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ABSTRACT
This study evaluated the properties and laboratory-performance of Hot Mix Asphalt (HMA) and
Warm Mix Asphalt (WMA) mixtures with different levels of Recycled Asphalt Pavements (RAP)
content: none for control mixtures, around 15% by dry weight of aggregates, and more than 30%
by dry weight of aggregates. The rheological properties were evaluated for virgin and recovered
RAP asphalt binders. The target amount of RAP in the mixtures was determined by using
Blending Charts and Mortar Experiments. The mixtures are design through the guidelines
established in Marshall Mix Design Method considering additional modifications for RAP and
WMA from Superpave Mix Design. The mixtures are evaluated for their resistance to moisture
damage by means of measuring the Dynamic Modulus |E*| after three freeze/thaw cycles and the
indirect tensile strength after one and three freeze/thaw cycles. The resistance of the mixtures to
permanent deformation was also evaluated by using the Asphalt Mixture Performance Tester

(AMPT) to measure the flow number (FN).

For this study, it was determined that the resistance to moisture damage decreases as the number
of freeze/thaw cycles increases for most of the evaluated mixtures. Mixtures exhibited an increase
in dynamic modulus as the RAP percentage increased. A decrease in the resistance to moisture
damage was detected with the increase in RAP content for most of the mixtures. HMA mixtures
exhibited a better performance in rutting than the WMA mixtures. An increase in rutting
resistance was observed with the increase in RAP percentage for HMA mixtures whereas an
inconsistent trend was observed for WMA mixtures. Further study is needed to validate the use of

the high percentage of RAP in Washoe County.
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CHAPTER 1- INTRODUCTION

1.1 Background

Environmental concerns have become of great interest recently across the various industries. The
Pavement Industry has been active in pushing the use of green and environmentally-friendly
technologies in road construction, while best optimizing the use of various resources.

The Asphalt Pavement Industry has incorporated two technologies in the mixtures process to
improve the environmental aspect of hot-mix production: (1) recycling asphalt pavement (RAP)
in order to reduce the use of natural aggregate sources and asphalt binders; and (2) warm-mix
technology to reduce the temperatures at which asphalt mixtures are produced and placed on the
roads. Both modifications to the traditional mixture productions are more or less recent, and
research studies have continuously been aiming on improving mixture designs and performance.
Recycled Asphalt Pavements (RAP) became popular in the United States in the 1970s due to the
high cost of crude oil during the Arab oil embargo. Since the cost of the raw materials comprises
about 70% of the total cost to produce hot mix asphalt (HMA) [1], the use of RAP materials
offered means to reduce the economic impact of the increase in asphalt binder cost. After a
Demonstration Project for constructing pavement using RAP, the Federal Highway
Administration (FHWA) published “Recycling Materials for Highways” in 1978 and Guidelines
for Recycling Pavement Materials in 1980. In early 1990, FHWA and the US Environmental
Protection Agency (EPA) estimated that more than 90 million tons of asphalt pavements were
reclaimed every year, and over 80 percent of RAP was recycled.

In subsequent years, the use of RAP was usually limited to 15 percent, but the motivation of
using greater percentages of RAP showed up after sharp increases in asphalt costs in 2006 and

2008. In addition, the emphasis on green technologies, increase in materials costs, and



environmental restrictions led to an increase in the use of RAP as a priority for the asphalt
pavement industry.

A Laboratory Evaluation on the Use of RAP in HMA mixtures was performed by Hajj et al. [2].
Three sources of RAP were analyzed and added to HMA mixtures at 15 and 30% with two types
of asphalt binders typically used in Reno, Nevada. The mixtures were evaluated based on their
resistance to moisture damage, rutting, fatigue and thermal cracking. The researchers found that
up to15% RAP can be used with the polymer-modified asphalt binder evaluated without changing
the virgin asphalt binder grade. It was also recommended that further research is needed in order
to incorporate higher percentages of RAP. A subsequent study at UNR evaluated the addition of
WMA technologies in mixtures with 15% RAP and the results were acceptable.

Loria et al [3] evaluated field-produced and laboratory-produced HMA mixtures with three levels
of RAP content from filed sections in Manitoba, Canada. The researchers evaluated the
applicability of the blending chart process to predict the PG grade of the blended asphalt binder
and performed a comparison between the properties and the performance of the field- and
laboratory- produced mixtures. They concluded that good correlations were observed between
estimated critical temperatures from the blending charts and measured ones form recovered
binders, the use of multiple Freeze/thaw cycles provided better characterization of the mixture
resistance to moisture damage, higher or similar tensile strengths were observed for the
laboratory-produced mixtures when compared to the field-produced mixtures, and field- and
laboratory-produced mixtures ranked similarly in resistance to moisture damage, dynamic
modulus and thermal cracking resistance at multiple Freeze/Thaw cycles.

War Mix Asphalt (WMA) Technologies were introduced in Europe in 1997 in response to the
need of greenhouse gas reduction [4]. Europe subscribed to the protocol of Tokyo in 1997 for the

agreement on climate change, and each country was encouraged to reduce greenhouse gas



production. Consequently, reducing the fumes and emissions during asphalt production and
construction was one of the targets In 2005, the National Asphalt Pavement Association (NAPA)
and FHWA formed a WMA Technical Working Group which included, among others, experts
from NAPA, State Departments of Transportation (DOTs), FHWA, National Center for Asphalt
Technology (NCAT), and American Association of State Highway and Transportation Officials
(AASHTO). The purpose of the group was to discuss issues and share knowledge for the
advancement of Warm Mix Asphalt in the United States. In 2008, the NCHRP 9-47 Project was
initiated to document the engineering properties, emissions, and field performance of WMA.
Between 2008 and 2009, there was a significant increase in the number of WMA technologies
marketed in the US, and by 2010, over half of the States had specifications permitting the use of
WMA.

Prowell et al [5] evaluated three sections of WMA mixes using emulsion process in the NCAT
Test Track. Laboratory rutting susceptibility tests conducted in the Asphalt Pavement Analyzer
(APA) indicated similar performance for the WMA and HMA surface mixes, but laboratory tests
indicated an increased potential for moisture damage with the WMA mixes. The WMA sections
showed excellent filed performance in term of rutting.

Bower et al [6] evaluated the performance of HMA and WMA mixes obtained from various field
sites in the state of Washington. The resistances of HMA and WMA samples to fatigue and
thermal cracking, rutting and moisture sensitivity were conducted in the cores and extracted
binders. The authors concluded that the overall short-term performance of WMA pavements is
comparable to that of HMA pavements, except that WMA mixes seem to be more resistant to the
early stages of reflective cracking than HMA mixes in the field.

Combining RAP and WMA in the same mixture should bring their environmental benefits into

the same application. Regarding material characterization, mix design and mixture performance,



NCHRP 9-43 Project developed a mix design method for WMA based on Superpave mix design
methodology. Furthermore, the study included recommendations for a suite of performance tests
to assess whether a WMA mix design would provide satisfactory field service and be applicable
to any WMA technology used to lower the mixing and compaction temperatures [7].

Hill et al [8] performed a comprehensive study to characterize a set of WMA mixtures including
different WMA additives and RAP contents. The researchers concluded that the introduction of
RAP led to the increased resistance to permanent deformation and moisture damage, but RAP
reduced thermal cracking resistance

This study evaluates the impact of a higher addition of RAP (more than 30% by asphalt binder
replacement) from two different sources in Northern Nevada using three WMA technologies.
Laboratory tests were conducted to verify the fulfillment of the Standard Specifications for Public

Works Construction of the Regional Transportation Commission (RTC) of Washoe County [9].

1.2 Warm Mix Asphalt Technologies

Nowadays, environmental concerns, economic restraints and safety issues for workers have led to
improvements and innovation in construction processes for several industries. The Pavement
Industry has followed the new trend by introducing technologies in the fabrication and
constructions of roads. Among them, Warm-Mix Asphalt (WMA) represents a group of
technologies which allow a reduction in the temperatures at which asphalt mixtures are produced
and placed [4]. Conventional hot mix asphalt is typically produced at temperatures ranging from
280 °F to 320 °F, while WMA is commonly produced between 212 °F to 280 °F.

WMA technologies can be classified as those that use water, those that use some form of organic
additive or wax, or those that use chemical additives. This study takes into account these three

groups by using three technologies: Advera, Evotherm 3G and SonneWarmix (Figure 1).



1.2.1 Water-bearing

The water-bearing technique relies on incorporating water in the hot asphalt binder, increasing the
volume and turning it into steam. When the water is dispersed, it results in an expansion of the
asphalt binder phase, improving the coating and compactability. Advera is a synthetic zeolite
composed of aluminosilicates and alkalimetals, containing approximately 20% crystalized water.
After Advera is added to the hot asphalt binder, the zeolite creates a controlled and prolonged

foaming, increasing the asphalt binder volume and improving the workability of the mixture.

1.2.2  Chemical Modification

The chemical modification technique involves the use of additives or surfactants to help the
asphalt binder to coat the aggregates at a lower temperature, and adding a lubricity effect to
improve compactability. Evotherm 3G is a technology developed in the United States, and is a
chemistry package designed to enhance coating, adhesion, and workability at reduced

temperatures. Evotherm 3G corresponds to the third generation of the chemical additive.

1.2.3  Organic Additives

The Organic Additives show a decrease in the viscosity above the melting point of the wax. Thus,
the additive should be selected with a melting point higher than that expected in in-service
temperatures to reduce the risk of rutting. SonneWarmix is a paraffinic hydrocarbon blend (wax)
with a melting point around 175 °F and it is a liquid between 195 °F and 200 °F.

These three technologies claim to reduce the mixing and compaction temperatures by 50 °F in

respect to the regular HMA mixing and compacting temperatures.



13 Objectives
The main objective of this study is to conduct a comparison of several WMA technologies added
to mixtures containing different percentages of RAP. In particular, the study aims to:

- Conduct a laboratory comparison of various asphalt mixtures including RAP and WMA
technologies based on performance test properties meeting RTC specifications.

- Evaluate whether the use of WMA will allow the use of 30% RAP or more without
affecting the good performance of the polymer-modified asphalt binder.



CHAPTER 2 - EXPERIMENTAL PLAN

The comparison of the various mixtures was applied to materials available in Truckee Meadows,
Nevada. The experimental plan of this study comprises three stages: 1) Materials
Characterization, 2) Mixture Designs, and 3) Performance Evaluation of the Mixtures. The
experimental plan is schemed in Figure 2, and described as follows:

2.1 Materials Characterization

2.1.1 Aggregates Stockpiles

Several aggregate tests were performed in order to assess the fulfillment of the RTC
specifications. Gradations of the various stockpiles were determined according to AASHTO T27
[10] in order to calculate the bin percentages in the final blend of the aggregates. The blend of
aggregates should meet the gradation specifications of the Type 2 mixture [9]. Specific Gravities
of the various stockpiles were measured according to AASHTO T85 [11] and T84 [12].
Aggregates were treated with hydrated lime at 1.5% (by dry aggregate weight) in order to reduce
potential moisture damage in the mixtures following RTC specifications.

2.1.2  Asphalt Binder

The rheological properties of the selected asphalt binder were determined in order to grade the
asphalt binder according to AASHTO R29 [13]. In addition, critical temperatures at three
temperatures (high, intermediate and low) were determined for further calculations when mixed
with the RAP asphalt binder.

2.2 Recycled Asphalt Pavement Material

The recycled Asphalt Pavement (RAP) material was characterized to determine the content and
properties of RAP aggregates and the RAP asphalt binder.

