 22 and reported in Table 7-1, Table 7-2, and Table 7-3. These new rates
were calculated based on the relative change in mass loss among different FC-5 mixtures.
Therefore, the deterioration rate of mixture i in segment j (i.e., §; ;) was computed as follows:

5;,-=Bj( Six )n (25)

SLS-PMAx

where:

e f;and n = model parameters;
e §;, = average rate of weight loss of material i under the aging state x (Equation 22); and

* Ors-pmax = average rate of weight loss for limestone-PMA.

The parameters §; and n were selected considering observed field data and past experiences. The
parameter f; puts a limit on durability, while n takes into consideration the fact that deterioration
rates should not be scaled linearly with respect to the limestone-PMA using the Cantabro
abrasion loss results because this will lead to unrealistic service lifetimes for certain mixtures. In
this study, g, = 0.45, 8, = 1.15, 83 = 2.23, and n = 0.7. The parameter 3; was selected after
assuming that the pavement service life (time to reach a 20% mass loss) for the limestone-PMA
FC-5 mixture was 12 years. This assumption is justified in existing literature indicating that the
expected life of OGFC mixtures is between 8-12 years (Putman, 2012; Bennert and Cooley,
2014; Hernandez-Saenz et al., 2016; Massahi et al., 2018) and, particularly, based on the fact that
FC-5 mixtures in Florida typically last between 10 and 14 years according to information
provided by FDOT. In fact, Massahi et al. (2018) argued that limestone-PMA mixtures in
southeast Florida have sporadically presented early evidence of raveling. It should be highlighted
that the selection of a particular pavement service life (e.g., 12 years for limestone-PMA) is not
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critical for the life-cycle cost assessment because all curves are constructed relative to each other
and the objective of the study is to make a comparative cost analysis among the various FC-5
mixtures.

In summary, the piece-wise deterioration curve for mixture i can be written as follows:

100 — t5;, t<?2
D;(t) = 100 — (287, + (t—2)8;,) 2<t<5 (26)
100 — (26§, + 36{, + (t — 5)6;3) t>5

where:

e §%4,6%,, and 8*; 3 = deterioration rate of mixture i, for each of the three aging
conditions (i.e., segments in Figure 7-3 [Table 7-4]), and
e t=pavement service life in years.

Table 7-4. Deterioration Rates for the Three Segments of the Deterioration Curves.
Deterioration Rates (% loss material/year)

Mixture 51 52 53
Granite-HP 0.25 0.56 1.04
Limestone-HP 0.30 0.56 1.12
Granite-PMA 0.65 0.90 1.59
Limestone-PMA 0.45 1.15 2.23

The mean time to replacement of the four FC-5 mixtures considered is presented in Table 7-5.
Note that these times are all relative to the predefined service life of the limestone-PMA, which
was assumed to be 12 years based only on raveling without regard to other distresses like
cracking or rutting. The deterioration curves for the four mixtures are presented in Figure 7-4.

Table 7-5. Mean Replacement Times for the Four FC-5 Mixtures.

Mixture Type Average Lifetime

(years)
Granite-HP 22.1
Limestone-HP 20.8
Granite-PMA 15.0
Limestone-PMA 12.0
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Figure 7-4. Deterioration Curves for the Four FC-5 Mixtures.

Table 7-5 and Figure 7-4 showed that, overall, HP mixtures had smaller degradation rates than
PMA mixtures, thus leading to better performance and longer pavement service life. The
degradation curves for mixtures with the HP binder were similar until about the fifth year of
service, diverging greatly in the last segment (e.g., the mass loss rate for the limestone-HP
mixture was 12% larger than the mass loss rate for the granite-HP mixture). In general,
limestone-PMA performed better than granite-PMA in the initial part (i.e., AO aging state), but
the trend reversed in the last segment of the deterioration curve.

7.2. COST ANALYSIS

The complete LCCA formulation can be simplified to the assessment of costs associated with the
construction and reconstruction of the FC-5 mixture every time an intervention is required. Then,
the objective function for mixture i can be written as:

Zi = Cio + Dy Cixe™Vlik (27)
where:

e (o = construction cost of the pavement structure for mixture i;
e (;; = intervention cost (rehabilitation of the FC-5 layer);
e t;, = time at which the k-th intervention is executed; and

e y =annual discount rate, which was assumed to be 4.0% based on information reported
in a macro-economical analysis of Florida’s transportation investments (FDOT 2015b).

Given that replacement times are uncertain, the objective is to compute and compare the
expected value of Z (i.e., E[Z;]) for every FC-5 mixture.

L T,
fran: ion
A fﬂsﬁzﬂe 1 07




7.2.1. Cost Estimation

The LCCA was carried out based on the cost per metric ton of an FC-5 mixture. The prices used
in this study were obtained directly from FDOT’s online page Historical Cost and Other (FDOT
2018b) and based on the information from Moseley and Taylor (2018). All other costs (e.g. Cio)
were assumed to be equal among FC-5 mixtures and, therefore, not relevant for the comparative
study. The costs per ton used in the study are shown in Table 7-6.

Table 7-6. Cost of the FC-5 Mixtures used in the LCCA Analysis (C; ).

Mixture Type Cos(tUpSeB)'l' on
Granite-HP 130.0
Granite-PMA 110.0
Limestone-HP 130.0
Limestone-PMA 110.0

7.2.2. Uncertainty Evaluation

The uncertainty in the deterioration curves, D;(t), was estimated from the Cantabro abrasion loss
tests. Table 7-7 presents the COV associated with the mass loss among replicates for all FC-5
mixtures in different aging states. The average COV is also reported in Table 7-7. In the LCCA
simulations, the service life of every FC-5 mixture was taken as normally distributed, with the
mean as reported in Table 7-5 and standard deviation defined by the average COV reported in
Table 7-7 multiplied by the mean.

Table 7-7. COV of the Cantabro Abrasion Loss Test Measurements.

Mixture COV A0 COVAS COV A10 Average COV
Type (%) (%) (%) (%)
Granite-HP 9.8 8.6 34.5 17.6
Granite-PMA 16.4 13.0 26.3 18.6
Limestone-HP 43.0 9.4 12.7 21.7
Limestone-PMA 24.1 32.3 7.5 21.3

7.2.3. Net Present Value

The LCCA was conducted using Monte Carlo simulations. The process consisted of generating a
large number of possible realizations or sample paths corresponding to an FC-5 mixture that is
replaced every time its mass loss reaches a value of 20%. In every sample path, the times at
which replacements occur differ due to the randomness in the deterioration curves (Table 7-7).
The model assumes that the pavement structure remains always functional, even if it is repaired
or modified during the pavement service life. In other words, in the model, only the FC-5
mixture is replaced. The LCCA was assumed over an infinite time horizon; note that the
influence of this infinite life span is small due to the form of the discount function. For example,
a replacement made 40 or 50 years after construction has a very small contribution to the
objective function Z.

The ultimate purpose of the LCCA was to compare the costs associated with the four FC-5
mixtures included in the study. Then, for every realization of the pavement’s performance (i.e., a
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possible history of operation and replacement), it is possible to compute the NPV (i.e., function
Z) using Equation 25. Since every realization is different, the LCCA of any mixture is
characterized by its expected value and the standard deviation of the NPV; in this study, a total
of 10,000 LCCA simulations for each FC-5 mixture were performed.

7.3. LCCA RESULTS

In terms of life-cycle costs, the FC-5 mixtures can be compared in a space defined by the
expected NPV, and the corresponding standard deviations that result from evaluating the 10,000
possible scenarios. These results are presented in Figure 7-5. In this figure, the closer the result
to the lower left corner, the better (i.e., low expected NPV and low standard deviation), and the
closer the results to the upper-right corner, the worse (i.e., high expected NPV and high standard
deviation). Note that the standard deviation is a measure of the volatility in the life-cycle cost, so
it is only important when comparing two or more cases with similar mean NPV. Furthermore,
given that these values are related with small coefficients of variation, as observed in Table 7-8,
the analysis can be simplified and focused on the expected NPV as a criterion for comparison.

300

T T T T T T T T
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200 | @) i

280
270
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©)

240
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230 O
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Figure 7-5. Mean NPV versus Standard Deviation of All Mixtures.

Table 7-8. COV for the NPV Results.

Mixture Type COV (%)
Granite-HP 7.27
Limestone-HP 7.61
Granite-PMA 8.77
Limestone-PMA 8.24
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Figure 7-5 shows that the granite-HP mixture had the lowest NPV (i.e., 223.4 USD) and the
lowest volatility. In fact, the NPV of the granite-HP mixture was 9% smaller than the granite-
PMA mixture, and 23% smaller than the limestone-PMA mixture. Conversely, the results
showed that the limestone-PMA mixture led to the largest discounted cost with high volatility
(i.e., NPV of 290.5 USD and standard deviation of 23.9 USD). In terms of the influence of the
type of aggregate, the results showed that mixtures fabricated with granite presented a lower
NPV in contrast to those fabricated with limestone, showing the importance of proper aggregate
selection on the durability and cost of the FC-5 mixtures.

Using these criteria for comparing the LCCA results, the order of priority or ranking of the
mixtures is as follows:

Granite-HP.
Limestone-HP.
Granite-PMA.
Limestone-PMA.
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8.0. SUMMARY AND CONCLUSIONS

The use of OGFC mixtures is associated with numerous safety and environmental advantages,
but the need to have more cost-effective layers with improved durability is still a challenge. The
most common approaches to prevent raveling have been the use of high-quality aggregates in
combination with modified binders, the requisite of specific volumetric properties of the mixture,
and the requirement of certain minimum conditions of the roads where the mixture will be placed
(e.g., use on high-speed roads). Existing numerical models conducted in FE have proved to be
efficient tools to assess raveling mechanisms, and they have also suggested the effectiveness of
several of the abovementioned requirements. Consequently, computational mechanics should be
further used to explore the role of other factors or conditions that are typically difficult or pricy
to assess in the laboratory, like the combination of new materials, the role of mortar oxidation,
and pavement-vehicle interactions, among others.

In terms of the type and amount of additives that have been used to improve the durability of
OGFC mixtures, it was found that they differ significantly among agencies. For example, even
though Germany and The Netherlands use aggregates obtained from Germany, their OGFC
mixtures have different gradations and binders, which generates differences in the durability of
the materials. In the case of The Netherlands, it uses unmodified binders for single OGFC layers
and conventional polymer-modified binders for the surface course of double-OGFC layers or
TLPA systems, resulting in materials that have achieved service lives between 12 and 16 years.
Due to these excellent results, this country does not plan to incorporate HP binders for the
fabrication of their OGFC mixtures. In Germany, OGFC mixtures have more open aggregate
gradations compared to The Netherlands, and the country uses both conventional polymer-
modified and HP binders as part of the mixtures, achieving service lives between 8 to 12 years. It
is noteworthy that both countries use, on average, greater thickness for their OGFC layers
compared to the United States, and that they have been successful in implementing double-layer
OGFC systems to improve their noise reduction capacity. Finally, Japan was identified as a
country having a broad experience in the use of OGFC that incorporates binder polymer
modification in dosages up to 15%. This country has achieved durability for these mixtures of
about 20 years, overcoming some difficulties related with the durability and functionality of the
mixtures during winter periods.

Based on the literature review, it is possible to conclude that there are two main factors required
to obtain high-quality OGFC layers. The first factor is related with the gradation of the mixture
and its total AV content. This aspect strongly impacts the quality of the stone-on-stone skeleton
within the microstructure of the mixture and, consequently, its resistance to raveling. In the case
of The Netherlands, it was found that OGFC mixtures have longer service lives compared to
their counterparts in Germany, which could be directly related to this aspect. The second factor is
related to the benefits of using binder modification, mainly with polymers, to enhance the
performance and durability of OGFC mixtures. Nevertheless, it seems that there is no consensus
among experts regarding the actual impact of polymer modification and the role of the
modification dosage on the overall durability of OGFC mixtures. In addition, regarding the mix
design, there is a current shift from methods that focus on determining the OBC for a given
gradation guaranteeing good aggregate coating without draindown, to performance-based
methods that aim at balancing durability and functionality of the mixture. These mix design
methods will likely help produce longer-lasting OGFC layers.
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To assess the specific case of the OGFC used in Florida (i.e., FC-5 mixtures), experimental,
numerical, and cost analyses were performed as part of this study. Two types of aggregates—
limestone and granite—and two SBS modified binders—a control PMA and an HP—were
employed and compared. Four mixtures were evaluated using the combinations of those
materials, including granite-PMA, limestone-PMA, granite-HP, and limestone-HP in different
aging states. The experimental portion of the work plan included binders and mastics using
various standard test methods. The performance of the mixtures was assessed using the SCB test,
the IDEAL-CT test, the Cantabro abrasion loss test, and the IDT strength test before and after
moisture conditioning.

The experimental results showed that although the HP binder had lower dynamic modulus values
compared to the control PMA binder, the use of the HP binder improved the cracking
performance through aging and, therefore, the overall behavior and durability of the FC-5
mixtures. More specifically, the characterization of the binders showed that the PG grade was
higher than the one reported for both binders (i.e., PG 82-22E for PMA and PG 82-28E for HP).
In addition, the average MSCR %Recovery for the HP binder was 93.8% compared to 70.5% for
the PMA binder. Also, the linear viscoelastic properties showed that the PMA binder had larger
dynamic shear moduli. In contrast, the HP binder showed, with the computation of the
Glover-Rowe parameter, that it was less susceptible to cracking at all aging states. In fact, the
results demonstrated that the susceptibility of the PMA binder to damage onset happened before
aging for 20 hours in the PAV, while the HP binder reached this cracking limit after 40 hours
aging in the PAV. These PAV aging states could be equivalent to about three to seven years of
pavement service life. FTIR results indicated that the chemical changes due to aging (i.e.,
carbonyl area growth) occurred faster in the HP binder; however, this condition did not affect the
HP mixture mechanical response and performance. The PLAS test was conducted to evaluate the
fatigue resistance of both binders through the FREI parameter. Once again, the results showed a
superior fatigue resistance in the HP binder in all aging states. With regard to the total SFE, the
HP binder also showed superior cohesive fracture resistance (i.e., larger total SFE); aging
affected both PMA and HP binders, reducing the total SFE, although for every aging state, the
HP binder was still superior in terms of total SFE compared to the PMA binder.

The rheological properties of the mastics were in good agreement with the observations obtained
from the binder characterization, with the only difference being that the inclusion of the
aggregate material reduced the gap in modulus between the two binders. With respect to the total
SFE, the mastics showed less total SFE compared to the binders. Among the mastic specimens,
the granite-HP showed the best cohesive fracture resistance (i.e., larger total SFE). It should be
noted, however, that these results were done under dry conditions, and the conclusions may be
different in the presence of water.

With regard to the FC-5 mixtures, cracking resistance, abrasion resistance, tensile strength, and
moisture susceptibility were evaluated through SCB and IDEAL, Cantabro, and TSR tests,
respectively, in two to three aging states. SCB and IDEAL test results showed that the mixtures
with HP were less prone to fracture. It was also observed that, in general, the granite FC-5
mixtures had a better resistance to fracture than the limestone FC-5 mixtures. In terms of
durability, the Cantabro abrasion loss test was conducted using three aging states and multiple
cycles (i.e., sets of 300 revolutions per cycle). The results indicated that the mixtures with the HP
binder had a better performance. For example, limestone-HP mixtures aged for 10 days at 95°C
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(203°F) withstood twice as many Cantabro cycles before reaching a critical value of 80% mass
loss than the mixtures with the PMA binder. Moisture susceptibility tests following FM 1-T 283
did not provide conclusive results regarding the influence of binder, aggregate type, or aging
state on affecting the propensity of the mixtures to undergo moisture damage. Finally, the IDT
strength results obtained from the IDEAL and the FM 1-T 283 were not consistent in
determining the influence of the type of binder. In both cases, the IDT strength values were
larger in aged states for all mixtures. IDT strength values obtained from the IDEAL test
presented consistent results with those of the SCB test. However, the SCB test results were used
as input parameters for the fracture models used in the FE numerical models.

The following was the general ranking of the performance of the FC-5 mixtures evaluated:

Granite-HP.
Limestone-HP.
Granite-PMA.
Limestone-PMA.

APwnh e

The experimental results support the fact that FC-5 mixtures with HP binders could provide
longer pavement life than conventional FC-5 mixtures fabricated with PMA binders. However,
these experimental results were not enough to recommend the use of the HP binder. Numerical
modeling and the LCCA were done to verify if the enhanced properties of FC-5 mixtures
fabricated with the HP binder compensated for the higher costs associated with the HP binder.

FE numerical models were implemented in the commercial software Abaqus® to assess the
effects of the type of binder on the susceptibility to raveling of FC-5 mixtures after short- and
long-term aging under realistic field conditions. Three replicates of FC-5 mixtures with two
microstructure layer thicknesses (2-cm [0.79-in.] and 4-cm [1.57-in.]) were obtained from X-ray
CT images. The FE model indicated that the stiffness of the PMA mastics in the initial state of
the service life (i.e., dynamic modulus) provided better raveling potential resistance for the PMA
FC-5 mixtures compared to the HP FC-5 mixtures. Conversely, after considering fracture
mechanics models in the FE simulations and long-term aging properties, the HP FC-5 mixtures
were more resistant to raveling and, therefore, expected to have better pavement service life.
More specifically, the results showed that the granite-HP mixture had the best resistance to
raveling, followed by limestone-HP, and then by the mixtures with the PMA binder. A good
correlation was also found between the Cantabro abrasion loss test results and the numerical
results after long-term aging. This indicated that the use of computational mechanics tools that
include fracture mechanics models and appropriate input material properties (i.e., linear
viscoelastic and fracture properties in aged conditions) is a reasonable alternative to assess the
durability of FC-5 mixtures under realistic field conditions.

An economic analysis to evaluate the expected NPV and the uncertainty associated with the
durability of the FC-5 mixtures fabricated with both types of binder concluded the work plan.
The four FC-5 mixtures were evaluated through LCCA to make a relative comparison of the
expected NPV. The LCCA did not only consider the NPV associated with each FC-5 mixture but
also evaluated the volatility of the resulting value using Monte Carlo simulations. The results
indicated that, in terms of NPV, FC-5 mixtures with the HP binder had better results. This was
mainly due to the fact that this mixture presented smaller Cantabro abrasion loss degradation
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rates compared to the other FC-5 mixtures and, consequently, better durability. Based on the
LCCA conducted as part of this project, it was possible to conclude that the increased durability
of the FC-5 mixtures fabricated with the HP binder observed as part of the experimental and
numerical efforts conducted in this project was cost effective.
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APPENDIX A—PREVIOUS RESEARCH ON OGFC
Table A-1. Projects Funded by FDOT on the Topic of OGFC.

Project Institution Date Scope Main Findings
Number Completed
BDS15 Rutgers May 2014 = Look at various = According to lab and field data,
977-01 University mixtures’ parameters higher binder contents provide
(binder content, better durability.
gradation, mix design = Finer gradations seemed to
procedure) and their provide slightly better performance.
relationship to field = It was recommended to include
performance. Cantabro and draindown tests as
= Identify possible part of the design process, and to
changes to the design use modified binders during the
procedure and design process.
specifications for
improved performance.
BDV29 Florida March 2015 = Assess good- and poor- = A method for quantifying the
TWO#820-1  International performing OGFC amount of raveling occurring based
University projects and identify on video images was identified.
mixture and construction = The majority of observed raveling
characteristics (binder (by area) was small.
content, gradation,
temperature, spread rate, Best correlations to raveling:
tack rate, etc.) that could = Lower pavement mix
be affecting temperatures.
performance. = Longer haul times.
= Survey key personnel = Low and high spread rates.
for their opinion on (a)
the extent of the
problem, and (b)
potential sources.
BDV 25 University of May 2015 = Develop, refine, and = The design process is not as
820-2A South Florida validate an imaging simple as originally thought since it

process to determine the
optimum binder content
in the design of OGFC.
= Potentially eliminate
the human element of the
pie plate procedure
(FM 5-588).
= Investigate a
perception-based image
model to obtain a reliable
determination of the
OBC of the mixture.

is not just a black-area/white-area
issue.
= There is a need to replicate how
the human brain works and teach
the computer via neural network.
= A method to assess the following
aspects from the images was
identified: total black area and black
area, connectivity, centroids and
area, aggregate distribution and
orientation, uniformity of OBC.
= Used in developing a neural
network model.
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Table A-1. Projects Funded by FDOT on the Topic of OGFC (Continued).

Project Institution Date Scope Main Findings
Number Completed
BDR 74 TTI December = Understand the = Raveling is associated with a
977-04 2015 mechanisms of raveling  mechanical surface contact problem
of Florida’s OGFC associated with Mode 1 of failure.
mixtures through = The quality of microstructures
experimental evaluation depends on three factors: the
and computational gradation, the compaction process
mechanics models. that determines air voids, and the
= Recommend, if amount of binder.
possible, changes to = Different value of binder content
Florida’s design and to OBC increases chances to
construction guidelines develop raveling (either above or
for OGFC mixtures to below this value).
improve raveling = Not only a minimum but also a
resistance. maximum value of air void content

could contribute to prevent raveling
degradation.
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APPENDIX B—AGGREGATE, BINDER, AND MASTIC PROPERTIES

B.1. MORPHOLOGY

The Aggregate Image Measurement System 2 (AIMS2) was used to analyze 50 particles from
each aggregate type and output the distribution of values for angularity, sphericity, and texture as
well as summary tables with the average value for each property.

The AIMS2 software provided the results for each variable using predetermined indices as
follows:

e Angularity: 1 (perfect circle) to 10,000:
o0 1to 2100 is rounded.
o0 Greater than 2100 to 3975 is moderate.
o0 Greater than 3975 to 5400 is high.
0 Greater than 5400 to 10,000 is extremely angular.
e Sphericity: 0 to 1 (perfect sphere).
e Texture: 0to 1000:
o 0to 200 is smooth.
0 200 to 500 is moderate.
o 500 to 750 is high.
o 750 to 1000 is extreme.

The angularity, sphericity, and texture values for each aggregate size were combined into a
single value for each aggregate through Equation B-1 (i.e., by weighting the parameter value for
each aggregate size based on the individual percent retained for that sieve size as a portion of the
total coarse aggregate fraction). The final weighted averages for the three parameters for each
aggregate type are shown in Table B-1 and illustrated in Figure B-1 with the scale of each
parameter.

Y (% Ret.jxAngularity;/Textureej/Sphericityy;)
2 % Retainedcoarse Agg.

(B-1)

Table B-1. Aggregate Angularity, Sphericity, and Texture Properties.

Property Limestone Granite

Angularity 2,900.2 3,047.2

Sphericity 0.73 0.67
Texture 142.7 227.6
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Figure B-1. Aggregate Morphological Properties and Scale (GR = Granite Aggregate; LS =
Limestone Aggregate).

The AIMS2 results showed that limestone has moderate angularity, high sphericity, and low
texture, while granite also has moderate angularity and high sphericity but high texture, even
though on the low end of the range. A comparison of these morphological properties revealed
limited differences between the limestone and granite.

B.2. SURFACE FREE ENERGY

B.2.1. Theory and Calculations

SFE (y™® is the amount of work or energy required to create a new unit of surface of that
material under vacuum conditions. SFE components include the LW component, I'*VV; the Lewis
acid component, I'*; and the Lewis base component, I'". Work of adhesion between two materials
A and B can be expressed as (Van Oss et al., 1988):

wyp = —edhesion — \/ykw gV o+ \/YX-Y; -+ /vg-vg (B-2)
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where:

e W, = Work required for separating two materials A and B at their interface in a
vacuum.

e yiW = Lifshitz-van der Waals component of the surface free energy of material A.

e ¥+ = Lewis acid component of the surface free energy of material A.

e y, = Lewis base component of the surface free energy of material A.