Asphalt Binder Content of RAP materials was determined according to AASHTO T164 [14], and

the RAP asphalt binder was extracted and recovered according to ASTM5404 [15]. The



Performance Grade of the recovered RAP asphalt binder was determined according to AASHTO
R29 [13] and the critical temperatures (high, intermediate and low) were determined accordingly.
Conversely, gradation of the recovered RAP aggregates was determined according to AASHTO
T30 [16] and T27 [10], and Specific Gravities of the recovered RAP aggregates were determined
according to AASHTO T85 [11] and T84 [12].

The amount of RAP material to include in the mixtures was determined by calculating the critical
temperatures of the blending between the RAP asphalt binder and the virgin asphalt binder PG64-
28NV using Blending Charts method [17] and Mortar Experiment [18]. This study considered the
addition of two levels of RAP material: 15%, according to the maximum RAP material to include
in mixtures according to RTC specifications, and a higher percentage in the neighborhood of the
30%.

2.2.1  Warm Mix Asphalt Technologies

Among several available Warm Mix Asphalt Technologies, three technologies were selected in
the study to fabricate the WMA mixtures and are listed as follows:

- Evotherm 3G

- SonneWarmix

- Advera

The combination of the three levels of RAP material in the mixture (i.e., 0, 15, and 30%), three
WMA technologies and the three HMA control mixtures configured twelve mixtures to be
evaluated in this study. The nomenclature of the various mixtures is shown in Table 1.

2.3 Mix Design

The various Mix Designs were conducted based on Marshall Mix Design following RTC
specifications [19]. Short-term aging at compaction temperature for two hours was applied to the

mixtures in loose conditions prior to compaction of the test specimens. The volumetric and



Marshall properties of mixtures were measured to meet the specifications of RTC and

comparisons among the various mixtures were performed.

2.4 Performance Tests

Performance Tests were conducted for the various mixtures after different moisture-induced
damage cycles. In order to conduct a laboratory-based comparison of the mixtures, Moisture
Sensitivity was evaluated at the optimum asphalt binder content on unconditioned samples and on
samples conditioned after 1 and 3 Freeze/Thaw cycles according to AAHTO T283 [20].
Dynamic Modulus of the mixtures was measured at different loading frequencies and
temperatures on unconditioned samples and on samples conditioned with 3 Freeze/Thaw cycles
according to AASHTO TP79 [21] and PP61 [22]. The Resistance to Rutting of the various
mixtures was evaluated through Flow Number test on unconditioned samples according to
AASHTO TP79 [21]. Finally, the Resistance to Reflective Cracking was intended using the TTI

Overlay Tester [23].
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CHAPTER 3 - TEST METHODS

The overall objective of this study is to conduct a laboratory evaluation to assess whether the
addition of WMA and high percentage of RAP influences the good observed performance for the
polymer-modified mixture typically used in Washoe County. Virgin aggregates, virgin asphalt
binder and RAP material were characterized, asphalt mix designs were conducted and the
performance properties of the various mixtures were measured using materials available in the
Truckee Meadows. The various test methods used in this study are explained in this chapter.

3.1 Aggregates Characterization

Aggregates amount is predominant in asphalt mixtures, where the fraction of aggregates is
generally 90 to 95 percent by weight. Aggregate is primarily responsible for the load-supporting
capacity of the pavement, hence asphalt mixture performance is highly influenced by aggregates
structure [7].

In order to obtain a precise characterization of the aggregates, several tests were conducted and
they are listed as follows.

3.1.1 Aggregates Gradation

The gradation of the aggregates is known as the distribution of the various particles sizes and can
be obtained by combining two methods: washed sieve analysis according to AASHTO T11 [24]
and dry sieve analysis according to AASHTO T27 [10]. The procedure involved washing the
aggregates to determine the amount of particles smaller than 0.075 um (sieve No. 200), and after
drying, the sample was passed through a series of sieves with progressively smaller sizes. The
mass retained in each sieve was measured and compared to the initial mass by computing the

percentage of passing mass in each sieve.
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3.1.2  Specific Gravity and Absorption of Aggregates

The specific gravity of aggregates is an essential property for a volumetric mix design. It is
defined as the ratio between the weight of a unit volume of material and the weight of the same
volume of water at approximately 23 °C. Two methods are defined depending on the size of
aggregates; for coarse aggregates AASHTO T85 [11] and for fine aggregates AASHTO T84 [12].
From Both methods the bulk specific gravity, the apparent specific gravity, the bulk specific
gravity on the basis of saturated surface-dry aggregates (SSD), and the absorption are determined.
They differ in the way to determine the SSD condition of the aggregates: while SSD condition is
determined by visual inspection in AASHTO T85, SSD condition is determined by an indirect
method in AASHTO T84.

Dukatz et al. [25] conducted a critical review of the various specific gravity measurement
methods. Among the findings, inconsistency of the technique used to determine the SSD
condition of the aggregates and required soak time prior to the test were detected. These highly
influenced the specific gravity results. Since the Asphalt Mix Design methods are based on
volumetric properties, specific gravity of the aggregates plays a significant role in the calculation

of the asphalt mixture properties.

3.2 Asphalt Binder Characterization

Superpave asphalt binder performance grade (PG) system was developed to characterize asphalt
binders for use in HMA pavements. Contrary to the previous asphalt grading systems, the
Superpave asphalt binder specifications and tests are focused on pavement performance and
assessing asphalt binder contributions to the following major types of distresses: rutting, fatigue
cracking, and thermal cracking. According to AASHTO R-29 [13], several testing procedures

were conducted and they are listed as follows.
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3.2.1 Rutting Assessment

Rutting occurring in the HMA layer is defined as an accumulative permanent strain due to
repeated traffic loading and applied shear stresses. The severity of permanent deformation is
directly correlated to the in-service temperature of the asphalt pavement. Since rutting is
developed during the early and mid-life of an asphalt pavement, original (non-aged) and short-
term aged (RTFO) asphalt binders were tested on the Dynamic Shear Rheometer (DSR) at high
temperatures. Recent studies have established the work dissipated per loading cycle is inversely
proportional to G*/sin(8) due to rutting mainly which occurs under a stress controlled condition.
Hence, the probability of rutting is assessed by limiting the G*/sin(d) value: the lower the value,
the higher the probability of rutting. The PG system has established the minimum G*/sin(d) of
1.00 kPa for original asphalt binders and 2.20 kPa for short-term aged (RTFO) asphalt binders

[26]

3.2.2 Fatigue Cracking Assessment

Fatigue cracking is a type of distress occurring as a result of loading repetitions for the latter part
of pavement service life. Since the asphalt binder ages during its service life, it becomes stiffer
and tends to become more susceptible to fatigue cracking. Therefore, RTFO and Pressurized
Aging Vessel (PAV) are used to age the asphalt binder when evaluating its capacity to avoid the
occurrence of fatigue cracking during the later part of the pavement service life [27].

Similarly to rutting studies, other investigations have established the lower energy dissipated per
cycle on a strain controlled condition, i.e., the smaller the probability of fatigue cracking. The
energy dissipated in this condition is proportional to G*sin(d) value. Therefore, the PG system

has limited G*sin(8) to 5,000 kPa at the intermediate temperature.
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3.2.3 Thermal Cracking Assessment

Thermal cracking may occur due to thermally induced tensile stresses at low temperatures that
exceed the tensile strength of the pavement during the in-service life or due to accumulation of
permanent tensile strain product of multiple thermal stress cycles that consequently produce
shrinkage at a very low rate. Thus, thermal cracking was assessed by determining the flexural
creep stiffness of an asphalt binder using the Bending Beam Rheometer (BBR) at low
temperature [28]. This method is used to determine how much a long-term aged asphalt binder
deflected under a constant load of 100 g at a constant low temperature for 240 sec of loading
time. The low temperature was selected according to the average annual lowest temperature of a
specific site plus 10 °C due to the time-temperature superposition property of asphalt binders: as
the temperature increases, it is possible to slow down the time of load application from 2 hours
(time to develop thermal cracking at night) to 240 sec. In other terms, the stiffness at T
temperature and during 2 hours load application is equivalent to stiffness at T+10 °C and during
240 seconds load application. The test provides the stiffness in function of time of load
application, S(t), and the slope of this curve, m-value. S(t) can be interpreted as a measure of
thermal stresses developed in asphalt binder due to creep loading, related to thermal contractions
at time t. In the same way, m-value is the rate of how the stiffness changes with loading time: the
ability of asphalt binder to relax these thermal stresses (stress relaxation). Therefore, it is
necessary to establish a maximum stiffness for not exceeding the strength of the asphalt binder
and also a minimum m-value to ensure a stress relaxation that provides a basis to avoid the
occurrence of cracking.

For the purposes of this study, RTC specifications were followed for selecting the materials. Two

types of PG asphalt binder are permitted for asphalt mixtures: PG64-22 and PG64-28NV. Since
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the performance of mixtures with polymer-modified asphalt binders is of interest, a PG64-28NV
was considered and its requirements are indicated in Table 2.

3.3 Properties of Recycled Asphalt Pavement Materials

Recycled Asphalt Pavements (RAP) Materials are composed of aggregates and asphalt binder.
The main difference between RAP materials and a fresh asphalt mixture is the aging of the
asphalt binder: while the aging of asphalt binders is more or less known during production of
regular asphalt mixtures, the actual rheological properties of the RAP asphalt binders are
unknown. Nowadays, increasing the proportion of RAP in asphalt mixtures is a common trend
among agencies and measuring the impact of RAP in the final mixture properties becomes a
complex process [29].

Evaluating the properties of the RAP involved two processes: a) determining the proportion of
asphalt binder to aggregates (asphalt binder content) and b) measuring the properties of both
aggregates and recovered asphalt binder. For aggregates, the main properties are gradation and
specific gravity. For recovered asphalt binder from RAP, asphalt binder properties were measured
through the Performance Grade system. Recent research performed by Loria [30] compared
various methods to recover RAP asphalt binder and to characterize RAP aggregates. Recovery
methods may have some influence on the properties of the RAP aggregates and the Centrifuge
method did not disturb the RAP asphalt binder and aggregates properties in artificially aged RAP

material with respect to the control mixture.

3.3.1 Asphalt Binder content of Recycled Asphalt Pavement
Once RAP materials were obtained following AASHTO T2 [31], the stockpiles were
homogenized and reduced to obtain a representative sample in order to characterize the RAP

material. To assess the variability of the RAP stockpile due to the unknown source of the RAP,
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several samples were analyzed for asphalt binder content and gradation. Every sample was split
following AASHTO T248 [32]: two quarters of the sample were selected to determine the
moisture content and the other quarters were used to determine the asphalt binder content in
accordance with AASHTO T164 [14].

Extractions were conducted using Toluene-Ethanol solvent in 85/15 proportion by volume,
according to the following process: 1) RAP samples were totally immersed in solvent for 20 min
for the first soaking; 2) Afterwards solvent was added to the RAP sample in amounts varying
from 500 ml to 1,000 ml depending on the total mass of RAP for 20 minutes. After the centrifuge
was performed, a second centrifuge was applied twice in order to retain the remaining fine
particles greater or equal to 75 um sieve (No. 200 sieve).

Separating asphalt binder and solvent was the last stage of the recovery process. The recovery of
the asphalt binder was conducted following rotary evaporator procedure pointed out in ASTM
D5404 [15]. The solution of solvent and asphalt binder was distilled by partially immersing the
rotating distillation flask of the rotary evaporator in a heated oil bath, while the solution was
subjected to a partial vacuum and a flow of nitrogen gas. After the solvent and asphalt binder

were completely split, the recovered asphalt binder was collected for further analysis.