Each of these components describes a different type of property of material that comes into play
when interacting with a substratum. The LW component of SFE refers to the polarity-
independent interaction that involves dispersion of atoms or molecules without the transfer of
electrons. Materials that have significantly higher y“" values (e.g., hydrocarbons) are known as
non-polar compounds. The Lewis acid or base component refers to polarity-dependent
interaction that involves the transfer of electron(s) between atoms or molecules. Materials that
have significantly higher y*or ¥~ values are known as polar compounds. A polar compound can
be monopolar (y* > ¥y~ ory~ > y7) or bipolar in nature.

Assuming A and B are the same material, the acid-base equation of adhesion can be rewritten as
(Van Oss et al., 1988):

Wap = Jvkw YRV o+ \/v;-vg -+ \]vg-vg (B-3)

Y = VRV + R (B-4)
where:

Va = \/E (B-3)
where:

e y!=Total surface free energy of material A.
e y$P = Acid-base component of the surface energy of material A.

Assuming spreading pressure is zero, Young-Dupre derived an equation for work adhesion as
follows:

1
Wap = Eyg (1+ cos6;) (B-6)
where:

e vy = The total surface free energy of the probe liquid.
e 6 = The contact angle of the probe liquid I.
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If material A is a liquid [ and material B is a test sample s, the acid-base and the Young-Dupre’s
equations for work of adhesion can be expressed as:

wig =08 = \/Y%W-Y_EW + \/vr-y;— + /v;-y: (B-7)

i = Tradhesion — 2yt (1 4 Cos@) ) (B-8)

where:

Vi =yW v (B-9)

The expressions can then be combined as:

\/ylLW YRV + \/yl’f.ys‘ -+ /yl‘.y: = %yf (1+ CosHy) (B-11)

For n number of probe liquids, the equation of contact angle can be modified as (Bhasin et al.,
2007b):

\/y]LiW YEW 4+ \/yﬁ.y; -+ /yl—i.y: = %yf (1 + Cos6y; ) (B-12)

This relationship can be generalized as:

AX=B (B-13)

where:
W
NARATRN AT

[/YEY
X = \/E (B-15)
- \/f 3x1

1
EYltl (1+ Cos6yy )

(B-14)

3

B= (B-16)

) :
~Vin (1 + Cos6yy, )

nx1l
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If surface free energy components of the probe liquids li are already known, this equation can be
used to determine the surface free energy components of the test sample s as:

X=A1B (B-17)

The measurement errors of surface free energy components can be propagated into the work of
adhesion using the following equation (Ku 1966):

52 = o2 [ 4 52 [ ]

Om = Oyt [6y] + 0p [ae (B-18)
where:

o, = Erroriny* from literature or 0.1 ergs.cm™?

ow 1 =

5 =z (1+cos) (B-19)

~2 . _ 1 2 _ (1 1 — 2

65 = Error in average contact angle = ~.0p = (;) . (:) jr=1(9]- - 9) (B-20)

2 =2ytsin® (B-21)

where:

e 0 = Average contact angle from replicate measurements, expressed in radians.
r = Number of replicates.

Since there are only three parameters to solve from the combined equation of work of adhesion,
a minimum of three liquids is required for these tests. If more than three liquids are used, the
above equations can be solved using singular value decomposition techniques.

Researchers have reported that the plot of y{cos@ x y} can be used to identify whether a certain
probe liquid anomalously interacted with the test specimen. Generally, the plot of y{cos8 x yf
should result in a smooth curve; if the data point from a certain liquid is noticeably outside this
curve, contact angles measured from this particular liquid should not be used to analyze surface
free energy components (Little and Bhasin 2006). This elimination is important because
selection of improper probe liquids can yield inaccuracy of calculated surface energy
components.

B.2.2. Results

B.2.2.1. Aggregates

The SFE components of each aggregate were determined by researchers at the University of
Oklahoma using a universal sorption device, which operates under the principle of static vapor
sorption, and the results are presented in Table B-2.
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Table B-2. Surface Free Energy of the Aggregates.

Aggregate Surface Energy Components (erg/cm?)? .
Specific Surface Area (m?/g)
Type ,YTotaI FLW F+ r—
Limestone 90.2 49.0 19 2214 0.55
Granite 515.2 51.9 86.7 619.3 0.35

a1erg=1x107J.

B.2.2.2. Binders

For the binders tested with the sessile drop test equipment, the probe liquids selected for the test
were stable at average room light and temperature conditions and not prone to reaction when in
contact with the PMA or HP binders. In addition, the probe liquids had different known SFE
magnitudes to help obtain accurate readings when in contact with the binders (Kwok and
Neumann, 1999). Therefore, four probe liquids with different magnitudes not only in terms of
total SFE but also in terms of polar and non-polar components were selected. As shown in
Table B-3, diiodomethane has high density and a strong non-polar component (y“%) but zero
polar components (y45) (i.e., y'" » 0,48 = y* = y* = 0), while water has low density and
strong polar components (i.e., y*" « y4B,y* = y* > 0). Formamide and glycerol have more
Lewis base component than Lewis acid component (i.e., y~ >» y*) and similar density, yet
glycerol is highly viscous.

Table B-3. Characteristics of Selected SFE Probe Liquids.

: Dynamic m
o Chemical Density Viscosit Surface Free Energy Components (mz)
Liquid Formula (k—g) Y
m3 (N_i) yt ]/LW )/AB ]/+ ]/_
m
Diiodomethane
(Methylene CH,I, 3320 0.0028 50.8 50.8 0.0 0.0 0.0
lodide)
7
Formamide L. 1130 0.0033 58.0 39.0 19.0 2.3 39.6
H™ "NH,
OH

Glycerol HO OH 1260 1.4120 64.0 34.0 30.0 3.9 57.4
Water H,0 998 0.0010 72.8 21.8 51.0 25.5 25.5

Figure B-2 shows the selected probe liquids, where it is apparent that diiodomethane is light
yellow in color while the other three liquids are colorless at average room conditions.
Diiodomethane decomposes iodine upon exposure to light, turning into a brownish color. To
avoid this reaction, this liquid was kept in an opaque bag at all times except when the tests were
being performed. Likewise, formamide was stored at 5°C at all times except when the tests were
being performed due to its high sensitivity to temperature. As a result of these precautions, the
contact angles measured using these liquids were quite repeatable.
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The contact angles measured after placing the probe liquid drops over any given test specimen
did not change significantly over time except for a few cases. These instances in which the
contact angles varied over time involved cases where the probe liquid drops took longer to
stabilize after initial contact with the surface of the specimen due to the effect of kinetic energy,
or when probe liquids were sensitive to average room light (e.g., dilodomethane) or temperature
(e.g., water) conditions were used. Figure B-3 shows the contact angles measured on the HP
binder in its original state with four probe liquids and illustrates how those values changed over
time for some of the replicates. To avoid using the contact angle results that varied with time,
seven test replicates were subjected to each probe liquid, and the ones that showed constant

Giycerl Dicdomethane

Figure B-2. Selected Probe Liquids for SFE Testing.

trends were used to estimate the average contact angles.
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Figure B-3. Contact Angles for Replicates of HP Binder in Original State Using Various
Probe Liquids: (a) Diiodomethane; (b) Formamide; (c) Glycerol; (d) Water.

Figure B-4 shows the average contact angles with time that resulted from testing the HP and
PMA binders in OB, RTFO, and PAV20 states using a minimum of three test replicates. For both
binders, the probe liquid with the highest density and the weakest acid-base component (i.e.,
diiodomethane) resulted in the smallest contact angles, while the probe liquid with the lowest
density and the strongest acid-base component (i.e., water) resulted in the largest contact angles.
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Figure B-4. Average Contact Angles Measured with Various Probe Liquids in Different
Aging States: (a) HP-OB; (b) HP-RTFO; (c) HP-PAV20; (d) PMA-OB; (e) PMA-RTFO;
(f) PMA-PAV20.
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Figure B-4 (Continued). Average Contact Angles Measured with Various Probe Liquids in
Different Aging States: (a) HP-OB; (b) HP-RTFO; (c) HP-PAV20; (d) PMA-OB; (e) PMA-
RTFO; (f) PMA-PAV20.
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Figure B-4 also shows that the liquids with intermediate densities and intermediate acid-base
components (i.e., formamide and glycerol) resulted in intermediate contact angle values. In other
words, the binder contact angles ranked in the same order as the acid-base component of the
probe liquids, suggesting a correlation between the measured contact angles and this SFE
component. The ranking of the resulting contact angles (and acid-base component) was as
follows: water > glycerol > formamide > diiodomethane.

After a careful analysis of the resulting contact angles from the sessile drop tests, it was
determined that only the PMA binder in the original state tested with formamide did not follow
this ranking. Therefore, only the results from the remaining probe liquids were employed to
estimate the SFE of this binder in the original state. For the PMA binder in RTFO and PAV20
and the HP binders in all three aging states, all four probe liquids were used to calculate the SFE
components.

Table B-4 lists the 10-second average contact angles and their standard deviation obtained from
at least five test replicates (three replicates with one drop and two replicates with two drops) for
both binders under different aging states.

Table B-4. Average Binder Contact Angles 10 Seconds after Test Initiation.

HP Binder PMA Binder

Probe Liquid Original RTFO PAV20 Original RTFO PAV20

Avg. SD Avg. SD Avg. SD | Avgg SD Avg. SD Avg. SD

Diiodomethane 588 13 671 15 686 31| 653 39 625 27 795 34

Formamide 865 10 934 17 917 17 - - 948 11 955 08
Glycerol 1001 15 1044 18 1058 10 | 1002 29 1089 20 1095 22
Water 1036 15 1047 09 1053 15| 1065 1.0 1071 0.7 1072 14

Figure B-5a shows the normalized PMA binder contact angles with respect to the HP binder
contact angles in different aging states. The data in this figure demonstrate that, for any given
aging state, the normalized values are greater than 1.0 in all but one case, suggesting the
resulting contact angles of the selected probe liquids in contact with the PMA binder were larger
than when in contact with the HP binder. Therefore, less work of adhesion would be needed to
separate a given liquid from the PMA binder compared to the HP binder.

Similarly, Figure B-5b presents the normalized original state contact angles with respect to the
aged contact angles. For both the HP and PMA binders, the original to aged normalized contact
angles were greater than 1.0 in all but two cases, also suggesting that the resulting contact angles
of the selected probe liquids in contact with the aged binders were larger than when in contact
with the binder in the original state. Figure B-5b also shows that the normalized PAV20/RTFO
contact angles were smaller than the RTFO/original normalized contact angles, suggesting an
initial significant increase in contact angle with aging but less change with further aging.
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Figure B-5. Normalized Contact Angles Measured with Various Probe Liquids for HP and
PMA Binders in Different Aging States: (a) Effect of Binder Type; (b) Effect of Aging.

B.2.2.3. Mastics

Figure B-6 shows the average contact angles over time from a minimum of three tests conducted
on the mastics. Like in the case of the binders, the values did not significantly change over time.
Therefore, the average contact angle 10 seconds after releasing the drop of the probe liquid over
the test specimen was used to calculate the SFE components. As before, 10 seconds was selected
to guarantee that the drop of the probe liquid was fully stable.
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Figure B-6. Average Contact Angles Measured with Various Probe Liquids: (a) Mastic
GH56; (b) Mastic LH59; (c) Mastic GP56; (d) Mastic LP59.

Table B-5 lists the 10-second average contact angles and their standard deviation for the mastics.
Similar to the binder results, the resulting contact angles for the mastics were ranked according
to the acid-based SFE component of the probe liquids (Table B-3), confirming the strong

correlation between these two values.
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Table B-5. Average Mastic Contact Angles 10 Seconds after Test Initiation.

Contact Angles GH56 GP56 LH59 LP59
(deg.) Avg. SD Avg. SD Avg. SD Avg. SD
Diiodomethane 69.5 1.1 72.7 2.1 63.1 1.3 73.3 0.9
Formamide 95.7 1.8 96.1 2.1 96.7 1.6 98.3 1.6
Glycerol 104.8 1.5 107.0 1.8 105.3 1.0 105.6 1.3
Water 107.6 2.0 109.1 1.7 106.1 1.3 108.7 0.3

Figure B-7a shows normalized PMA mastic contact angles with respect to HP mastic contact
angles, which are greater than 1.0 in all but two cases, suggesting the probe liquids in contact
with the mastics prepared with the PMA binder result in larger contact angles compared to the
mastics prepared with the HP binder. Figure B-7b shows normalized limestone mastic contact
angles with respect to granite mastic contact angles. The results demonstrate that the normalized
values are only slightly greater or smaller than 1.0 in all but one case, suggesting the type of
aggregate does not significantly affect the resulting contact angles.