3.3.2  Aggregates properties of Recycled Asphalt Pavement Materials

Once the RAP asphalt binder and RAP aggregates were separated, RAP aggregates were dried up
to a constant mass and reduced into two fractions in order to perform two sets of tests: a) One set
was subjected to the guidelines stated in AASHTO T30 [16],i.e., extracted aggregates were
washed to determine the gradation according to AASHTO T27 [10] and coarse specific gravity
according to AASHTO T85 [11], and b) Second set of aggregates (unwashed fraction) were

selected to determine fine specific gravities according to AASHTO T84 [12].
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3.3.3  Properties of Recycled Asphalt Pavement Asphalt Binder

Determining the properties of the RAP asphalt binder is critical for the mix design process.
AASHTO M323 [33] includes recommendations to develop blending charts and determine the
physical properties and critical temperatures of the recovered RAP asphalt binder. The procedure
to determine the properties of the RAP asphalt binder was similar to the process performed to a
virgin asphalt binder (stated in 3.2) with the following modifications: a) rotational viscosity, flash
point, and mass loss tests were not required, b) Low critical temperatures were performed using
BBR on the RTFO-aged recovered RAP asphalt binder as if it was PAV-aged. Therefore, the high
temperature grade was determined on recovered and RTFO-aged RAP asphalt binder, the
intermediate temperature and low temperature grades were determined on RTFO-aged RAP

asphalt binder. Table 3 summarizes the differences between the two methodologies.

3.4 Blending Charts

When virgin asphalt binder and RAP asphalt binder are blended, determining the properties of the
blend is a challenge that several researchers have tried to solve. A full blending of virgin and
RAP asphalt binder is assumed to develop methods to estimate the properties of the blended
asphalt binder. NCHRP Project 9-12 studied whether the blend asphalt binder acts like a blend
between black rock and virgin asphalt binder, the RAP asphalt binder partially blends with the
virgin binder or a full blending is produced. Researchers found there is no statistical evidence that
RAP material acts like a black rock, but partial blending apparently occurs to a significant extent
[34].

An approach to estimate the properties of the asphalt blending is outlined in NCHRP-452 [17].

Under the recommended guidelines of Superpave mixtures including RAP materials, there are
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three levels of RAP usage: 1) Maximum amount of RAP that can be used without changing the
virgin asphalt binder grade, 2) Percentages of RAP that can be used when the virgin grade is
decreased by one grade, and 3) For higher RAP contents, it is necessary to extract, recover, and
test the RAP asphalt binder and to construct a blending chart. These recommendations are
summarized in Table 4.
A blending chart can be constructed by having three of four pieces of information:
a) Desired final asphalt binder grade in the blend.
b) Physical properties and Critical temperatures of the recovered RAP asphalt binder.
c) Physical properties and Critical temperatures of the virgin asphalt binder.
d) Percentage of RAP in the mixture.
Equation 1 was used to determine the critical temperatures (high, Intermediate and low) of the
asphalt binder blend:
where
Tg: critical temperature of the blended asphalt binder,
%RAP: percentage of RAP expressed as a decimal (i.e., 0.30 for 30 percent),
Tr: critical temperature of the recovered RAP asphalt binder, and
Ty critical temperature of the virgin asphalt binder.
By inspecting Equation 1, each critical temperature can be obtained using a weighted linear
combination of the virgin and RAP asphalt binder critical temperatures by percentage of RAP.
For example, if %RAP is zero, Equation 1 is equal to the critical temperature of the virgin asphalt
binder, while a %RAP equal to 1 (100%) turns Equation 1 equal to critical temperature of the
RAP asphalt binder. A %RAP in between delivers a linear combination between the critical
temperatures of the virgin asphalt binder and the difference between the critical temperatures of

the recovered RAP asphalt binder and the virgin asphalt binder.

Equation 1 can be managed to determine other cases:
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a) To determine the virgin asphalt binder critical temperatures blending a known RAP
percentage and a known RAP asphalt binder properties, Equation 2 is used:

__ Tp—%RAP'TR

v == (Fa-2)
b) To determine the RAP percentage in a blended asphalt binder by combining a virgin

asphalt binder and RAP asphalt binder knowing their critical temperatures, Equation 3 is
used:

%RAP = % (Eq. 3)

3.5 Mortar Experiment

As mentioned before, Swiertz et al. [18] developed a method to estimate the influence of the RAP
binder on the continuous grade profile of virgin asphalt binder. The methodology considers
evaluating the Superpave PG properties of mortars to estimate the performance properties of the
expected blend of virgin and RAP asphalt binders. An AASHTO draft standard came out from
this research and is included in the Appendix of this study [35].

A brief description of the mortar experiment is described below.

3.5.1 Samples preparation

The procedure considered drying and sieving the RAP material in order to collect the fraction
between 300 pum (No. 50) and 150 pum (No. 100), denominated Riq material. The procedure
required at least 500 g of Ryoo material. A minimum of 250 of Ry material was used to determine
the binder content through the ignition oven, and the burned portion was saved to prepare the
mortar samples.

In order to assess the influence of RAP binder in the mortars, two set of mortar types were
prepared at different aging levels of the virgin binder (original, RTFO-aged, RTFO+PAV-aged):

a) SRAP Mortar (RAP+binder) consisted of Rigy material mixed with virgin binder at user-
selected level of aging.
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RRAP Mortar (Burned RAP + binder) consisted of Riq burned aggregates mixed with
virgin binder at user-selected level of aging and containing total binder content the same
as SRAP mortar.

Table 5 summarizes the combination of binder and mortar types at different age-stages needed to

perform the Mortar Experiment.

3.5.2

Test Procedure

Virgin asphalt binder was graded according to AASHTO M320 [36]. Mortar tests were conducted

as follows:

a)

b)

3.5.3

High Temperature Performance: RRAP and SRAP mortar samples were prepared mixing
aggregates from RAP and selected RAP, respectively, with original virgin asphalt binder
and RTFO-aged virgin asphalt binder. Tests were conducted in the Dynamic Shear
Rheometer at a gap of 2 mm at the tests temperatures, and other conditions specified in
AASHTO M320 remain unchanged. Tests were conducted at two temperatures: 1)
starting at PG High temperature of virgin binder, and 2) PG High + 6 °C.

Intermediate Temperature Performance: RRAP and SRAP mortar samples were prepared
mixing aggregates from RAP and selected RAP, respectively, with RTFO-aged virgin
asphalt binder. Mortar samples were long term aged using the PAV for 24 hours under
the conditions specified in AASHTO R-28 [27]. The required amount of mortar was
adjusted in order to obtain PAV-age 50 g of binder. After PAV-aged, the mortars were
tested in the DSR at the same intermediate temperatures as the virgin asphalt binder.

Low Temperature Performance: Mortar samples were prepared the same as Intermediate
Temperature Performance samples and poured into BBR molds. Tests were performed at
the same temperatures at which the virgin asphalt binder was tested for low temperature
performance following the guidelines of AASHTO T313 [28]. The applied loads during
the test were adjusted according to the test temperature as shown in Table 6.

Data analysis of Mortar Experiment

The data obtained from the various tests at different temperatures allow for the establishment of a

relationship between the asphalt binder replacement percentage and the change in binder

continuous grade. The binder replacement percentage is defined as the percentage by weight of

recycled asphalt binder to the total weight of asphalt binder used to prepare the mortar samples.
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Change in asphalt binder continuous grade is defined as the change in blended asphalt binder

continuous grade due to increase in the asphalt binder replacement [°C / %RAP binder

replacement].

The sequence of data analysis is described below.

a)

b)

The continuous grade of the virgin asphalt binder was determined according to ASTM
D7643 [37].

The test results for the mortars (RRAP and SRAP) were compared at each testing
temperature. Since the difference between RRAP and SRAP is only due to the presence
of RAP asphalt binder, the variation in test results can be associated with RAP asphalt
binder properties and influence in performance. The difference in performance at a given
temperature (d1y) iS expressed in Equation 4. Values were calculated in logarithmic scale
except for m-value.

_ RAP Mortar Property
- Aggregate Mortar Property

(Eq. 4)

8Tx

Since at least two temperatures were tested for every property at a given temperature, the
average of the change in performance was calculated and defined as drap.

The effect of blending RAP and virgin asphalt binders for every property was computed
by multiplying the property of the virgin binder and 6grap.

The influence of blending RAP and virgin asphalt binders can be extrapolated to any
binder replacement at a certain temperature (low, intermediate, high). The slope of the
extrapolation was based on two points: the first one was the property of the virgin binder,
i.e., 0% RAP, and the second one was the estimated property of the blend at the binder
replacement percentage in the mortar experiment. Thus, the slope was computed as
shown in Equation 5. The extrapolation was applied to high, intermediate and low
temperature performance properties.

Est.Blended Binder CG—Fresh Binder CG

Rate of Change in CG = Recyvled PBR

(Eq.5)

where:

Rate of Change in CG: Rate of virgin binder grade change per percent binder replaced,
[°C/% replacement]

Est. Blended Binder CG: Estimated blended binder continuous grade, [°C]

Virgin Binder CG: Virgin binder continuous grade, [°C]

Recycled PBR: Percent binder replacement. [%)]
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3.6 Marshall Mix Design

3.6.1 Historical background

The bases of Marshall Mix Design were introduced by Bruce Marshall in the 1930’s and then was
improved and standardized by US Army Corps of Engineers. The scope of the original method is
limited to hot-mix asphalt containing aggregates with a 25 mm maximum size. In 1990, a new
version of the method was proposed in order to address mix designs of mixtures containing
aggregates with a maximum size up to 38 mm. The Marshall Mix Design method was intended
for laboratory design as well as a field control of asphalt mixtures. Marshall Stability and Flow
tests are empirical measures of the mixture properties obtained through this method.

3.6.2  Outline of the method

Several tests were performed in order to assess the fulfillment of the specifications. The outline of
the method is described as follows.

a) Verification that all materials met the properties in the specification of the project or
agency.

b) Aggregates blend meets the gradation requirement of the project or agency.
Bin percentages were defined for each stockpile in order for the blend gradation to meet the
aggregate specifications.
c) Bulk specific gravities of all aggregates used in the blend and the specific gravity of the
binder were determined.

As mentioned in section 3.1.2, coarse and fine specific gravities were measured for every

aggregate source in the final blend.

d) Maximum Theoretical Specific Gravity (Gmm)
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After the final blend of aggregates was determined according to bin percentages, volumetric
properties were calculated for the test specimens. Air voids of the test specimens are required,
therefore the Maximum Theoretical Specific Gravity of the mixture was calculated according to
AASHTO T209 [38].

The Gmm was computed at the expected optimum binder content by determining the ratio of the
density of the loose mixture to the density of the water at 25 °C. The volume of the loose sample
was determined by applying vacuum to the sample immersed in water, and weighting the water

displaced by the sample at 25 °C (Mass determination in water method).

e) Preparation of Test Specimens

A series of test specimens were prepared with different binder content in order to determine
thickness and air void of the samples, and measure the Marshall Stability and Flow. A minimum
of three replicates per set were prepared for every binder content, and an increment of 0.5%
binder content between sets was targeted. Obtaining two sets above and below the optimum
binder content was aimed for obtaining well defined curves of volumetric properties versus
binder content.

The basis of the procedure is compacting samples using a normalized hammer dropped from a
normalized height and by applying a certain numbers of blows per face.

A brief summary of the preparation of Test Specimen is listed as follows:

- Aggregates were dried to constant weight at 105 °C — 110 °C, (221 °F — 230 °F) and
aggregates were separated into desired fractions.

- Mixing and Compaction range of temperatures were considered according to the asphalt
binder supplier (Paramount Petroleum Inc.) recommendations. Asphalt Binder was
heated at the mixing temperature for 2 hours.