Figure B-8 shows the normalized mastic contact angles with respect to the binder contact angles.
These values are all larger than 1.0, suggesting the resulting contact angles of the mastic
specimens are larger than the ones obtained for the binder specimens. Therefore, less work of
adhesion would be needed to separate a given liquid from the mastics as opposed to the binder
without any filler. Figure B-8 also shows that the ranking of the normalized mastic-to-binder
contact angles follows the acid-based SFE ranking of the probe liquids.
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Figure B-7. Normalized Mastic Contact Angles Measured with Various Probe Liquids:
(a) Effect of Binder Type; (b) Effect of Aggregate Type.
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APPENDIX C—SCB EXAMPLES OF TESTED SPECIMENS AND

LOAD-DISPLACEMENT CURVES
C.1. LIMESTONE-PMA

Materials Asphalt type PMA
Aggregate type Limestone
Aged 0 days
Fracture specimen Force-displacement curve
1.00
0.75
Z 0.50
<
g
= 0.25
0.00
0 1 2 3 4
Displacement (mm)
Aged 5 days
Fracture specimen Force-displacement curve
2.5
2
Z 15
=1
§ 1
=
0.5
0
0 1 2 3 4
Displacement (mm)
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C.2. GRANITE-PMA

Materials Asphalt type PMA_
Aggregate type Granite
Aged 0 days
Fracture specimen Force-displacement curve
1.00
0.75

No Picture Taken

0.25
0.00
0 2 4 6 8
Displacement (mm)
Aged 5 days
Fracture specimen Force-displacement curve

1.50
1.25

=
o
=

Load (kN)
o o
o

.50
0.25
0.00
0 2 4 6 8
Displacement (mm)
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C.3. LIMESTONE-HP

Materials

Asphalt type
Aggregate type

HP

Limestone

Aged 0 days

Fracture specimen

Force-displacement curve

5 10
Displacement (mm)

15

Aged 5 days

Fracture specimen

Force-displacement curve

2.50

2 4
Displacement (mm)

P
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C.4. GRANITE-HP

Asphalt type

Materials
Aggregate type

HP

Granite

Aged 0 days

Fracture specimen

Force-displacement curve

2.00

5 10
Displacement (mm)

15

Aged 5 days

Fracture specimen

Force-displacement curve

5 10 15
Displacement (mm)

20
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APPENDIX D—STATISTICAL ANALYSIS SEMICIRCULAR BENDING
TEST

D.1. FLEXIBILITY INDEX WITH ALL PossIBLE TwoO-WAY INTERACTIONS BASED ON 75
MEASUREMENTS

Figure D-1 presents the information related to the response of the Fl, in which the predicted
values are plotted against the actual experimental values based on 75 measurements. Table D-1
presents the summarized fit for the results obtained in the previous graphed data (e.g., R-squared,
or mean of response). Table D-2 and Table D-3 present the information related to the different
parameters and present the information related to a t-student test and F-test analysis,
respectively.
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Figure D-1. Flexibility Index: Results of Response of FI and Actual Predicted Plot Based on
75 Measurements.

Table D-1. Summary of Fit FI.

Parameter Value
R-Squared 0.67
R-Squared Adj 0.63
Root Mean Squared Error 26.00
Mean of Response 46.32
Observations (or Sum Wats) 75
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Table D-2.

Parameter Estimates for FI Statistical Analysis.

Term Estimate Std. Error t Ratio Prob>|t|
Intercept 254.59 291.93 0.87 0.3863
Aggregate Type [GR] -0.98 4.79 -0.20 0.8388
Binder Type [HP] 21.56 3.67 5.87 <.0001*
Aging State [A0] 11.81 3.11 3.79 0.0003*
Aggregate Type —10.82 5.59 -1.93 0.0573
[GR]xBinder Type [HP]
Aggregate Type [GR] -21.17 3.13 —6.75 <.0001*
xAging State [A0]
Binder Type [HP] 2.15 3.76 0.57 0.5705
xAging State [AQ]
Air Voids -10.76 14.67 —0.73 0.4657
* indicates the term is statistically significant at a level of alpha = 0.05
Table D-3. Effect Tests for FI Statistical Analysis.
Source Nparm DF Sum of F Ratio Prob >F
Squares
Aggregate Type 1 1 28.21 0.042 0.8388
Binder Type 1 1 23290.72 34.45 <.0001*
Aging State 1 1 9712.11 14.37 0.0003*
Aggregate TypexBinder Type 1 1 2529.68 3.74 0.0573
Aggregate TypexAging State 1 1 30823.50 45.59 <.0001*
Binder TypexAging State 1 1 219.78 0.33 0.5705
Air Voids 1 1 363.84 0.54 0.4657

* indicates the term is statistically significant at a level of alpha = 0.05

Figure D-2 shows the residual by predicted plot for the values concerning the FI. Table D-4,
Table D-5, Table D-6, Table D-7, and Table D-8 present the results of the least square means
statistical analysis for the aggregate type, binder, aging state, combination aggregate type and
binder, and combination aggregate type and aging state, respectively. Figure D-3 and Figure D-4
present the plotted information for the least square means plot for binder type and Fl, and the
aging state and FI. Table D-9 presents the information related to the least square means
differences for the Tukey honest significant difference (HSD) with an alpha equal to 5%. Finally,
Table D-10 presents the information on the combination of binder type and aging state with the
least square means statistical analysis.
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Figure D-2. Residual by Predicted Plot for FI.

Table D-4. Least Square Means Table for Aggregate Type for Statistical Analysis of FI.

Level Least Sg Mean Std. Error Mean
GR 40.04 6.26 41.56
LS 42.00 5.20 51.21

Table D-5. Least Square Means Table for Binder Type for Statistical Analysis of FI.

Level Least Sq Std. Error Mean
Mean

HP 62.58 4.156 65.72

PMA 19.45 5.48 18.78

Table D-6. Least Square Means Table for Aging State for Statistical Analysis of FI.

Level Least Sq Std. Error Mean
Mean

A0 52.82 451 59.33

A5 29.21 4.40 32.22

Table D-7. Least Square Means Table for Combination of Aggregate Type and Binder
Type for Statistical Analysis of FI.

Level Least Sq Mean Std. Error
GR,HP 50.78 5.75
GR,PMA 29.29 13.16
LS,HP 74.37 5.91
LS,PMA 9.61 8.39
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Table D-8. Least Square Means Table for Combination of Aggregate Type and Aging State
for Statistical Analysis of FI.

Level Least Sq Mean Std. Error
GR,A0 30.68 7.68
GR,A5 49.40 7.54
LS,A0 74.97 5.94
LS,A5 9.02 7.72
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Figure D-3. LS Means Plot for Binder Type and FI.
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Figure D-4. LS Means Plot for Aging State and FI.

Table D-9. Least Square Means Differences Tukey HSD for Alpha = 0.05.

Mixture Level! Least Sq
Mean
LS,A0 A 74.97
GR,A5 AB 49.40
GR,A0 B,C 30.68
LS,A5 C 9.02

! Levels not connected by same letter are

significantly different.
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Table D-10. Least Square Means for Combination Binder Type and Aging State for FI

Statistical Analysis.

Level Least Sq Std. Error
Mean
HP,AQ 76.53 6.03
HP,A5 48.63 5.92
PMA,AQ 29.11 8.74
PMA,A5 9.79 6.50

D.2. FLEXIBILITY INDEX: RESULTS OF FITTING ANOVA WITH ALL PossSIBLE Two-WAY
INTERACTIONS BASED ON 74 OBSERVATIONS AFTER EXCLUDING A POTENTIAL OUTLIER
(OBSERVATION #28)

Figure D-5 presents the information related with the fit for the FI without one potential outlier.
Table D-11 summarizes the information for the previous graph, which contains the R-squared,
the root mean squared error, and other statistics. Table D-12 and Table D-13 show the statistical
analysis for the different parameters and combinations applying the t-student test and the F-test,
respectively. Meanwhile, Figure D-6 plots the residual by predicted plot for this case of study
without the outlier for the FI.
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Figure D-5. Least Squares Fit for Response Fl and Actual Predicted Plot without Potential
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Outlier.

Table D-11. Summary Fit for FI without Potential Outlier.

Parameter Value
R-Squared 0.70
R-Squared Adj 0.67

Root Mean Squared Error 21.52

Mean of Response 43.87
Observations (or Sum Wats) 74
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Table D-12. Parameter Estimates for FI Statistical Analysis without Potential Outlier.

Term Estimate  Std. Error  t Ratio Prob>[t|
Intercept 164.94 242.19 0.68 0.4982
Aggregate Type [GR] -0.67 3.97 -0.17 0.8659
Binder Type [HP] 20.71 3.04 6.80 <.0001*
Aging State [AQ] 10.47 2.59 4.04 0.0001*
Aggregate Type [GR] xBinder Type [HP] -8.07 4.66 -1.73 0.0877
Aggregate Type [GR] xAging State [AQ] -19.40 2.61 —7.42 <.0001*
Binder Type [HP] xAging State [A0] 1.46 3.12 0.47 0.6412
Air Voids —6.32 12.17 —0.52 0.6052

* indicates the term is statistically significant at a level of alpha = 0.05

Table D-13. Effect Tests for FI Statistical Analysis without Potential Outlier.

Source Nparm DF Sum of F Ratio Prob > F
Squares

Aggregate Type 1 1 13.305 0.03 0.8659
Binder Type 1 1 21441.53 46.28 <.0001*
Aging State 1 1 7576.48 16.35 0.0001*
Aggregate TypexBinder Type 1 1 1392.0 3.00 0.0877
Aggregate TypexAging State 1 1 25518.48 55.08 <.0001*
Binder TypexAging State 1 1 101.52 0.21 0.6412
Air Voids 1 1 125.02 0.26 0.6052

* indicates the term is statistically significant at a level of alpha = 0.05
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Figure D-6. Residual by Predicted Plot without Potential Outlier.

Table D-14, Table D-15, and Table D-16 present the information for the least square means for
the binder type, the combination of aggregate and binder type, and aggregate type and age state,
respectively. Figure D-7 presents the least square means plot for FI and binder type, while
Figure D-8 presents the information related to the FI and the aging state. Table D-17 presents the
information on the least square means differences for the Tukey HSD with an alpha equal to 5%
for the FI parameter without the potential outlier.
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Table D-14. Least Square Means Table for Binder Type for Statistical Analysis of FI
without Potential Outlier.

Level Least Sq Std. Mean
Mean Error

HP 60.17 3.47 61.95

PMA 18.75 4,52 18.78

Table D-15. Least Square Means Table for Combination Aggregate Type and Binder Type
for Statistical Analysis of FI without Potential Outlier.

Level Least Sq Std. Error
Mean
GR,HP 51.43 4.77
GR,PMA 26.14 10.88
LS,HP 68.92 4.98
LS,PMA 11.35 6.97

Table D-16. Least Square Means Table for Combination Aggregate Type and Aging State
for Statistical Analysis of FI without Potential Outlier.

Level LeastSgMean Std. Error

GR,A0 29.86 6.34
GR,A5 47.72 6.23
LS,A0 70.01 5.00
LS,A5 10.27 6.41
150 o <
LS -+
'qg é 100
: &
% = >0 \
0 HP PMA
Binder Type

Figure D-7. Least Square Means Plot for FI and Binder Type without Potential Outlier.

/.-‘?Texas AsM
ransportation
156 A nsiitute




GR
150 Ls

+ 4

100

0 A0 A5

Flexibility Index
FI' LS Means

Aging Condition
Figure D-8. Least Square Means Plot for FI and Aging State without Potential Outlier.

Table D-17. Least Square Means Differences Tukey HSD without Potential Outlier with

Alpha = 0.05.
Mixture Level'! Least Sq
Mean
LS,A0 A 70.01
GR,A5 AB 47.72
GR,AQ B,C 29.86
LS,A5 C 10.27

! Levels not connected by the
same letter are significantly
different.