- Bowls were cleaned and heated in the oven at the mixing temperatures. Each specimen
was prepared considering an amount of aggregates that resulted in a compacted specimen
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of 2.50 + 0.05 inches in height. In general, this amount was about 1,180 g but it varied
according to the asphalt binder content of the test specimen. After the aggregates were
poured into the bowl, a crater was formed in the center of the aggregates. Hot asphalt
binder was poured into the crater, and aggregates and asphalt binder were thoroughly
mixed within the limits established for the Mixing Temperature range of the asphalt
binder. After the mixing was completed, the sample was poured from the bowls into
pans.

- Test specimens were subjected to short-term aging. The short term aging consisted of
aging the specimens in the pan at the expected compacting temperature for 2 hours.

- Mold set (collar, mold, and plate) and hammer were carefully cleaned and heated
between 95 °C and 150 °C (200 °F and 300 °F).

- Mold sets were assembled and a paper filter was placed over the plate (bottom of the
mold). The sample was poured into the mold set and the mixture was spaded 10 times in
the center and 15 times in the edge with a hot spatula. The surface of the samples was
smoothed and a paper filter was placed on top of the sample. The temperature of the
sample should be within the limits of the Compacting Temperature range.

- Sample in the mold was placed and held in the pedestal of compaction hammer. 75 blows
per face were applied to the sample from a free fall of 18 inches. After the blows were
applied, the collar was removed, mold was reversed and the same amount of blows was
applied on the other face of the sample. The compaction lasted 90 sec at maximum per

face. After the compaction was finished, paper filters were removed and the sample was
extruded from the mold. The specimen was cooled in air.

f) Test Procedure

Thickness and bulk specific gravity in the test specimens were determined according to ASTM
D3549 [39] and AASHTO T166 [40], respectively. They were measured right after the test
specimens were cooled down.
Marshall Stability and Flow were determined for each test specimen of each set. The procedure is
briefly described as follows:
- Testing heads are cleaned and guide rods are lubricated to allow a fluid displacement of
the upper head without bending. Testing heads and guide rods were maintained between

21.1 °C and 37.8 °C (70 °F to 100 °F).

- The sample specimen was immersed in a hot bath at 60 °C for 30 to 40 min, removed
from the water bath and its surface was dried.
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- The Sample was placed in the lower head testing, centered and the upper testing head was
placed on top of the sample, fitting the upper testing head to the guide rods.

- Ram of load cell was adjusted to apply a low pressure contact to the upper head, and load
readings and displacements were set to zero.

- Load was applied at a constant rate of 51 mm (2 inches) per minute. The Marshall
Stability is defined as the maximum load obtained during the test and Flow is defined as
the displacement measured since the beginning of the test up to when Marshall Stability
was reached (as seen in Figure 4).

- After the Marshall Stability and Flow are recorded, the sample was removed from the
testing heads.

- The test lasted less than 30 sec between from when the sample was removed from the hot
water bath, and Marshall Stability was reached.

3.6.3 RAP in Mix Design
Traditional Mix Designs are based on the blend of asphalt binder and virgin aggregates. Adding
RAP materials in the Mix Designs involves blending RAP aggregates and RAP asphalt binder,
and virgin materials (asphalt binder and aggregates) as shown in the phase diagram in Figure 3 .
The mode to quantify RAP contribution varies depending on the considered reference: total
weight of mixture, total weight of aggregates, etc. Hence, RAP contribution can be expressed by
RAP aggregate percentage, percentage of RAP material in total mixture or by RAP asphalt binder
replacement at the optimum binder content. In the first approach, the RAP contribution is
computed by considering the bin percentage of the RAP aggregate in the total mix the same as the
virgin aggregates, regardless of the optimum binder content or the final mix design. The second
approach considers that once the RAP aggregate bin percentage was fixed and the optimum
binder content was computed, the percentage of RAP material in the mixture is determined
related to the total mixture. A third approach relies on the amount of virgin asphalt binder that is
replaced by the asphalt binder of the RAP material. If the percentage of RAP aggregates in blend

aggregates is fixed, then the contribution of RAP binder in the final mixture is known. As
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mentioned before, Marshall Mix Design was performed by varying the asphalt binder content for
each specimen set. If the binder content increases, the ratio of RAP binder to the total binder
content decreases. This ratio is defined as Binder Replacement and it can be calculated for each

mixture at the optimum binder content.

3.6.4  Analysis of Test Data
Selecting the adequate asphalt binder content was guided by applying limit criteria in mixture test
data.
In general, the following relationships are analyzed and considered for defining the final mixture:

- Density vs. Binder Content

- Air Voids vs. Binder Content

- Stability vs. Binder Content

- Flow vs. Binder Content

- Voids Filled with Asphalt (VFA) vs. Binder Content

- Voids in the Mineral Aggregates (VMA) vs. Binder Content
As first approach, the optimum binder content was selected for a target air void of 4.0%, which is
the middle range of air voids established in MS-2 [19]. However, the tentative binder content
shall meet the remaining specifications established by either the agency or MS-2. The additional
limits were minimum Marshall Stability, range of Marshall Flow, minimum VMA, and a range

for VFA. Hence, the optimum binder content of the various mixtures was selected considering

these requirements and engineering judgment.

3.7 Performance Properties of Asphalt Mixtures
3.7.1  Moisture Sensitivity
Stripping, or loss of bond, is mainly caused by the presence of moisture between the asphalt and

the aggregate. Many factors may contribute to stripping, such as wrong selection of materials,
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inadequate mix design, deficient construction practices and pavement design. The moisture
sensibility test used to evaluate HMA for stripping was conducted according to AASHTO T283
[20].
Samples were mixed at optimum binder content and aging was applied to the specimens in loose
condition at 60 °C for 16 hours. Specimens were compacted at 7.0£0.5% of air voids using the
Marshall Compactor in order to maintain consistency with the Marshall Mix Design Method.
After specimens were prepared and air voids were determined, subsets of three specimens each
were selected according to their similar air void criteria. Two subsets were conditioned to one or
three freeze/thaw cycles. A freeze/thaw cycle consisted of: 1) Samples were saturated to a level
between 70 and 80%, 2) Samples were frozen at -18 °C for 16 hours minimum, 3) Samples were
immersed in a water bath at 60 °C for 24 hours, and 4) Samples were conditioned at 25 °C in a
water bath prior to testing or being subjected to a new conditioning cycle. The other subset (dry
subset) was maintained in the laboratory at ambient temperature.
Test specimens were evaluated by determining the indirect tensile strength of the samples. Dry
subset was evaluated by applying a constant load of 2 inches per minute and recording the
maximum load at a laboratory temperature. Similarly, the conditioned subsets were removed from
the 25 °C and immediately tested to obtain the maximum load at laboratory temperature. The
tensile strength for each specimen was determined using Equation 6:

2:P

TS =— (Eq. 6)

wtd

where,

TS: tensile strength of specimen, psi

P: maximum load recorded during the test, Ib
t: thickness of the specimen, inches

d: diameter of the specimen, inches

The average of the tensile strength of the both unconditioned and conditioned subsets was

calculated. The ratios of the conditioned subsets to the unconditioned subsets were calculated and
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defined as Tensile Strength Ratio (TSR). Superpave requires a minimum TSR of 0.80. Lower

values may indicate mixtures exhibiting stripping problems after construction [7].

3.7.2  Dynamic Modulus |E*|

Several factors influence the pavement response along the lifespan of an asphalt pavement, such
as temperature variation, aging of the asphalt binder, traffic, etc. The AASHTO Mechanistic-
Empirical Pavement Design Guide (MEPDG) includes the various influences in the pavement
response models by considering the effect of temperature and vehicle speed variations on the
stiffness of asphalt layer. The characterization of the stiffness of the asphalt layer can be assessed
by determining the Dynamic Modulus |E*| of the asphalt mixtures. Dynamic Modulus |E*| is
defined as the absolute value of the complex modulus calculated by dividing the peak-to-peak
stress by the peak-to-peak strain for a material subjected to a sinusoidal loading.

The test was conducted according to AASHTO TP79 [21] and consisted of applying a controlled
sinusoidal compressive stress of various frequencies at a specific temperature. The applied
stresses and resulting axial strains were measured as a function of time and used to calculate the
Dynamic Modulus and phase angle.

Test specimens were fabricated in the Superpave Gyratory Compactor according to AASHTO
PP60 [41]. The loose mixtures were subjected to short term aging of 2 h at the compaction
temperature and specimens were compacted in order to obtain cylindrical samples of 150 mm
diameter by 170 mm tall (minimum). The height of the compacted cylinders is selected to 175
mm, since the same procedure was considered to fabricate the Flow Number specimens (defined
later in 3.7.3). E* samples were obtained by coring and sawing the compacted samples after the
compacted samples were cooled down. E* samples consisted of cylindrical specimens 100 mm

diameter by 150 mm tall. Bulk specific gravity (Gmb), diameter and thickness of the E* samples
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were determined. Compacted cylinders were fabricated by adjusting the mass of mixture to
compact in order to obtain E* samples at 7.0+0.5 % air voids after sawing the cylinders.

This research also considered determining the E* of samples subjected to three Freeze/Thaw
cycles. The conditioning cycles of E* samples were performed the same as the samples used to
determine the Moisture Sensitivity of the mixtures (summarized in 3.7.1).

The Dynamic Modulus tests were performed at three temperatures (4 °C, 20 °C and 40 °C)
applying sinusoidal stresses at three frequencies at low and intermediate temperatures (10 Hz, 1
Hz, and 0.1 Hz), and four frequencies at high temperature (10 Hz, 1 Hz, 0.1 Hz and 0.01 Hz). The
tests were performed for low to high temperatures, applying high frequency to low frequency
load for each temperature test. Typically, the Dynamic Modulus of a mixture was calculated
considering at least two specimens.

The time-dependency behavior of asphalt mixtures was taken into account in the development of
the Dynamic Master Curve, constructed at a reference temperature (70 °F) by shifting Dynamic
Modulus data from various temperatures. In other words, collected Dynamic Modulus data was
manipulated to obtain a continuous function describing the Dynamic Modulus as a function of
frequency and temperature.

The general form of the Dynamic Modulus master curve is a modified version of the Dynamic

Modulus master curve equation included in the MEPDG and it is shown in Equation 7:

(Max—8)
T1eFrr1og(Fm (Eq.7)

log|lE*| =6 +
where

|E*|: dynamic modulus, psi,

0, P and vy: fitting parameters,

Max: the limiting maximum modulus, psi, and
f. the reduced frequency, Hz.

The reduced frequency was computed using the Arrhenius equation and it is shown in Equation 8:
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AEa 1 1
log(fr) = log(f) + - (2 — =) (Eq. 8)
where

fr: the reduced frequency at the reference temperature, Hz,

f: the loading frequency at the test temperature, Hz,

AEa: the activation energy (treated as a fitting parameter),

T: the test temperature, °K, and

Tr: the test temperature, °K.

The final form of the dynamic master curve was obtained by substituting Equation 8 into

Equation 7, as shown in Equation 9:

(Max-46)

log|lE*| =6 + Eq. 9
g 1+eﬁ+l"(log(f)+% (%—%)) (Eq.-9)
The shift factors at each temperature are given in Equation 10:
AEa 1 1
log(a(T)) ~ 1914714 (? B F) (Eq. 10)

where a(T) is the shift factor at temperature T.

On the other hand, the maximum limiting modulus was estimated from HMA volumetric

properties using the Hirsch model and limiting binder modulus of 1 GPa as seen in Equations 11

and 12:
E*|max = P (4 200,000 (1 VMA) + 435,000 (VFA ' VMA)
|E*|max = Pc - | 4,200, o0 ’ A
\ (Eq. 11)
1-Pc
* (1- VMA)
100) , __ VMA
4,200,000 " 435,000 - VFA
where
204135000 VFA)0-58
PC = ( + 435‘2\;10‘4.‘/’:2 0.58 (Eq 12)
650+(£222 V)

|E*|max: limiting maximum HMA dynamic modulus, psi,
VMA: voids in the mineral aggregate, %,
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VFA: voids filled with asphalt, %, and

Max parameter is calculated by applying log to |[E*|max.
The fitting parameters of the Equation 9 were calculated by numerical optimization using Solver
tool in Microsoft Excel. The goodness of fit s met requirements established in AASHTO PP61

[22].

3.7.3  Flow Number

Determining or estimating the potential of permanent deformation in asphalt mixtures is a
challenging task for researchers and engineers nowadays. The MEPDG takes into account
distresses predictions for rutting, fatigue cracking, thermal cracking and International Roughness
Index (IRI). Rutting describes any distortion in the asphalt layer as a result of accumulated traffic
loading. A rut is a surface depression in the wheel paths and pavement uplift might occur along
the sides of the rut. Rutting can be caused by plastic movement of the asphalt mix either in hot
weather or from inadequate compaction during construction [42], [43].

The Flow Number (FN) test was intended to predict the resistance to permanent deformation of
asphalt mixtures. Mainly, an asphalt specimen was subjected to a repeated haversine axial
compressive pulse of 0.1 s every 1.0 s without confining pressure. The resulting permanent axial
strains were measured as a function of the load cycles and numerically differentiated to calculate
the flow number. For the purposes of this study, the test was conducted according to AASHTO
TP79 [21].

FN samples were fabricated according to AASHTO PP60 [41]. Loose mixtures were short-term
aged for 2 hours at compaction temperature, and then compacted in the Gyratory Superpave
Compactor at a target air void of 7.0+£0.5%. The compacted specimen consisted of a cylinder of

150 mm diameter by 175 mm tall. After the sample was cooled down, it was cored and sawed in
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order to obtain the test sample of 100 mm by 150 mm tall. Three samples were fabricated to
obtain the FN of a mixture.

The FN Test Temperature was chosen according to the Appendix X2 of AASHTO R35 [44]. The
FN Test was conducted at the design temperature at 50% reliability as determined using LTPP
Bind Version 3.1 [45] and the temperature was computed at 20 mm. Prior to the FN number test
was conducted, samples were conditioned for 3 h in an oven at the Flow Number Temperature
Test.

As the test was performed, three stages can be identified when permanent strain vs. load
repetition is plotted [46]:

a) Primary Stage: High initial level of rutting, with a decreasing rate of plastic
deformations, predominantly associated with volumetric change,

b) Secondary Stage: Small rate of rutting exhibiting a constant rate of rutting change that is
also associated with volumetric changes. However, shear deformations increase at an
increasing rate, and
c) Tertiary Stage: High level of rutting predominantly associated with plastic (shear)
deformation under no volume change condition.
The point at which the tertiary flow starts is called the Flow Number as seen in Figure 5.
Various methods have been developed for mathematically determining the FN. Some of them are
the Three-Stage Method, the Stepwise Increase Approach and the Francken Method. This study
considered the Francken Method to determine the FN of the various mixtures.
The Francken method was developed based on triaxial repeated load tests under various
temperatures and stress levels and it is a combination of a power law function and an exponential
function [47]. The model was obtained through a complex regression mathematical model as
shown in Equation 13.

ep(N) =A-NB+C-(ePN -1) (Eqg. 13)

where:
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ep: plastic/permanent axial strain,

N: the number of loading cycles, and

A, B, C, D: the regression constants.
Strain rate can be obtained by computing the derivate of Equation 13 with respect to N as shown
in Equation 14:

d ep(N)
N

=A-B-NB14(C-D-ePVN (Eq. 14)

The cycle number associated with the Flow Number was computed at the point where the rate of
change of slope changes sign (goes from negative to positive. This point indicated the inflection
point in the permanent strain versus number of cycle curve as seen in Figure 5. The second
derivative of the Francken model was evaluated at each cycle to obtain the rate of change using
Equation 15.

2
M~ A-B-(B—1NB2 4 C-D?- PN (Eg. 15)
The number of cycle at which Equation 15 changes of sing is defined as Flow Number. The Flow

Number of each specimen was computed using Solver in Microsoft Excel.

3.7.4 Resistance to Reflective Cracking

Reflective Cracking consists of the occurrence of cracks in the new asphalt overlays showing the
same pattern of the joints and cracks that already existed in the underlying pavement. This type of
distress includes cracks that propagate through the asphalt layer of an overlaid Portland Cement
Concrete pavement at its joints or cracks that propagate through an overlay over a deteriorated
asphalt surface [7]. Typically, the distress is initiated at the bottom of the new overlay and
propagated through the thickness of this overlay.

The Texas Transportation Institute (TTI) Overlay Tester (OT) was developed to characterize the

mixtures resistance to reflective cracking by subjecting a sample to repeated opening and closing
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movements. The test was specifically designed to simulate the horizontal opening and closing of
joints and cracks that exist underneath a new HMA overlay and initiate the cracks [23]

The OT is a fixed displacement test and the percentage drop in applied load was used to define
specimen failure. Based on extensive OT testing, the researchers recommend that failure is
defined as the cycle number where the load to open the sample is less or equal to 7 percent of the
load measured in the first cycle (93 percent load reduction).

To fabricate the test samples, the loose mixture was subjected to short-term aging at a compaction
temperature for 2 hours. The mixture was compacted using the Superpave Gyratory Compactor in
order to obtain a cylindrical sample of 150 mm diameter by 170 mm tall. The OT test specimens
were obtained by sawing the middle section of the cylindrical sample. After cutting, the
dimensions of the test specimens are 150 mm in length (6 inches), 75 mm wide (3 inches) and 38
mm thick (1.5 in) with a target air voids of 7.0£1.0%. Figure 6 shows the process of obtaining
the TTI Overlay Tester sample. Since the samples received water during the sawing process, they
were dried using fans for two days.

The test specimen was glued on two metallic plates. The glue was spread all over the plates and a
0.25 in width tape is placed over the gap between the plates. A 4.5 kg (10 Ib) weight was placed
over the sample to ensure full contact between the test specimen and the metallic plates. This
study considered a minimum setting time of 12 hours to allow the glue to obtain its maximum
strength. The rest specimen was set inside the OT chamber for a minimum of 2 hours to thermal
condition. The recommended temperature by TTI for this test is 77°F (25°C), applying cycles of
loading rate of 10 seconds (5 s loading and 5 s unloading) with an opening of 0.025 inches until
completing 1,200 cycles if the test sample does not reach failure criteria. However, a research
performed at UNR determined that a test temperature of 50°F (10°C) with an opening of 0.018

inches is more appropriate for the type of mixtures and asphalt binder grades used in northern



34

Nevada. The test is also run until 4,000 cycles if failure does not occur [48] . After the test was

finished, the number of cycles until failure occurs was recorded.

3.8 Warm Mix Asphalt Modifications to Mix Design and Performance Tests

After NCHRP 09-43 [49], AASHTO R35 [44] established considerations and practices for Warm
Mix Asphalt (WMA) mix designs. Since MS2 does not include references to prepare and include
WMA technologies into the Marshall Mix Design, the Superpave approach was used in this study
to assess these new technologies.

Regarding Technology-Specific Fabrication Procedures, the recommendations are focused on
aggregates, addition of WMA technologies to aggregates, binders and mixtures. The

recommendations applied in this study are listed as follows:

3.8.1 Batching aggregates and RAP fractions
Aggregates were heated in an oven at approximately 15 °C higher than the planned production
temperature at minimum 2 hours prior to mixing. The RAP material was heated in separated pans

but the heating time of RAP was limited to 2 hours.

3.8.2  Preparation of WMA specimens with WMA Additive added to Binder

Evotherm 3G and SonneWarmix are two different types of warm-mix additives added to the
asphalt binder [4]. Evotherm 3G: Asphalt binder was heated at 135 °C until the binder was
sufficiently fluid to pour. Evotherm 3G was added to the asphalt binder prior mixing at a rate of
0.6% by total weight of asphalt binder in the mixture, including RAP asphalt binder. Asphalt

binder and Evotherm 3G was stirred until the additive was totally dispersed in the binder. Finally,
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the WMA modified binder was heated until mixing temperature and mixing proceeded as a
regular HMA mixture.

SonneWarmix: The asphalt binder was heated at 135 °C until the binder was sufficiently fluid to
pour. SonneWarmix was added to the asphalt binder prior to mixing at a rate of 1.0% by total
weight of binder in the mixture, including RAP asphalt binder. Asphalt binder and SonneWarmix
were stirred until the additive was totally dispersed in the binder. Finally, WMA modified binder

was heated until mixing temperature and mixing proceeded as a regular HMA mixture.

3.8.3  Preparation of WMA specimens with WMA Additive added to the Mixture

Advera qualifies as a WMA additive added to the mixture [4]. Asphalt binder, the RAP material
and aggregates were heated as mentioned before. Aggregates and RAP fractions were poured into
the bowl; a crater was created in the middle of the aggregates. Advera was added to the pool of
binder after poured on the crater formed in the aggregates at a rate of 0.25% by weight of total

mixture. Finally, mixing proceeded as a regular HMA mixture.

3.8.4 Mixture Properties

AASHTO R35 Appendix establishes recommendations for determining the mixture properties of
WMA mixtures the same as HMA mixtures using the Superpave Mix Design Method. However,
properties of WMA mixtures of this study were determined according to MS-2 Marshall Mix

Design Method [19]. The procedure was described above (3.6).

3.8.5 WMA Mixtures Evaluation
After the optimum binder content was determined, WMA mixtures were evaluated for coating,

moisture sensitivity and rutting resistance. Compactability testing could not be performed due to
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issues associated with determining the Ndesign parameter for the mixtures. Compactability test is
consistent with Superpave Mix Designh Method, but Marshall Mix Design Method was conducted
for the various mixtures. An appropriate Ndesign parameter was intended to be determined for
HMA mixtures but the results were not satisfactory when related to expected traffic level.

The procedures of WMA Mixture Evaluations are described as follows:

a) Coating

The coating level of aggregates by the asphalt binder was measured according to AASHTO T195
[50]. Samples were prepared at optimum binder content and not short-term aged. The
recommended coating criterion is minimum 95% of the coarse aggregate particles being fully

coated.

b) Compactability

Even though the Compactability of mixtures was not performed, the procedure is described as
follows:

Compactability evaluation is used to determine the appropriate compaction temperature of the
WMA technology after research performed in NCHRP 9-43 [49]. The temperature sensitivity of
the WMA mixtures is back calculated by comparing ratio of two numbers of gyrations to obtain
92% of Gmm obtained after compacting at two different temperatures. The procedure is described
as follows:

- WMA samples are prepared as mentioned before and short-term aged by 2 hours at the
planned compaction temperature.

- Duplicate specimens are compacted using the Superpave Gyratory Compactor at the
planned compaction temperature t0 Ngesign gyrations according to AASHTO T312 [51]
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and the specimen height of each gyration is recorded. The bulk specific gravities are
determined for each specimen according to AASHTO T166 [40].

- The corrected specimen relative densities for each gyration of the specimens are
determined according to Equation 16:

%Gmmy = 100 - (Gm_b'hd)

— (Eq. 16)
where:

%Gmmy: relative density at N gyrations,
Gmb: bulk specific gravity of the specimen compacted to Ngesign gyrations,
hq: height of the specimen after Ngesign gyrations, mm

hn: height of the specimen after N gyrations, mm.

- The average number of gyrations needed to reach 92% of relative density is determined
form the compaction of both specimens.

- The process is repeated, but compacting at 30 °C below the planned field compaction
temperature.

- The gyration ratio is determined using Equation 17:
Ratio = Lo2)r=30 (Eq. 17)
(No2)T
where
Ratio: gyration ratio
(Ng2)t-30: gyration needed to reach 92% relative density at 30 °C below the planned field
compaction temperature,
(Ng2)T: gyration needed to reach 92% relative density at the planned field compaction
temperature.