D.3. CRACKING RESISTANCE INDEX: RESULTS OF FITTING ANOVA WITH ALL POSSIBLE
Two-WAY INTERACTIONS BASED ON 75 MEASUREMENTS

Figure D-9 presents the results obtained from plotting the experimental CRI and the actual
predicted plot based on the 75 conducted measurements. Table D-18 summarizes the fit for the
results from the previous graph. Table D-19 shows the results of the statistical analysis of the
parameters as well as the t-student test for each of the parameters or combination. Moreover,
Table D-20 presents the effect test (i.e., F-test results) for the same parameters and two-way
interactions. Finally, Figure D-10 plots the residual by predicted plot versus the experimental
values for the CRI.
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Figure D-9. Least Squares Fit Results of Response of CRI and Actual Predicted Plot Based
on 75 Measurements.

Table D-18. Summary of Fit CRI.

Parameter Value
R-Squared 0.74
R-Squared Adj 0.72
Root Mean Squared Error 304.06
Mean of Response 1319.54
Observations (or Sum Wgts) 75

Table D-19. Parameter Estimates for CRI Statistical Analysis.

Term Estimate  Std. Error  t Ratio Prob>|t|
Intercept 3662.02 3413.89 1.07 0.2873
Aggregate Type [GR] 88.84 56.05 1.58 0.1177
Binder Type [HP] 333.49 42.96 7.76 <.0001*
Aging State [AQ] 184.33 36.43 5.06 <.0001*
Aggregate Type [GR]xBinder Type [HP] —114.52 65.41 -1.75 0.0845
Aggregate Type [GR] xAging State [AQ] —273.12 36.66 —7.45 <.0001*
Binder Type [HP] xAging State [A0] -50.75 44,01 -1.15 0.2530
Air Voids -121.95 171.54 -0.71 0.4796

* indicates the term is statistically significant at a level of alpha = 0.05

Table D-20. Effect Tests for CRI Statistical Analysis.

Source Nparm DF Sum of F Ratio Prob>F
Squares
Aggregate Type 1 1 232211.10 2.51 0.1177
Binder Type 1 1 5570709.40 60.26 <.0001*
Aging State 1 1 2367429.10 25.61 <.0001*
Aggregate TypexBinder Type 1 1 283404.20 3.07 0.0845
Aggregate TypexAging State 1 1 5131831.90 55.51 <.0001*
Binder TypexAging State 1 1 122933.00 1.33 0.25
Air Voids 1 1 46722.60 0.51 0.48

* indicates the term is statistically significant at a level of alpha = 0.05
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Figure D-10. Residual by Predicted Plot for CRI.

The effect details of the different parameters for the CRindex are presented in the following tables.
Table D-21, Table D-22, and Table D-23 present the statistical information for the aggregate
type, the asphalt type, and the aging state, respectively. The subsequent tables present the
information for the statistical analysis of the combination (i.e., interaction) of the different
parameters evaluated, such as the aggregate type and binder or aging state (i.e., Table D-24,
Table D-25, and Table D-26). Meanwhile, Table D-27 presents the least square means
differences for the Tukey HSD with an alpha equal to 5% for the CRI, and Figure D-11 displays
the least square means plot of aging state versus CRI.

Table D-21. Least Square Means Table for Aggregate Type for Statistical Analysis of CRI.

Level Least Sq Std. Mean
Mean Error
GR 1330.60 73.21 1368.59
LS 1152.92 60.84 1269.17

Table D-22. Least Square Means Table for Binder Type for Statistical Analysis of CRI.

Level Least Sq Std. Error Mean
Mean

HP 1575.25 48.60 1621.51

PMA 908.27 64.08 890.93

Table D-23. Least Square Means Table for Aging State for Statistical Analysis of CRI.

Level Least Sq Std. Error Mean
Mean

A0 1426.09 52.77 1498.62

A5 1057.43 51.44 1125.53
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Table D-24. Least Square Means Table for Combination of Aggregate Type and Binder
Type for Statistical Analysis of CRI.

Level Least Sq Std. Error
Mean
GR,HP 1,549.57 67.27
GR,PMA 1,111.62 153.88
LS,HP 1,600.92 69.13
LS,PMA 704.92 98.16

Table D-25. Least Square Means Table for Combination of Aggregate Type and Aging
State for Statistical Analysis of CRI.

Level Least Sq Std. Error
Mean

GR,A0 1241.81 89.76

GR,A5 1419.39 88.17

LS,A0 1610.37 69.48

LS,A5 695.47 90.26

Table D-26. Least Square Means Combination of Binder Type and Aging State for CRI.

Level Least Sq Std. Error
Mean

HP,A0 1708.83 70.47

HP,A5 1441.67 69.22

PMA,AQ 1143.35 102.24

PMA, A5 673.19 76.03

Table D-27. Least Square Means Differences Tukey HSD for CRI with Alpha = 0.05.

Mixture Level* Least Sq
Mean
LS,A0 A 1610.37
GR,A5 AB 1419.39
GR,A0 B 1241.81
LS,A5 C 695.47

! Levels not connected by same letter are
significantly different.
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Figure D-11. Least Square Means Plot for CRI and Aging State.
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APPENDIX E—STATISTICAL ANALYSIS IDEAL-CT TEST

Figure E-1 presents the actual and predicted least square means for the IDEAL test, more
specifically for the parameter CTindex. Table E-1 displays the information on the summary fit for
the IDEAL test, while Table E-2 shows the information on the analysis of variance for the
IDEAL test. Table E-3 presents the information on the parameter estimate with respect to the
statistical analysis, and Table E-4 displays the information on the effect analysis of the different
parameters for this test.

Sqrt(Ctindex) Actual

5 10 15 20 25 30 35 40 45 50
Sqgrt(Ctindex) Predicted P<.0001 RSq=0.87 RMSE=4.2718

Figure E-1. Least Square Fit for Actual and Predicted Values of Tensile Strength for
CTindex-

Table E-1. Summary Fit for IDEAL Test.

Parameter Value
R-Squared 0.873262
R-Squared Adj 0.817815
Root Mean Squared Error 427178
Mean of Response 19.8602
Observations (or Sum Wgts) 24

Table E-2. Analysis of Variance for IDEAL Test.

Source DF Sum of Squares Mean Square F Ratio
Model 7 2011.7649 287.395 15.7493
Error 16 291.9697 18.248 Prob > F
C. Total 23 2303.7345 <.0001*

* indicates the term is statistically significant at a level of alpha = 0.05
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Table E-3. Parameter Estimate for IDEAL Test.

Term Estimate Std. Error t Ratio Prob>|t|
Intercept 4.0865447 34.42547 0.12 0.9070
Aggregate Type [GR] 1.8118587 0.931399 1.95 0.0695
Binder Type [HP] 5.5587722 0.873792 6.36 <.0001*
Aging Condition [AQ] 6.6522253 0.909191 7.32 <.0001*
Air Voids (%) 0.7845478 1.711699 0.46 0.6529
Aggregate Type [GR]xBinder Type [HP] 1.3060397 0.895351 1.46 0.1640
Aggregate Type [GR] xAging Condition [A0] 0.1964099 0.959984 0.20 0.8405
Binder Type [HP] xAging Condition [A0] 2.2204552 0.873443 2.54 0.0217*

* indicates the term is statistically significant at a level of alpha = 0.05

Table E-4. Statistical Analysis with Effect Test for IDEAL Test.
Source Nparm DF Sum of Squares F Ratio Prob > F

Aggregate Type 1 1 69.05498 3.7842 0.0695

Binder Type 1 1 738.51529  40.4708 <.0001*

Aging Condition 1 1 976.88133  53.5333 <.0001*

Air Voids 1 1 3.83355 0.2101 0.6529

Aggregate TypexBinder Type 1 1 38.82787 21278 0.1640
Aggregate TypexAging Condition 1 1 0.76386 0.0419 0.8405
Binder TypexAging Condition 1 1 117.93239 6.4627 0.0217*

* indicates the term is statistically significant at a level of alpha = 0.05

Figure E-2 presents the information on the residual and predicted plot of the CTindex for the ideal
test result of the statistical analysis. Table E-5, Table E-6, and Table E-7 show the detailed effect
analysis of the least square means for the different parameters (e.g., aggregate type, binder type,
and aging condition), while Table E-8, Table E-9, and Table E-10 present the detailed effect
analysis of the least square means for different combinations of parameters. Furthermore,

Figure E-3 displays the least square means of the CTindex and aging condition. Finally,

Table E-11 indicates the least square means differences Tukey HSD for the IDEAL test with
alpha = 0.05.
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Figure E-2. Residual and Predicted Plot for CTingex of IDEAL Test.
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Table E-5. Effect Details with Least Square Means for Aggregate Type of IDEAL Test.

Level Least Sq Mean Std. Error Mean
GR 21.672063 1.2758689 21.8221
LS 18.048346 1.2758689 17.8983

Table E-6. Effect Details with Least Square Means for Binder Type of IDEAL Test.

Level Least Sg Mean Std. Error Mean
HP 25.418977 1.2344432 25.3932
PMA 14.301432 1.2344432 14.3273

Table E-7. Effect Details with Least Square Means for Aging Condition of IDEAL Test.

Level Least Sg Mean Std. Error Mean
A0 26.512430 1.2597480 26.3944
A5 13.207979 1.2597480 13.3260

Table E-8. Effect Details with Least Square Means for Combination Aggregate Type and
Binder Type of IDEAL Test.

Level Least Sg Mean Std. Error
GR,HP 28.536875 1.7452625
GR,PMA 14.807251 1.8400773
LS,HP 22.301078 1.7532569
LS, PMA 13.795613 1.8072895

Table E-9. Effect Details with Least Square Means for Combination Aggregate Type and
Aging Condition of IDEAL Test.

Level Least Sg Mean Std. Error
GR,A0 28.520698 1.7752005
GR,A5 14.823428 2.0035643
LS,A0 24.504161 1.7535528
LS,A5 11.592530 1.8065429

Table E-10. Effect Details with Least Square Means for Combination Aging Condition and
Binder Type of IDEAL Test.

Level Least Sg Mean Std. Error
HP,A0 34.291657 1.7636924
HP,A5 16.546296 1.7504276
PMA,A0 18.733203 1.7620258
PMA, A5 9.869662 1.7816211
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Figure E-3. Least Square Means Plot for CTingex and Aging Condition.

Table E-11. Least Square Means Differences Tukey HSD for IDEAL Test with Alpha =

0.05.
Mixture Level' Least Sg Mean
HP,AQ A 34.291657
PMA,AQ B 18.733203
HP,A5 B,C 16.546296
PMA, A5 C 9.869662

! Levels not connected by the same letter
are significantly different.

/.-‘ ;exas AsM
ransportation
A nsiitute

165




APPENDIX F—ASSESSMENT OF THE THREE-WHEEL POLISHER TO
QUANTIFY THE EVOLUTION OF RAVELING IN OGFC

This appendix details the results of the evaluation of the three-wheel polisher to quantify the
magnitude and rate of raveling in OGFC mixtures. This information is important to describe the
evolution or degradation rate of the mixtures.

The three-wheel polisher, shown in Figure F-1, was developed by NCAT in 2006 (Vollor and
Hanson, 2006). It employs load-bearing rubber tires that move in a circular motion over the
surface of a slab in the presence of water for a given number of load cycles. The test is
performed at room temperature of about 77°F (25°C). Measurements of texture and/or friction
before and after the polishing action are usually obtained to assess the susceptibility of the
mixture to abrasion. Further details on the equipment are given herein.

R et P ok
Figure F-1. Three-Wheel Polisher.
The objective of this part of the study was to attempt the quantification of the initiation and
evolution of raveling in OGFC mixtures by modifying the three-wheel polisher. The
modifications done to the standard equipment are detailed in a subsequent section. As initially
considered in the work plan, the variables used to quantify the evolution of raveling after a
specified number of load cycles included the weight loss during testing and the change in texture.