- The recommended compactability criterion is a gyration ratio less or equal to 1.25. Thus,
the compaction temperature is adjusted as low as possible to meet the criterion.

c) Moisture Sensitivity

The Moisture Sensitive was evaluated according to AASHTO T283 [20] and was described in
3.7.1. The recommended moisture sensitivity criteria were a tensile strength ratio greater than

0.80 and no visual evidence of stripping.
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d) Rutting Resistance

Rutting resistance was evaluated according to AASHTO TP79 [22]. Some modifications to the
AASHTO TP79 were introduced to characterize the Rutting resistance of WMA mixtures and are

listed as follows:

Three specimens were mixed as described before. Specimens were short-term aged at the
compaction temperature for 2 hours.

- Specimens are compacted to a target of 7.0 + 1.0 % air voids using the Superpave
Gyratory Compactor.

- Test was conducted on 100 mm diameter by 150 mm high test specimens that were
sawed and cored from larger Gyratory specimen 150 mm diameter by at least 175 mm
high.

- Test was conducted at the design temperature at 50% reliability as determined using
LTPP Bind Version 3.1 [45]. Test temperature was computed at 20 mm (surface courses).

- Test was performed unconfined using a repeated deviatoric stress of 600 kPa (87.02 psi)
with a contact deviatoric stress of 30 kPa (4.35 psi).

The flow number for each specimen and the average were computed. The results were compared
with the criteria shown Table 7.
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CHAPTER 4 - TEST RESULTS AND ANALYSIS

In order to fulfill the objectives of this study, this chapter describes the results of the
characterization of virgin aggregates, virgin asphalt binder and RAP material, the various asphalt

mix designs and the performance properties of the various mixtures.

4.1 Aggregates Characterization

The aggregates considered for this study were supplied by Western Nevada Materials, Reno. The
pit is located in Spanish Springs, Sparks, and five stockpiles were obtained in July 2012.
Gradation and Specific Gravity tests were performed for every stockpile and the results are shown
in Table 8.

The various stockpiles were combined in order to get a blend aggregate that meets the RTC Type
2 [9] shown in Table 9. As a starting point, a blend of 20% of %2 inches coarse aggregates, 25% of
% inch coarse aggregates, 5% of Crushed Sands, 30% of Impact Sand and 20% of Wade Sand
was selected for the control mixture and it is equivalent to an actual mixture used in some
contracts in Washoe County. Figure 7 shows the blend of the various stockpiles meeting the RTC
Type 2 specifications. As shown in Table 8 , the difference in bulk specific gravity among various

stockpiles was less than 0.2; hence a correction of the blend gradation by volume was not needed.

4.2 Asphalt Binder Performance Grade

The performance grade of the asphalt binder was determined according to AASHTO M320 [36]
and the results are shown in Table 10. The asphalt binder was graded as PG 64-28. The
continuous grade of the virgin asphalt binder was PG 68.6-32.5 which will be taken into
consideration in subsequent analysis. The PG plus compliance of the asphalt binder was not

performed in this study.
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4.3 Properties of Recycled Asphalt Pavement Material

The RAP material which was stored in sealed barrels had 1.0 % moisture content. The presence
of moisture was taken into account when calculating the asphalt binder content and alerted to dry
the samples at 60 °C for 24 hours prior samples preparation.

The average RAP binder content was 4.24 % (by TWM) and the grade of the RAP binder was
determined to be PG 82-16. The continuous grade for the RAP binder was PG 87.9 — 20.0. The
RAP asphalt binder PG grade is summarized in Table 11.

Recovered RAP aggregates were evaluated and the results are shown in Table 12. The nominal
maximum size of the aggregates was 9.5 mm (3/8” sieve), with a large amount of fine particles. A

high absorption for the RAP aggregates was calculated.

4.4 Blending Charts

Since PG grade of both virgin and RAP asphalt binders were determined, a blending chart for
high, intermediate and low critical temperatures was constructed for several binder replacements
using Equation 1. The blending Chart is shown in Figure 8.

Two binder replacements were remarked in Figure 8: 15% and 35%. Both percentages indicated a
change of one degree in the high PG grade of the blended binder but allowed keeping the same
low PG grade as the virgin asphalt binder. Hence, no changes in the low PG grade of the blended

binder were observed, replacing up to 35% of virgin asphalt binder with RAP asphalt binder.
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4.5 Mortar Experiment

Mortar experiments were conducted to estimate the maximum amount of RAP in the final
mixture without changing the virgin binder PG Grade. For the purpose of this study, two mortar
experiments were conducted at different binder replacement percentages.

First of all, the binder content of SRAP was determined using both the ignition oven and
centrifuge method. Determination of binder content using ignition oven may cause biased results
because some aggregates may lose mass on ignition. Correction factors were not taken into
account in the calculation to address this matter since the RAP source was undetermined. Thus,
both ignition oven and centrifuge methods were conducted to determine the binder content of
SRAP samples. Both results were practically equivalent, therefore a RAP asphalt binder content
of SRAP of 7.05% (by TWM) was considered for the mortar experiment. The results of both tests

are summarized in Table 13.

45.1 Mortar Experiment No. 1

The first mortar experiment was conducted at a binder content of 50%. A minimum of 30% by
weight is recommended to ensure workability of mortars and achieve DSR and BBR samples free
of voids. Targeting 50% of total asphalt binder content in the mortar samples implied a binder
replacement amount of 7.58%.

A spreadsheet was developed to process the data collected from the mortar experiment. Results
are shown in Table 14 (Low Temperature Testing Results), Table 15 (Intermediate Temperature
Testing Results), and Table 16 (High Temperature Testing Results). The major outcome of this
experiment was the Rate of Change in Continuous Rate for every critical temperature: 0.294
°C/%PBR for Low Temperature, 0.151 °C/%PBR for Intermediate Temperature and 0.221

°C/%PBR for High Temperature.
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Figure 9 summarizes the Mortar Experiment 1. The interpolation for blending binders between 0
and 7.58% binder replacement were plotted in continuous lines for high, intermediate and low
temperatures according to Equations 4 and 5, defined in 3.5.3. The extrapolation for blending
binders between 7.58% and more binder replacement were also plotted for the various critical
temperatures in dash lines. Two binder replacements were plotted: 15% and 35% binder
replacement. According to mortar experiment 1, there was a change in the high PG temperature in
one grade but the low PG temperature remained the same as the virgin asphalt binder (PG64-28).
Therefore, a greater binder replacement implied a change of grade in both high and low
temperature, as shown for example in a 35% binder replacement. If the binder replacement was
100%, the expected blend of RAP binder and virgin asphalt binder would match with the PG
grade of the RAP binder. However, the PG blend extrapolation was similar to the RAP binder PG

grade at high temperature, but much harder at low temperature.

4.5.2 Mortar Experiment No. 2

In order to check the results of the first mortar experiment, a second mortar experiment was
conducted at a different binder replacement. Mortar Experiment 2 was performed at a lower total
asphalt binder content to assess the properties of the mortar at a higher binder replacement.
Results are shown in Table 17 (Low Temperature Testing Results), Table 18 (Intermediate
Temperature Testing Results), and Table 19 (High Temperature Testing Results. The Rate of
Change in Continuous Grade for every critical temperature was 0.228 °C/%PBR for Low
Temperature, 0.302 °C/%PBR for Intermediate Temperature and 0.165 °C/%PBR for High
Temperature.

Figure 10 summarizes the Mortar Experiment 2. The interpolation for blending binders between 0

and 15% binder replacement were plotted in continuous lines for high, intermediate and low
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temperatures according to Equations 4 and 5 defined in 3.5.3. The extrapolation for blending
binders between 15% and more binder replacement were also plotted for the various critical
temperatures in dashed lines. Two binder replacements were plotted: 15% and 35% binder
replacement. According to the results of the second mortar experiment, there was also a change in
the high PG temperature in one grade but the low PG temperature remains the same as the virgin
asphalt binder (PG64-28) at 15% binder replacement. Therefore, a greater binder replacement
implied a change in grade in both high and low temperature, as shown for example at 35% binder
replacement. If the binder replacement was 100%, the expected blend of RAP binder and virgin
asphalt binder would match with the PG grade of the RAP binder. However, the PG blend
extrapolation was similar to the RAP binder PG grade at high temperature but much harder at low

temperature.

453 Comparison between Mortar Experiments No. 1 and No. 2
A comparison between the Rate of Change in Continuous Grade for every critical temperature
was performed. Assuming that a 100% binder replacement should end up with the critical
temperatures of the RAP binder PG grade (87.9, 27.9, and 20.0 °C), the following conclusions
can be made:
- Both experiments indicated a binder replacement up to 15% with no change in the low
PG grade temperature, while a change in the high PG grade temperature was observed in

both experiments.

- The high PG grade of the RAP binder was well predicted in both experiments, with a
deviation of +/- 2.8 °C.

- Intermediate critical temperature for RAP binder was well predicted in Mortar
Experiment 1 (lower binder replacement experiment), but poorly predicted in Mortar
Experiment 2 (higher binder replacement experiment).

- The low PG grade of the RAP binder was not well predicted in both experiments. The
outcomes were higher than the measured RAP binder low PG grade. The offset was more
than 10°C in both temperatures; hence the prediction of the low PG grade for the blend at
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any binder replacement would not be accurate. Data obtained in this study did not permit
establishing the reason of these offset; further research would be needed to validate the
linearity of the relationship of extrapolating critical temperatures of the asphalt blend
Figure 11 shows the Mortar Experiment 1 and 2 combined data. Low, Intermediate and High
Temperature Extrapolation Curves are plotted based on three sets of data: virgin asphalt binder
(PG64-28), critical temperatures of the asphalt blend obtained in Mortar Experiment 1 and same
data obtained in Mortar Experiment 2. The coefficient or determination of the curves is above 0.9
which indicates a good fitting of the data point in the linear regression. However, if a binder
replacement of 100% (just RAP) was applied to the linear regression equations, the expected Low
and Intermediate Critical Temperatures of the RAP asphalt binder would be different than the
critical temperatures estimated by actual grading of the recovered RAP asphalt binder.
The results of Blending Chart Methods and the two Mortar Experiments are summarized in Table
20. The different Rate of Change in Temperature obtained after the three tests leads to estimate
different critical temperatures when virgin asphalt binder and RAP asphalt binder are blended. In
fact:
- Since both mortar experiments and blending charts agreed that a binder replacement of
15% did not change the low PG grade of the blending and the prediction of the high and

intermediate critical temperatures were similar, a 15% of binder replacement was targeted
as a first addition of RAP into mixtures.

- On the other hand, and in the search of a higher binder replacement, the blending chart
indicated that a binder replacement of 35% was still feasible without changing the low
PG grade of the blend, while both mortar experiments indicated a change in the low PG
grade. However, the prediction of low PG grade was not accurate throughout the mortar
experiment. Hence, a 35% binder replacement was targeted as a second target for
addition of RAP into the mixtures.
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45.4  Additional tests for verifying NV compliance of blending
Two blends of virgin asphalt binder and recovery RAP binder were prepared in order to verify the
NV compliance of binder according to RTC specifications show in Table 2. The additional tests
performed in the blends are listed below:

- Ductility at 4°C, Toughness and Tenacity at 25°C on original asphalt binder

- Ductility at 4°C on the RTFO-aged asphalt binder.
The blends were prepared according to the target binder replacements defined in 4.5.3, i.e., 15%
and 35% binder replacements. The samples were sent to Paramount Petroleum Inc. to perform the
tests and the results are shown in Table 21. Both two blends failed on Ductility test on the
original and RTFO-aged conditions. Hence, both two blends did not fulfill the specifications

established for the virgin binder PG64-28NV.