F.1. MATERIALS

To fulfill the objective of this part of the study, an existing plant-produced OGFC mixture
obtained as part of a separate research project was employed. The friction course mixture (FC-5)
was produced during the construction of a 30-mile-long segment of Interstate Highway 95 in
Broward and Miami Dade Counties, Florida. Construction commenced in December 2014, and
the plant-produced mixture was collected by TTI in January 2015. The mixture was produced
with limestone aggregate from White Rock Quarries and a PG 76-22 binder modified with SBS
polymer supplied by South Florida Materials (Riviera Beach terminal). An anti-stripping agent
was added to the binder at the terminal. Mineral fibers were also incorporated into the mixture.
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The mix design gradation can be found in Figure F-2. The mixture conformed to FDOT

specifications for OGFC.

Sieve Size

S1A Stone-C41 SIB Stone-Col Job Mix Formula Control Points

55% 45%4,
3/4 100 100 100 100
1/2 T4 100 86 85-75
3/8 47 93 68 55-75
No4 9 45 25 15-25
No 8 8 13 10 5-10
No 16 7 9 8
No 30 5 7 6
No 30 4 4 4
No 100 3 3 3
No 200 2 3 25 2-4
Binder Content: 6.50%
Mixing Temperature: 325°F
Compacnon Temperature: 325°F
Additrves: Antistrp 0.5%
Mineral Fibers 0.4%%

Figure F-2. FC-5 Mix Design.

F.2. SLAB SPECIMEN FABRICATION

The procedure to prepare the OGFC slab specimens started by placing the plant-produced
mixture in the oven for 2 hours at a temperature of 325°F (135°C). Afterwards, the mixture was
poured in the asphalt roller compactor (ARC) slab mold to compact specimens 16 L x 20 W x
1Hin. (40.6 L x 50.8 W x 2.5 H cm) (see Figure F-3). The ARC uses an electro-mechanical
system, which employs a segmented roller with alternate rotation to simulate field compaction.
The temperature during compaction was 300°F (149°C). The target air void content was 20%
with a maximum specific gravity (Gmm) of 2.3, which was obtained through laboratory testing. In
order to facilitate the extraction of the slabs, oil was poured inside the mold; afterwards, the mold
was disassembled and the slab extracted. After compaction, the slabs were left to cool down,
labeled, and weighed in preparation for testing.
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Figure F-3. Asphalt Roller Compactor and Mold.

F.3. LABORATORY EXPERIMENT
F.3.1. Three-Wheel Polisher

As previously mentioned, a three-wheel polisher originally developed by Vollor and Hanson
(2006) as part of an NCAT study to design and build a laboratory device to evaluate the wet
friction and aggregate polishing characteristics of asphalt mixtures was employed. The
equipment consists of a %2 horse power motor with a Baldor motor speed control that allows
torque at low speeds. The motor connects to a turntable via a square tube shaft. Three wheels are
attached to the bottom of the turntable, lined up along an 11-3/16 in. (28.4 cm) diameter circular
path. The turntable is loaded with three circular iron plates of about 35 Ib. (15.9 kg) each for a
total of about 105 Ib. (47.6 kg) normal load. A water spray system is included to wash away
abraded particles, simulate wet-weather conditions, and prevent the rubber tires from
overheating. Water is delivered via PVC pipes attached to the sides and back of the polisher
frame; the PVC pipes have small holes that direct the water toward the surface of the slab.

F.3.1.1. Equipment Modifications

Since the objective of this part of the study was to evaluate the evolution of raveling (not
polishing), it seemed appropriate to modify the three-wheel polisher in an effort to induce
raveling on the surface of the OGFC slab. The main modification was the type of tire used during
testing. Vollor and Hanson (2006) evaluated several types of tires as part of their study and
concluded that a steel tire caused severe abrasion. Based on this information, three types of
wheels were considered, as shown in Figure F-4 and described next.
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(a) (b)
Figure F-4. Types of Tires Used in the Three-Wheel Polisher: (a) Rubber Tire
(Conventional); (b) Crimped Wire Tire; (c) Studded Tire.

Conventional rubber tires were employed for baseline comparison. The rubber tires used were
Kenda 2.80/2.50-4 with a 4-ply rating and a maximum inflation pressure of 50 psi. The tires
weighed 1.3 Ib. (589.7 g) and had a sawtooth tread. The crimped wire tire was an off-the-shelf
product consisting of a wire brush with an outer diameter of 8 in. (20.3 cm), a 1-5/8 (41.3 mm)
face width, and a 2 in. (50.8 mm) arbor hole with 0.014 in. (0.4 mm) thick steel filaments. The
studded tire was custom-made using a Marathon polyurethane 2.80/2.50-4 flat-free tire. Each tire
weight was about 3 Ib. (1,360.8 g) and could withstand about 275 Ib. (124.7 kg). The studs were
0.2 in. (5.1 mm) long and were manually incorporated into the tire in a zig-zag pattern, as shown
in Figure F-5, using the tool shown in Figure F-6. The zig-zag pattern was designed to increase
the raveled area within the slab, and a stud was also placed along the center line of the tire.

51

Note: 30 Holes total, @ 7/é4, ¥ 0.375
Holes are offset from ¢ + 0.375

Figure F-5. Marathon Flat-Free Tire with Zig-Zag Stud Configuration.
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Figure F-6. Studs and Installation Tool.

F.3.1.2. Experimental Variables

In addition to the different tires used to test the OGFC slab specimens, changes to the total
vertical load applied to the three-wheel assembly and the number of load cycles varied for
different trials. Table F-1 describes the various trials considered as part of the laboratory
experiment. The speed used for all the tests was 0.75 mph (1.2 km/h). Each of the trials
presented different conditions of testing except between Trial #4 and #5 that corresponded to
replicates. Initially, 100 cycles (about 4 minutes and 50 seconds) were conducted, and depending
on the observed behavior, the total number of cycles varied.

Table F-1. Test Trials Conducted in the Modified Three-Wheel Polisher.

Trial Vertical Load Tire Type Number of Load Cycles
No. 100 200 1,000 1,700 10,000

1 94.0 Ib. (42.6 kg) Rubber X X X
2 127.3 Ib. (57.7 kg) Rubber X X X
3 127.3 Ib. (57.7 kg) Wire X X
4 94.0 Ib. (42.6 kg) Studded X X
5 94.0 Ib. (42.6 kg) Studded X
6 61.3 Ib. (27.8 kq) Studded X X

F.3.2. Raveling Assessment

To quantify the evolution of raveling in OGFC mixtures, two parameters were measured before
and after a given number of load cycles as listed in Table F-1: (a) the weight of the material
dislodged from the surface of the slab, and (b) the texture or mean profile depth of the slab’s
circular track left by the polisher wheels, using a portable circular texture meter (CTMeter),
which is described below. The change in friction was not considered critical in the assessment of
the evolution of raveling.

F.3.2.1. Change in Slab Specimen Weight

In order to quantify the amount of material dislodged from the surface of the slab, a simple

protocol was established. After a certain number of cycles were applied, the slab was extracted
from the three-wheel polisher machine. Using a compressed air gun, the surface of the slab was
cleared of all dust and loose aggregate particles. The compressed air gun was used with care to

= Texas AsM
- i

170 ] L’?gﬂn& tron




avoid dislodging additional aggregates from the surface of the slab. Afterwards, the slab was
weighed and the information recorded.

The slabs subjected to loading with the studded tires exhibited unexpected crushing of the
aggregates rather than raveling. Figure F-7a shows the surface of a slab with crushed aggregates
before being cleaned with the compressed air gun, and Figure F-7b shows the surface of the slab
after it was cleaned. In Figure F-7b, the path of the studded tires is visible as three separate traces
on the surface of the slab, which corresponds to the zig-zag pattern of the studs as can be
observed in Figure F-4c. This was possibly exacerbated because all three wheels had the same
zig-zag stud configuration and the three-wheel polisher does not allow for wander. The other two
types of tires (i.e., rubber and wire) did not crush the aggregates; the details of the dislodging
mechanisms for these two tires are described in the results section.

Figure F-7. Surface of the Slab after a Test Trial with Studded Tires: (a) Before Cleaning
with Compressed Air; (b) After Cleaning with Compressed Air.

F.3.2.2. Change in Surface Texture

The CTMeter consists of a laser-displacement sensor device mounted on an arm that rotates
following a circular track of 11-3/16 in. (28.4 cm), which has the same dimension as the three-
wheel polisher track. The sensor has a spot size of 0.003 in. (70 um) with a vertical resolution of
1.1x10*in. (3 um). The arm rotates 3.1 in. (80 mm) above the surface with a tangential velocity
of 3.9 in/s (6 m/min) in a counterclockwise direction, providing a sample spacing of 0.03 in.
(0.87 mm). The recorded profile is divided into eight 4.4 in. (111.5 mm) segment arcs of 128
samples each for analysis. The CTMeter software provides the MPD per ASTM E1845 (ASTM
2015a) and the root mean square per ASTM E2157 (ASTM 2015b) for each segment. Typical
MPD values obtained using the CTMeter on dense-graded hot mix asphalt range between 0.016—
0.023 in. (0.4-0.6 mm), while values for OGFC mixtures are usually about 0.04 in. (1.0 mm) for
both field and test specimens (Jackson, 2008; Wu, 2013). The equipment is shown in Figure F-8.
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(@) (b)
Figure F-8. Circular Track Meter Apparatus: (a) Side View; (b) Bottom View.

During testing, the CTMeter is placed over the slab surface before and after applying the loading
cycles with the three-wheel polisher. The surface of the slab is cleared from debris, especially if
the test is being performed after a certain number of load cycles have already been applied to the
slab specimen. The location of the CTMeter is marked on the slab to measure on the same place,
and the orientation of the apparatus is also the same. Three measurements are obtained on the
surface of the slab specimen as follows:

1. Center measurement.
2. About 1 in. (25.4 mm) to the back of the first measurement.
3. About 1 in. (25.4 mm) to the front of the first measurement.

F.4. TEST RESULTS

This section includes the results and analysis obtained from the experiments. It is subdivided in
three sections. The first section corresponds to the visual inspection of the trials obtained with
the different types of tires, and it analyzes the mechanisms that affected the surface of the slab.
The second section presents the weight loss during the application of loading cycles in the
different trials. Finally, the third section describes the data obtained with the use of the CTMeter,
and it includes the MPD of the surface of the slab before testing with the three-wheel polisher
and at the end of each trial.

F.4.1. Visual Inspection

A visual inspection of the surface of the slab specimens after being subjected to loading with the
three-wheel polisher was performed. Figure F-9a (Trial #1) shows a polished surface with no
evidence of aggregate crushing. In this case, dislodging of a few aggregate particles passing
sieve No. 8 (0.09 in. [2.38 mm]) or smaller was observed, but the extent and evolution of this
damage process was very limited. Figure F-9b corresponds to the slab for Trial #3, which shows
how the crimped wire tire brushed and abraded the surface of the slab more aggressively, but
with no apparent raveling. In Figure F-9c and Figure F-9d, which correspond to the results of
Trials #4 and #5 with the studded tires, the path of the stud can be observed as well as some
holes in the surface of the slab that are the results of aggregate crushing. After 200 load cycles
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(Figure F-9c), no considerable change in the appearance of the surface of the slab or progression
of damage was observed compared to the state of the slab after 100 load cycles (Figure F-9d).
Finally, Trial #6 (Figure F-9e) resulted in less aggregate crushing since the applied vertical load
was smaller than in Trials #4 and #5. In summary, loading with the studded or crimped wire tires
in the three-wheel polisher was not able to generate raveling on the surface of the OGFC slabs,
and the rubber tires mostly polished, as they are intended.

(b)

(d)

Figure F-9. Appearance of the Surface of the Slabs after Testing: (a) Trial #1 at 1,700 Load
Cycles; (b) Trial #3 at 200 Load Cycles; (c) Trial #4 at 200 Load Cycles; (d) Trial #5 at
100 Load Cycles; (e) Trial #6 at 200 Load Cycles.

F.4.2. Change in Slab Specimen Weight

The results of these experiments demonstrated that different mechanisms caused the resulting
slab specimen weight loss: (a) incipient raveling and polishing, (b) aggregate crushing, and

(c) surface brushing and abrasion. Figure F-10 shows the progressive weight loss curves for each
of the trials. The rubber tires (Trial #1 and #2) generated incipient raveling and polishing. As
previously mentioned, from visual inspection, only a few small aggregate particles dislodged
from the surface of the slab with the rubber tires, which may be caused by the tire-slab
interaction and the sawtooth thread of the tires.

i
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Figure F-10. Weight Loss of the Slabs for Different Conditions.

The application of different vertical loads for the same type of tire type (Trial #1 vs. Trial #2, and
Trial #4 vs. Trial #6) had an effect on the weight loss. The weight loss with the change in the
vertical load for the rubber tires showed that a higher vertical load produced less weight loss. For
instance, after 1,700 load cycles, Trial #1 (i.e., vertical load of 94 Ib. [42.6 kg]) had 2.3 times the
weight loss as Trial #2 (i.e., vertical load of 127.3 Ib. [57.7 kg]) at 10,000 load cycles. This could
be caused by a “compaction effect” that prevents the aggregates from dislodging under the
increased vertical load.

For the trials with studded tires, there was a positive relationship between weight loss and
applied vertical load. In these cases, higher vertical loads generated more weight loss mainly due
to an increase in aggregate crushing (e.g., Trial #4 had 1.7 times the weight loss as Trial #6 at
200 cycles). It is noticeable that the weight loss in the trials that used the crimped wire and
studded tires was significantly higher than the weight loss obtained with the rubber tires. In
addition, the crimped wire and studded tires produced similar weight loss (i.e., 36.2 g and 36.5 g
for Trials #3 and #4, respectively, at 200 cycles), despite the difference in vertical load and the
fact that the mechanism causing weight loss for the studded tire trials was aggregate crushing
while the mechanism causing weight loss for the crimped wire tires was brushing/abrasion.

F.4.3. Change in Surface Texture

Figure F-11 presents the average of the three MPD measurements for the different trials. The
average MPD changed depending on the trial test conditions and damage mechanisms previously
described. The initial MPD (MPDinitiar) for the slabs varied but was close to values reported in the
literature (Jackson, 2008; Wu, 2013). For the rubber tires (Trials #1 and #2), the MPD decreased
with added load cycles, which is consistent with the results obtained from Wu (2013). For the
trials conducted with the crimped wire tires (Trial #3), no significant change was observed in
MPD with the progression of the test, even though this trial resulted in significant material
weight loss. This is possibly due to the brushing/abrasion mechanism caused by this type of tire,
as previously explained. Conversely, the aggregate crushing observed in the trials conducted
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with studded tires (Trials #4, #5, and #6) caused an increase in MPD with added load cycles. The
MPD1oocycles for those three trials were between 11% and 24% times larger than the MPDinitial.
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Figure F-11. Average CTMeter MPD for the Slab Specimens.

The variation in vertical load for the rubber tires impacted the MPD results. For example, the
relative difference in MPDa17oocycles Versus the MPDinitial for Trial #1 was about 6%, while for
Trial #2 with a heavier vertical load, it was about 20%. The change in vertical load with the
studded tires (Trials #5 and #6) presented a less significant change in MPDz1oocycles VErsus
MPDinitial: about 24% for Trial #5 with a heavier vertical load and 17% for Trial #6. This could
be due to the size of the studs creating a similar imprint in the surface of the slab regardless of
the vertical load.

F.4.4. Summary of Results

Table F-2 summarizes the results obtained for the different trials. The different types of tires
used in the three-wheel polisher caused damage to the surface of the OGFC slabs through
various mechanisms. The rubber tires generated some raveling, but the extent and evolution of
damage was not sufficient to obtain the raveling degradation curves needed for the project. The
crimp wire tires induced brushing and abrasion but not raveling. Finally, the studded tires caused
aggregate crushing rather than raveling.
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Table F-2. Summary Results for Modified Three-Wheel Polisher.

: Final o :
Trial Obseryed Crushing Material Y% Weight MPD
Number Raveling Loss Trend
Loss (9)
1 Yes No 23.9 0.25% Steady
2 Yes No 10.4 0.11% Decrease
3 No No 36.2 0.38% Steady
4 No Yes 36.5 0.38% Increase
5 No Yes 22.1 0.23% Increase
6 No Yes 21.4 0.22% Increase

F.5. SUMMARY

Based on the results of this part of the study, the conclusion is that the three-wheel polisher (even
with modifications) is not adequate to quantify the initiation and evolution of raveling in OGFC
mixtures. Despite the modifications of the equipment that were attempted, including using
different types of tires and increasing the vertical load of the assembly, the slab specimens
exhibited minimal raveling or none at all. The assembly with rubber tires produced mainly
polishing with incipient raveling. The rubber tires were effective in dislodging small-sized
aggregate particles from the surface of the slab, probably due to the sawtooth thread of the tires.
Unfortunately, the damage was not significant for the purpose of obtaining a raveling
degradation curve. The crimped wire tire effect on the surface of the slab was a combined
brushing/abrasion mechanism but proved ineffective in generating raveling. The custom-made
studded tires, although initially more promising than the previous two options, still failed to
generate aggregate raveling, crushing the aggregates instead of dislodging them from the surface
of the slab.
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APPENDIX G—CANTABRO PHOTOGRAPHIC COMPILATION

G.1. LIMESTONE-PMA

) Asphalt type PMA
Materials .
Aggregate type Limestone
Aged state 0 days

Cycle 1 (%Abrasion loss = 7.22%)—top view

Cycle 15 (Y%Abrasion loss = 77.79%)—top view

Cycle 15 (%Abrasion loss = 77.79%)—side view
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) Asphalt type PMA
Materials ]
Aggregate type Limestone
Aged state 5 days

Cycle 1 (%Abrasion loss = 21.36%)—top view Cycle 1 (%Abrasion loss = 21.36%)—side view

Cycle 5 (%Abrasion loss = 69.69%)—Top view Cycle 5 (%Abrasion loss = 69.69%)—Side view
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) Asphalt type PMA
Materials ]
Aggregate type Limestone
Aged state 10 days

Cycle 1 (%0Abrasion loss = 64.92%)—top view

Cycle 2 (%Abrasion loss = 80.66%)—top view Cycle 2 (%Abrasion loss = 80.66%)—side view
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G.2. GRANITE-PMA

) Asphalt type PMA
Materials
Aggregate type Granite
Aged state 0 days

Cycle 1 (%Abrasion loss = 18.24%)—top view Cycle 1 (%Abrasion loss = 18.24%)—side view

Cycle 5 (%Abrasion loss = 49.73%)—top view Cycle 5 (%Abrasion loss = 49.73%)—side view

Cycle 9 (%Abrasion loss = 69.40%)—top view Cycle 9 (%Abrasion loss = 69.40%)—side view
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) Asphalt type PMA
Materials
Aggregate type Granite
Aged state 5 days

Cycle 1 (%Abrasion loss = 15.76%0)—top view

Cycle 10 (%Abrasion loss = 81.74%)—top view Cycle 10 (%Abrasion loss = 81.74%)—side view
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G.3. LIMESTONE-HP

) Asphalt type HP
Materials
Aggregate type Limestone
Aged state 0 days

Cycle 7 (%Abrasion loss = 30.05%)—top view

Cycle 15 (%Abrasion loss = 59.33%)—top view

Cycle 15 (%Abrasion loss = 59.33%)—side view

< Texas AsM
182 o "




) Asphalt type HP
Materials )
Aggregate type Limestone
Aged state 5 days

Cycle 7 (%Abrasion loss = 45.84%)—top view Cycle 7 (%0Abrasion loss = 45.84%)—side view

Cycle 15 (%Abrasion loss = 71.98%)—top view Cycle 15 (%Abrasion loss = 71.98%)—side view
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) Asphalt type HP
Materials )
Aggregate type Limestone
Aged state 10 days

Cycle 1 (%Abrasion loss = 19.01%)—side view

Cycle 10 (%Abrasion loss = 78.36%)—top view

Cycle 10 (%Abrasion loss = 78.36%)—side view
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G.4. GRANITE-HP

) Asphalt type HP
Materials
Aggregate type Granite
Aged state 0 days

Cycle 15 (%Abrasion loss = 45.08%)—top view Cycle 15 (%Abrasion loss = 45.08%)—side view
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) Asphalt type HP
Materials
Aggregate type Granite
Aged state 5 days

Cycle 15 (%Abrasion loss = 72.93%)—top view Cycle 15 (%Abrasion loss = 72.93%)—side view
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) Asphalt type HP
Materials
Aggregate type Granite
Aged state 10 days

Cycle 5 (%Abrasion loss = 51.42%)—side view

Cycle 9 (%0Abrasion loss = 67.46%)—top view

Cycle 9 (%Abrasion loss = 67.46%)—side view
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APPENDIX H—STATISTICAL ANALYSIS CANTABRO TEST

Figure H-1 presents the information on the Cantabro test for the first cycle. In this figure, the
predicted values are plotted against the actual obtained values. Table H-1 through Table H-4
present the information on the parameter estimates and the t-student and F-test analysis (e.g.,
R-squared, or standard deviation), as well as for the analysis of variance. Meanwhile, Figure H-2
presents the residual and predicted plot for the percentage weight loss for the Cantabro test.
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laterial loss cicyle 1 Predicted P<.0001 RSq=0.90 RMSE=0.0628

Figure H-1. Percentage Material Loss at Cycle 1 Actual Predicted Plot.

Table H-1. Summary Fit Cycle 1 Cantabro Percentage Loss.

Parameter Value
R-Squared 0.898649
R-Squared Adj 0.823969
Root Mean Squared Error 0.062845
Mean of Response 0.167838
Observations (or Sum Wgts) 34

Table H-2. Analysis of Variance for Percentage Weight Loss for Cantabro Cycle 1.

Source DF Sum of Squares Mean Square F Ratio
Model 14  0.66537012 0.047526  12.0334
Error 19  0.07504156 0.003950 Prob>F
C.Total 33  0.74041168 <.0001*
* indicates the term is statistically significant
at a level of alpha = 0.05
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Table H-3. Parameter Estimates for Cantabro Cycle 1 Percentage Wight Loss.

Term Estimate Std. Error t Ratio Prob>|t|
Intercept 0.5983288 0.44129 1.36 0.1910
Aggregate Type [GR] —0.004116 0.014116 -0.29 0.7738
Binder Type [HP] —0.08938 0.01587 -5.63 <.0001*
Aging Condition [A0] —0.112657 0.018027 -6.25 <.0001*
Aging Condition [A10] 0.16514 0.023229 7.11 <.0001*
Air Voids (%) —0.021015 0.02249 -0.93 0.3618

Aggregate Type [GR]*Binder Type [HP]  0.0126389 0.012401 1.02 0.3209
Aggregate Type [GR]xAging Condition [A0] 0.0446927 0.017692 2.53 0.0206*
Aggregate Type [GR] xAging Condition [A10] —0.067446 0.018606 -3.62 0.0018*
Aggregate Type [GR] x (Air Voids: 19.35%) —0.04732 0.024358 -1.94 0.0670
Binder Type [HP] xAging Condition [AO] 0.0306851 0.018382 1.67 0.1114
Binder Type [HP] xAging Condition [A10] -0.074688 0.017558 —4.25 0.0004*
Binder Type [HP] x (Air Voids: 19.35%)  0.0367253 0.027544 1.33 0.1982
Aging Condition [A0] x (Air Voids: 19.35%) 0.0149392 0.034837 0.43 0.6729
Aging Condition [A10] x (Air Voids: 19.35%) —0.01504 0.040997 -0.37 0.7178
* indicates the term is statistically significant at a level of alpha = 0.05

Table H-4. Effect Tests for Cycle 1 Percentage Weight Loss Cantabro Test.
Source Nparm DF Sum of Squares F Ratio Prob > F

Aggregate Type 1 1 0.00033577 0.0850 0.7738

Binder Type 1 1 0.12528380 31.7210 <.0001*

Aging Condition 2 2 0.25285689 32.0108 <.0001*

Air Voids (%) 1 1 0.00344838 0.8731 0.3618
Aggregate TypexBinder Type 1 1 0.00410226  1.0387 0.3209
Aggregate TypexAging Condition 2 2 0.05560550  7.0395 0.0052*
Aggregate TypexAir Voids (%) 1 1 0.01490650 3.7742 0.0670
Binder TypexAging Condition 2 2 0.07317529  9.2637 0.0016*
Binder TypexAir Voids (%) 1 1 0.00702132  1.7777 0.1982
Aging ConditionxAir Voids (%) 2 2 0.00083000  0.1051 0.9008

* indicates the term is statistically significant at a level of alpha = 0.05
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Figure H-2. Residual Predicted Plot Cycle 1 Cantabro Test.