4.6 Marshall Mix Designs

The Marshall Mix Design of the Control Mixture was performed following the guidelines
established in MS-2 [19] and meeting the specifications of RTC of Washoe County shown in
Table 22. The Control Mixture was labeled as HMAO, where “HMA” stands for Mixture with no
Warm Mix Technology and “0” stands for no RAP in the mixture. Several Warm Mix
Technologies (Advera, Evotherm 3G and SonneWarmix) were used in this study and along with
three levels of RAP in the mixture; labels were defined consequently for the twelve mixtures in
the study. For example, ADV15 stands for a mixture containing Advera as a Warm Mix
Technology and 15% of RAP as a target for binder replacement in the mixture at the optimum
asphalt binder content. Regardless of the nomenclature, some mixtures may have a binder

replacement in the neighborhood of the target binder replacement.
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Five stockpiles were considered from Western Nevada Materials, Martin Marietta — Spanish
Spring pit. Table 8 summarizes Gradation and Specific Gravity of the five stockpiles. The range
between the various bulk specific gravity of the stockpiles was less than 0.2; therefore a
correction by volume of the gradation of the final blend was not required. Aggregates were
preheated in the oven at mixing temperature overnight in order to prepare the sample specimens.
Since the asphalt binder was graded as PG64-28 (and labeled as polymer-modified asphalt
binder), mixing and compacting temperatures were based on recommendations given by the
supplier. The range of mixing and compaction temperatures were 160 °C to 166 °C (321 °F to
330 °F) and 149 °C to 154 °C (301 °F to 310 °F), respectively. Regarding the use of Warm-Mix
Technologies, the mixing temperature was chosen at 135 °C (275 °F) based on the
recommendations of the suppliers [4]. The compaction temperature was selected at 25 °F below
the mixing temperature; therefore, the compaction temperature was chosen at 121 °C (250 °F).
Table 23 summarizes the twelve Marshall Mix Designs conducted on aggregates from Spanish
Springs, three levels of RAP and three WMA technologies.

Figure 12 shows the Air Voids percentages and Optimum Binder Content (by TWM) for the
various mixtures. The requirements established in the RTC specifications [9] were met at
Optimum Binder Contents (OBC) for the various mixtures. The OBCs were selected in the
middle range for the control mixtures (HMA-YY series) while OBCs in WMA mixtures were
selected in the lower end of the specifications in order to obtain a similar OBC for the various
mixtures. Despite this criterion, the range of OBC was 0.7% among the mixtures leading to Air
Voids percentages in the neighborhood of the upper end of the specification for some mixtures.
On the other hand, the range of Air Voids was 1.0%, varying from the target Air Voids
established in the Orange Book [9] to 5.0% of Air Voids. In general, the OBC for the WMA

technologies with RAP were greater or equal to the Control Mixtures with the exception of the
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mixtures with no RAP. Air Voids of the WMA mixtures at OBC were greater than the Control
Mixture. Air Voids at OBC tend to decrease if the percentage of RAP increases, with the
exception of the control mixture.

Since the same compaction temperature was selected for the WMA mixtures (275 °F), OBC of
the WMA mixtures may change if the compaction temperatures of the WMA technologies
change. The adjustment of the compaction temperature can be achieved through the
Compactability Test.

Marshall Stabilities of the various mixtures are shown in Figure 13. All mixtures presented a
Marshall Stability above the minimum requirement. A trend of increasing Marshall Stability
while RAP increases, is detected for Control and WMA mixtures with the exception of Advera
mixtures. It is also noted a clear trend that WMA Stabilities are lower than the HMA-YY
Stabilities.

Marshall Flows of the various mixtures are pointed out in Figure 14. All mixture’s Flow met the
specification established in the Orange Book. Flows in WMA mixtures were slightly greater than
the Control Mixture, and there is no clear trend of Marshall Flow as RAP increases.

For WMA-mixtures, all nine mixtures showed a good coating at the OBC. The minimum criterion
of 95% of coating the coarse particles is achieved. Some values around 95% are detected when
4.0% samples were prepared during Mix Design, indicating that higher asphalt binder content
was needed. This phenomenon was more often when binder replacement increased.
Compactability testing was not performed. Superpave Mix Design establishes Ndesign values
according to expected traffic level and they could not be directly associated with the Marshall
Mix Design. Hence, the adjustment for compaction temperature was not conducted in order to

verify the OBC of the WMA mixtures.
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4.7 Performance Properties of Asphalt Mixtures

4.7.1 Moisture Sensitivity

Moisture Sensitivity samples were prepared targeting 7.0 = 0.5 % air voids for the various
Marshall Mix designs. Since the Marshall Compaction process is less controlled than the
Gyratory Superpave Compactor, determining the mass and the number of blows per face was
challenging. These parameters to compact the specimens were conducted by trial and error
iterations. After the iterations, specifications of TS for the various mixtures specimens were met
when the mass of mixture was selected around 1,150 g and number of blows per face varied from
2510 41.

The results of the Moisture Sensitivity tests are shown in Figure 15 and Figure 16. Tensile
Strength (TS) values of the various mixtures and after different Freeze/Thaw cycles were
calculated using Equation 6 and shown in Figure 15. All the TS values were way above the
minimum value specified in RTC Specifications [9]. In fact, the lower TS value was 105 psi,
about 62% greater than the minimum TS required (65 psi). On the other hand, two trends can be
identified: first, WMA mixtures presented lower TS when compared to HMA mixture. The
second trend would indicate an increase of at least maintaining the TS when RAP content
increased. Overall, a significant decrease in TS was noted after 3 Freeze/Thaw cycles rather than
1 Freeze/Thaw cycle at 95% of confidence (as shown in Table 24). Some disturbances were
induced in these trends; an explanation could be the different asphalt binder contents increases or
decreases when adding RAP material, or a binder content close to the lower end in the range
based on Marshall Mix Designs.

Figure 16 points out the Tensile Strength Ratio (TSR) of the various mixtures and after different
conditioning. First of all, all TSR were greater than the minimum (75%) specified in the RTC

Orange Book. On the other hand, AASHTO R35 establishes a minimum of 80% for WMA
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mixtures, and all the mixtures met the minimum of 80% TSR. In general, TSR after 1 FT cycles
had a tendency to be greater than the TSR after 3 FT cycles with some exceptions (2 out 12
mixtures). Anther observed trend was a decrease in the TSR ratio as RAP increases, with some
exceptions (5 out 12 mixtures). Test samples did not show evidence of stripping after
Freeze/Thaw cycles. Some disturbances could be associated with different asphalt binder
contents, VFA, and the variability itself of the test. In addition, the preparation of the samples
using Marshall Compactor seems to be less accurate than using the Superpave Gyratory

Compactor.

4.7.2 Dynamic Modulus |E*|

The dynamic Modulus was measured for the various mixtures without moisture damage
conditioning and after three Freeze/Thaw cycles. Figure 17 shows the Dynamic Modulus of the
various mixtures at different Freeze/Thaw cycles at 10 Hz, representing highway traffic [52], and
at a temperature of 68 °F. Data would point out two trends: a) as RAP content increased,
Dynamic Modulus increased, and b) more or less, the Dynamic Modulus for the various WMA-
mixtures was lower than the Dynamic Modulus of the HMA-mixtures at the same RAP content.
On the other hand, the decrease in Dynamic Modulus in the twelve mixtures was statistically not
significant after three Freeze/Thaw cycles at a 95% confidence level (as shown in Table 25).
Dynamic Master Curves for the various mixtures and after different conditioning are shown in
Figure 22 to Figure 41.

The ratio of the moisture-conditioned to the unconditioned Dynamic Modulus after three
Freeze/Thaw cycles is shown in Figure 18. Overall, the reduction of Dynamic Modulus had a
tendency to increase as the RAP content increases, with the exception of the Sonneborn mixtures.

Some mixtures show an increase in the Dynamic Modulus after three Freeze/Thaw cycles. The
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greatest reduction of Dynamic Modulus was detected in the Evotherm-WMA mixture with the
35%RAP.

Shift Factors used in the construction of the Dynamic Master Curves are shown in Figure 19 to
Figure 21. Since |E*| Curves were calculated by testing samples at three temperatures (4° C, 20
°C and 40 °C), three plots of Shift Factors are shown with respect to the reference temperature
21.1 °C (70 °F) and plotted in log-scale on the y-axis. For most mixtures, Shift Factors decreased
after induced moisture damage. HMA mixtures showed a tendency to decrease the Shift Factor as

RAP percentage increase, whereas the opposite trend was observed for WMA mixtures.

4.7.3  Flow Number

The Flow Number was determined for the various mixtures and the results are shown in Figure
42. Test Temperature was selected at 58 °C for Reno according to the LTPP Bind 3.1 software
[45]. Details of the LTTP Bind output are shown in Table 26.

According to the data shown in Figure 42, some tendencies were detected: a) Flow Numbers for
WMA-mixtures were significantly lower than the HMA-mixture, b) Flow Number for HMA-
mixtures increased as RAP content increased. The same behavior was observed for WMA-
Advera mixtures, while WMA-Evotherm and WMA-SonneWarmix did not present a clear trend
In the case of WMA-SonneWarmix, increasing the RAP content did not statistically affect the
Flow Number at a 95% confidence level (as shown in Table 27). Minimum Flow Number
Requirements for WMA mixtures were included in AASHTO R35 [44] (as shown in Table 7) and
included in Figure 42. All WMA mixtures met the requirements for expected design traffic
between 3 and 10 million of ESALs with the exceptions of WMA-Evotherm and Advera with
35%RAP which qualify for a higher traffic level. On the other hand, HMA-mixtures met the

specification for expected design traffic between 10 and 30 million of ESALSs.
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4.7.4 Resistance to Reflective Cracking
The reflective cracking tests could not be conducted due to a failure in the TTI Overlay Tester

equipment.
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The virgin asphalt binder used in this study is graded as PG64-28 and meets the RTC
specifications. As expected, the continuous grade of the asphalt binder is PG68.8-32.5. The
Compliance of the binder to the Nevada PG plus specification was not determined in this study
but it was assumed to meet the RTC specifications. On the other hand, asphalt binder recovered
from RAP was graded as PG82-16 and the continuous grade was PG87.9-20 which is expected

for local RAP material.

The Mortar Experiment was conducted at two different binder replacements and their results
varied among them with respect to the blending chart. However, both mortar experiments
exhibited comparable critical temperatures of the blended asphalt binder when binder
replacement was low, but extrapolating the binder replacement to 30 percent or more did not offer
a good repeatability. Moreover, the expected critical temperatures differed with respect to the
blending chart. In addition, the asphalt blends at 15 percent and 35 percent binder replacement

did not meet the RTC specifications for PG plus specification.

The Marshall Mix Design was selected to perform the mix designs for HMA and WMA mixtures.
Overall, the results in terms of Marshall Stability were consistent with the expected effect of
adding RAP and WMA technologies. The more RAP material is applied, the higher the Marshall
Stability of the mixture. Adding WMA technologies implied lower Marshall Stabilities, but still
higher than the specification limit. When it comes to Marshall Flows, there was not a clear trend

based on varying the WMA technology or binder replacement.
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For Moisture Sensitivity, the TSR in general decreased with the increase in number of applied
Freeze/Thaw cycles. The TS of WMA-mixtures was found to be lower than the TS of HMA-
mixtures, and there was not a clear trend for TS or TSR when binder replacement increased. The
lower TS values were observed for the SonneWarmix mixtures, while the lower TSR values were
observed for the Advera mixture at the three levels of binder replacement. Both TS and TSR

values for all mixtures were greater than the specification limits.