/.-‘?Texas AsM
ransportation
Al Insiitute

189




Table H-5, Table H-6, and Table H-7 present the information on the least square means for the
aggregate type, binder type, and aging condition, respectively, while Table H-8 and Table H-9
show the information on the combination of aggregate type—binder type and aggregate type—
aging condition. Figure H-3 plots the least square means for the percentage weight loss and the
aging condition.

Table H-5. Least Square Means Table for Aggregate Type Cantabro Test.

Level Least Sqg Mean Std. Error Mean
GR 0.18757629 0.02135290 0.156244
LS 0.19580796 0.01699757 0.180881

Table H-6. Least Square Means Table for Binder Type Cantabro Test.

Level Least Sg Mean Std. Error  Mean
HP 0.10231202 0.01944856 0.094671
PMA 0.28107224 0.02172068 0.241006

Table H-7. Least Square Means Table for Aging Condition of Cantabro Test.
Level Least Sg Mean Std. Error  Mean

A0 0.07903505 0.01884248 0.083725
A10 0.35683214 0.02957525 0.304270
A5 0.13920920 0.02603399 0.138258

Table H-8. Least Square Means Table for Combination Aggregate Type
and Binder Type of Cantabro Test.

Level Least Sg Mean Std. Error

GR,HP 0.11083512 0.02861942
GR,PMA 0.26431746 0.03192849
LS,HP 0.09378892 0.02504049

LS,PMA 0.29782701 0.02543170

Table H-9. Least Square Means Table for Combination Aggregate Type
and Aging Condition of Cantabro Test.

Level Least Sg Mean Std. Error
GR,A0 0.11961189 0.02673398
GR,A10 0.28527063 0.04393187
GR,A5 0.15784635 0.04091905
LS,A0 0.03845820 0.02805528
LS,A10 0.42839365 0.03288936
LS,A5 0.12057204 0.02923384
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Figure H-3. Least Square Means Plot for Aging Condition and

Percentage Weight Loss of Cantabro Test.

Table H-10 presents the information on the least square means for the Tukey HSD with an

a = 0.05 for the percentage weight loss of the first cycle of the Cantabro test. Table H-11
presents the information on the least square means for the combination binder type—aging
condition. Figure H-4 illustrates the least square means of the aging condition and the percentage
weight loss of material. Finally, Table H-12 presents the least square means table of the Tukey
HSD for an alpha of 0.05 for the combination binder type and aging condition.

Table H-10. Least Square Means Table of Tukey HSD with an Alpha of 0.05 for
Combination Aggregate Type and Percentage Weight Loss of Cantabro Test.

Level Level* Least Sg Mean
LSAL0 A 0.42839365
GR,A10 AB  0.28527063
GR,A5 B,C  0.15784635
LS,A5 B,C  0.12057204
GRA0 C 0.11961189
LS,A0 C 0.03845820

! Levels not connected by

same letter are significantly

different.

Table H-11. Least Square Means Table for Combination Binder Type and Aging Condition

of Cantabro Test.

Level Least Sg Mean Std. Error

HP,A0 0.02034007 0.02739758
HP,A10 0.19276417 0.02988252
HP,A5 0.09383182 0.04254806

PMA,A0 0.13773002 0.02718688

PMA,A10 0.52090010 0.04714721

PMA,A5 0.18458658 0.02860428
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Figure H-4. Least Square Means Plot for Cycle 1 Percentage Weight Loss and Aging
Condition.

Table H-12. Least Square Means Table of Tukey HSD with an Alpha of 0.05 for
Combination Binder Type and Aging Condition of Cantabro Test.

Mixture Level® Least Sq Mean
PMAAL0 A 0.52090010
HP,A10 B 0.19276417
PMA A5 B 0.18458658
PMAA0 B,C  0.13773002
HP,A5 B,C 0.09383182
HP,AQ C 0.02034007
! Levels not connected by same
letter are significantly different.
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APPENDIX |—STATISTICAL ANALYSIS INDIRECT TENSILE
STRENGTH TEST

Figure 1-1 presents the information on the least square fit for the actual and predicted values
obtained for the tensile strength for the indirect tensile strength test. Table I-1 presents the
information on the summary fit for the tensile strength of the same test. Table I-2 displays the
information on the analysis of variance conducted for the same test for the tensile strength. The
parameter estimate for the statistical analysis can be observed in Table I-3, while Table I-4
presents the information on the effect test of the statistical analysis. Detailed information on the
effect of the different isolated parameters can be observed in Table I-5, Table 1-6, Table I-7, and
Table 1-8, whereas Table 1-9, Table 1-10, and Table I-11 present the detailed effect of the
combination of two parameters. Figure 1-2 presents the least square means plotted for the aging
condition and tensile strength for the indirect tensile strength.
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Figure I-1. Least Square Fit for Actual and Predicted Values of Tensile Strength for
Indirect Tensile Test.

Table I-1. Summary Fit for Tensile Strength of Indirect Tensile Test.

Parameter Value
R-Squared 0.761707
R-Squared Adj 0.688896

Root Mean Squared Error 54.76332
Mean of Response 471.8441
Observations (or Sum Wgts) 48

Table I-2. Analysis of Variance for Tensile Strength of Indirect Tensile Test.

Source DF Sum of Squares Mean Square F Ratio
Model 11  345,111.54 31,373.8  10.4613
Error 36  107,964.76 2999.0 Prob>F
C. Total 47  453,076.29 <.0001*
* indicates the term is statistically significant
at a level of alpha = 0.05
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Table 1-3. Parameter Estimate for Tensile Strength of Indirect Tensile Test.

Term Estimate Std. Error t Ratio Prob>[t|

Intercept 500.27544 402237 124 0.2216
Aggregate Type [GR] —13.25852 9.25545 —1.43 0.1606
Binder Type [HP] —17.44862 9.447879 -1.85 0.0730
Aging Condition [AQ] —54.06924 8.529959 —6.34 <.0001*
Moisture Condition [Dry] 55.43145 8.310548 6.67 <.0001*
Air Voids (%) —-1.421545 20.10767 -0.07 0.9440

Aggregate Type [GR] xBinder Type [HP] —8.866855 7.922401 -1.12 0.2705

Aggregate Type [GR] xAging Condition [A0] 6.5649082 8.188695 0.80 0.4280

Aggregate Type [GR] xMoisture Condition [Dry] —20.53218 7.905795 -2.60 0.0135*

Binder Type [HP] xAging Condition [AQ] —9.440921 8.065926 -1.17 0.2495

Binder Type [HP] xMoisture Condition [Dry] —3.910888 8.292625 —0.47 0.6401

Aging Condition [A0] xMoisture Condition [Dry] —4.600565 8.447529 -0.54 0.5894
* indicates the term is statistically significant at a level of alpha = 0.05

Table 1-4. Effect Test Statistical Analysis for Tensile Strength of Indirect Tensile Test.

Source Nparm DF Sum of Squares F Ratio Prob > F
Aggregate Type 1 6154.24 2.0521 0.1606
Binder Type 10229.00 3.4108 0.0730
Aging Condition 120499.76  40.1797 <.0001*
Moisture Condition 133423.62 444891 <.0001*
Air Voids (%) 14.99 0.0050 0.9440
Aggregate Type*Binder Type 3756.69 1.2526 0.2705
Aggregate TypexAging Condition 1927.56 0.6427 0.4280
Aggregate TypexMoisture Condition 20228.27 6.7450 0.0135*
Binder TypexAging Condition 4108.66 1.3700 0.2495
Binder TypexMoisture Condition 667.03 0.2224 0.6401
Aging ConditionxMoisture Condition 889.49 0.2966 0.5894
* indicates the term is statistically significant at a level of alpha = 0.05

SR
S
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Table I-5. Detailed Effect for Aggregate Type with Least Square Means for Tensile
Strength of Indirect Tensile Test.
Level Least Sq Mean Std. Error Mean

GR 458.58561  12.171399 458.245
LS 485.10264  12.171399 485.443

Table 1-6. Detailed Effect for Binder Type with Least Square Means for Tensile Strength of
Indirect Tensile Test.
Level Least Sq Mean Std. Error Mean

HP 454.39550  12.318362 454.761
PMA  489.29275  12.318362 488.927

Table I-7. Detailed Effect for Aging Condition with Least Square Means for Tensile
Strength of Indirect Tensile Test.
Level Least Sq Mean Std. Error Mean

A0 417.77489  11.629265 417.548
A5 525.91336  11.629265 526.140
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Table 1-8. Detailed Effect for Moisture Condition with Least Square Means for Tensile
Strength of Indirect Tensile Test.
Level Least Sq Mean Std. Error Mean

Dry 527.27558  11.469298 527.457
Wet  416.41267  11.469298 416.231

Table 1-9. Detailed Effect for Combination Aggregate Type and Binder Type with Least
Square Means for Tensile Strength of Indirect Tensile Test.

Level Least Sg Mean Std. Error
GR,HP 432.27013  15.834064
GR,PMA 48490108 18.991311
LS,HP 476.52088  18.421272
LS,PMA  493.68441  15.809760

Table 1-10. Detailed Effect for Combination Aggregate Type and Aging Condition with
Least Square Means for Tensile Strength of Indirect Tensile Test.

Level Least Sg Mean Std. Error
GR,A0  411.08128 16.867728
GR,A5 506.08994  16.246928
LS,A0  424.46849  15.817702
LS,A5  545.73679  18.792256

Table I-11. Detailed Effect for Combination Aggregate Type and Moisture Condition with
Least Square Means for Tensile Strength of Indirect Tensile Test.

Level Least Sq Mean Std. Error
GR,Dry  493.48488  15.989498
GR,Wet  423.68634  17.384856
LS,Dry  561.06627  17.510328
LS,Wet  409.13901  15.947732

750
700
650
600

550
500
450
400

350

Tensile

Strength LS Means

300 A0 A5

Aging Condition

Figure I-2. Least Square Means Plot for Tensile Strength and Aging Condition.
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Figure 1-3 displays the plot for the least square means of the tensile strength versus the moisture
condition of the replicates of the indirect tensile test. Table 1-12 presents the least square means
for the Tukey HSD with an a = 0.05 for aggregate type and moisture condition. Table 1-13,
Table 1-14, and Table I-15 present the least square means for the combination of two parameters.
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Figure 1-3. Least Square Means Plot for Tensile Strength and Moisture Condition.

Table 1-12. Least Square Means Differences Tukey HSD for Aggregate Type and Moisture
Condition with Alpha = 0.05.

Mixture Level' Least Sq Mean

LS,Dry A 561.06627
GR,Dry B 493.48488
GR,Wet C 423.68634
LS,Wet C 409.13901

! Levels not connected by same
letter are significantly different.

Table 1-13. Least Square Means Table for Binder Type and Aging Condition.

Level Least Sq Mean Std. Error
HP,A0 390.88534  16.207988
HP,A5 517.90567  17.199567
PMAAO  444.66443  18.699507
PMAA5 533.92106  15.812970

Table 1-14. Least Square Means Table for Binder Type and Moisture Condition.

Level Least Sq Mean Std. Error
HP,Dry 505.91607 16.652679
HP Wet  402.87494 16.616187

PMADry 548.63508 15.809133
PMA Wet  429.95041  18.840420

Table 1-15. Least Square Means Table for Moisture Condition and Aging Condition.

Level Least Sq Mean Std. Error
AO0Dry  468.60577  16.218027
AO0,Wet  366.94400  16.053542
A5Dry 58594538  18.070092
A5 Wet  465.88135  15.981056
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