The Dynamic Modulus increased as the binder replacement increased for all evaluated mixtures.
When WMA technology was included, the Dynamic Modulus decreased when mixtures with the
same binder replacement were compared. Some mixtures showed some recovery in the Dynamic
Modulus after applying the Freeze/Thaw cycles and it may be attributed to the combined action

of the hydrated lime and the WMA technology.

The Flow Number data showed a significant decrease when WMA technology was applied in the
HMA mixtures. In the case of the HMA mixtures, a steady increase of the resistance to flow was
observed when binder replacement was increased. However, WMA mixtures did not exhibit a
clear change in the flow number when binder replacement was increased. Since AASTHO R35
establishes Flow Number Requirement according to expected traffic level, the majority of the
WMA mixtures would be suitable for traffic level between 3 and 10 million of ESALS, while

HMA mixtures would be suitable for greater traffic levels.

The use of WMA mixtures with high percentages of RAP would be allowed in specific projects

(for example, low expected traffic levels and light load levels). However, further research
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regarding performance properties at intermediate and low temperature is needed to establish a

judgment about the use of mixtures with high percentages of RAP for RTC projects.

5.2 Recommendations

Further research should be performed on Mortar Experiment. Some difficulties were observed
during samples preparation regarding segregation of the mortars and handling the samples after
RTFO-aging. In particular, preparation of the mortar beams to estimate the low temperature
properties was subjected to high temperatures in the oven for two or more hours in order to pour
the mortar into the beam molds. This overheating of the samples may lead to some bias in the
stiffness of the beams at low temperature when evaluated in the BBR. In addition, further
research is needed to determine the validity of the assumptions of linearity for Rate of Change of

CG.

Performing the Mix Design using Superpave methodology may lead to more consistent results
and performance assessments. In particular, conducting the compaction of the test specimens for
mix design using the Superpave Gyratory Compactor would be closer to the actual compaction
process in the field. Moreover, the compaction variable would be avoided when comparing
consistency of results of Resistance to Moisture Damage to results of Resistance to Rutting and

Dynamic Modulus.

If a Superpave Mix Design is not conducted, comprehensive research should be conducted to
obtain an appropriate Ndesign number for the mixtures. Hence, a consistency between mix design

and Compactability test would be addressed.
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Asphalt binder should be recovered and graded for the various mixtures to determine the
performance grade of the binder at high RAP content and whether the WMA technologies play a

role in the performance grade of the asphalt binder with different RAP contents

2D imaging should be conducted to assess the aggregate coating and the number of aggregate
contacts. Fatigue Beam Tests, Resistance to Reflective Cracking and Resistance to Thermal

Cracking should be assessed in order to fully characterize the performance of various mixtures.

As aggregates were conditioned with lime to diminish the potential of moisture damage,
antistripping properties of the WMA technologies were not identified. A further research would
be needed in order to identify whether the WMA technologies display potential resistance to

moisture damage.

Further study should be performed to assess the Cost/Benefits of including WMA technologies
and high percentages of RAP in mixtures. Including WMA technologies may reduce some cost
related to less fuel consumption but plant production rates should be estimated and measured. In
addition, Costs/Benefits including WMA technologies should differentiate the impact in cost for

Constructor as well as for Agency.
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TABLES

Table 1: Asphalt Mixtures Nomenclature

Label | Warm Mix Technology | RAP Content, % Remarks
HMAOQ 0 Control HMA Mix
HMA15 None 15 -
HMAS35 35 -
ADVO0 0 -
ADV15 Advera 15 -
ADV35 35 -
EVOO0 0 -
EVO15 Evotherm 3G 15 -
EVO35 35 -
SONO 0 -
SON15 SonneWarmix 15 -
SON35 35 -
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Table 2: Specifications for Polymerized Performance Graded Asphalt Cement [9]

62

Test Test Method Requirements Limit with Tolerance Rejection Limit
PG 64-28NV
Tests on Original Asphalt Cement
Rotational Viscosity @135° C (Pa.s) AASHTO T316 3.00 Maximum 3.21 Maximum 3.50 Maximum
Flash Point using Cleveland Open Cup (*C) NEV T716 230 Minimum 222 Minimum 163 Minimum
Ductility @4° C, 5 cm/min (cm) NEV T746 50 Minimum 50 Minimum 29 Minimum
Toughness @25° C (inch-bs) NEV T745 110 Minimum 110 Minimum 57 Minimum
Tenacity @25° C (inch-lbs) NEV T745 75 Minimum 75 Minimum 22 Minimum
Sieve Test (%) NEV T730 Pass Pass Fail
Dynamic Shear, G*/siné @64° C, 10 rads/sec (kPa) AASHTO T315 1.00 Minimum 0.90 Minimum 0.75 Minimum
Tests on Residue from Rolling Thin Film Oven (AASHTO T 240)
Ductility @4° C, 5 cm/min (cm) NEV T746 25 Minimum 25 Minimum 4 Minimum
Dynamic Shear, G*/sind @64° C, 10 rads/sec (kPa) AASHTO T315 220 Minimum 1.98 Minimum 1.65 Minimum
Average Mass Change (percent) AASHTO T240 0.50 Maximum 0.50 Maximum 0.71 Maximum

Tests on Residue from Pressure Aging Vessel @100° C (AASHTO R28)

Dynamic Shear, G*sind @22° C, 10 rads/sec (kPa) AASHTO T315 5000 Maximum 5500 Maximum 6250 Maximum
Flexural Creep Stiffness AASHTO T313™
Stiffness Modulus, S @ -18° C, 60 sec (MPa) AASHTO T313" 300 Maximum 330 Maximum 375 Maximum
m-value @ -18° C, 60 sec AASHTO T313" 0.300 Minimum 0.290 Minimum 0.245 Minimum
Direct Tension, Failure Strain @-18° C, 1.0 mm/min (%) AASHTO T314™ 1.00 Minimum 0.90 Minimum 0.75 Minimum
1. If the creep stiffness is below 300MPa, the direct tension test is not required. If the creep stifiness is between 300 and 600MPa, the direct tension failure strain

requirement may be used in lieu of the creep stiffness requirement. The m-value requirement must be satisfied in both cases.



63

Table 3: Comparison between Performance Grade grading in regular and recovered from RAP

asphalt binders

Property PG Grading RAP binder grading
Flash Point Performed on original asphalt N/R
binder
Rotational Viscosity Performed on original asphalt N/R
binder
Dynamic Shear Rheometer, Performed on original asphalt | Performed on recovered
G*/sind binder asphalt binder
RTFO aging Performed on original asphalt | Performed on recovered
binder asphalt binder
Mass Loss Performed on original asphalt N/R
binder
Dynamic Shear Rheometer, Performed on RTFO-aged Performed on RFTO-aged
G*/sind asphalt binder recovered asphalt binder
PAV aging Performed on RTFO-aged N/R
asphalt binder
Dynamic Shear Rheometer, Performed on RTFO+PAV- Performed on RTFO-aged
G*xsind aged asphalt binder recovered asphalt binder
Bending Beam Rheometer, Performed on RTFO+PAV- Performed on RTFO-aged
S(60s) and m(60s) aged asphalt binder recovered asphalt binder

N/R: Not required

Table 4: Binder Selection Guidelines for RAP Mixtures [17]

RAP Percentage

Recovered RAP Grade

Recommended Virgin Asphalt Binder Grade PG XX-22 PG XX-16 PG )§X-10
or lower or higher

No change in binder selection <20% <15% <10%

Select virgin binder one grade softer than normal

(e.g., select a PG 58-28 if a PG 64-22 would 20-30% 15-25% 10-15%

normally be used)

Follow recommendations from blending charts >30% >25% >15%

Table 5: Required Test Specimens for Mortar Experiment Analysis

Test Temperature / Device
Material Low / BBR Intermediate / High / DSR
DSR
Virgin
asphalt Same as PG System
binder
SRAP PAV-Aged: RTFO Binder + Original Binder +
RTFO binder + RAP RAP RAP
PAV-Aged: . - .
. RTFO Binder + Original Binder +
RRAP RTFO binder + RAP aggregates RAP aggregates RAP aggregates




Table 6: Bending Beam Rheometer Test Load in mN

Test Temperature, °C | PAV asphalt binder | PAV Mortar
0 980
-6 1,980
-12 980 2,980
-18 3,980
-24 4,980

Table 7: Minimum Flow Number Requirements

Traffic Level, Millions ESALS Minimum Flow Number
<3 NA
3to<10 30
10 to <30 105
>30 415

Table 8: Aggregates Characterization

Percentage passing, %
Sieve WS IS CS 1/2" 3/4"
1" 100 100 100 100 100
3/4" 100 100 100 100 100
1/2" 100 100 100 100 47
3/8" 100 100 100 88 7
#4 98 94 100 22 1
#10 63 62 85 4 1
#16 44 48 65 3 1
#40 20 33 28 3 1
#100 5 23 6 2 1
#200 3 17 3 2 1
Coarse Specific Gravity
Gsb - - - 2.664 2.677
Gsb SSD - - - 2.689 2.692
Gsa - - - 2.731 2.720
Absorption, % - - - 0.9 0.6
Fine Specific Gravity
Gsb 2.603 2.639 2.548 - -
Gsb SSD 2.646 2.671 2.596 - -
Gsa 2.721 2.727 2.678 - -
Absorption, % 1.7 1.2 1.9 - -

WS: Wade Sand

IS: Impact Sand

CS: Concrete Sand

1/2”: Coarse Aggregate, Nominal Maximum Size 1/2 inches
3/4”: Coarse Aggregate, Nominal Maximum Size 3/4 inches
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Table 9: Gradation Limits for RTC asphalt wearing courses [9]

Sieve Size Percentage by Weight
Passing Sieve
Type 2
1inch 100
¥ inch 90 -100
3/8 inch 63 -85
No. 4 45 — 65
No. 10 30-44
No. 40 12-22
NO 200 3-8

Table 10: Performance Grade Analysis of Virgin Binder
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Test Temperature °C | Average Value | PG Criteria | Met specification?
Flash point, °C - 308 >230 Yes
Rotational Viscosity, Pa s 135 0.76 <3.00 Yes
. . * 58 2.92 Yes
/DsSir?(’es?rli%g]al binder. G 64 1.62 > 1.00 Yes
' 70 0.91 No
Mass Loss, % - 0.4 <1.0 Yes
DSR, RTFO Aged 58 6.25 Yes
Binder. G* / sin(5), kPa 64 3.0 22.20 Yes
’ 70 2.01 No
DSR, RTFO + PAV Aged 16 3,350 Yes
Binder. G* x sin(3), kPa 19 2,303 <5,000 Yes
' 22 1,559 Yes
BBR. RTFO + PAV Aged -12 59 Yes
Binder. Stiffness at t = 60 -18 137 <300 Yes
sec, MPa -24 311 No
BBR. RTFO + PAV Aged -12 0.39 Yes
Binder. m-value at t = 60 -18 0.33 >0.30 Yes
sec -24 0.29 No
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Table 11: Performance Grade of RAP Binder
Test Temperature (°C) | Average Value | PG Criteria | Met specification?
.. . 82 2.75 Yes
DSR, Original binder. S
G* / sin(5), kPa 88 1.34 >1.00 Yes
' 94 0.65 No
DSR, RTFO Aged 76 6.87 Yes
Binder. G* / sin(3), kPa 82 4.42 22.20 Yes
' ' 88 2.13 No
DSR, RTFO Aged 34 2,334 Yes
Binder. G* x sin(5), kPa 31 3,450 <5,000 Yes
' ’ 28 4,917 Yes
BBR. RTFO Aged -6 123 Yes
Binder. Stiffness at t = <300
60 sec, MPa -12 231 Yes
BBR. RTFO Aged -6 0.33 Yes
Binder. m-value at t = >0.30
60 sec -12 0.28 No

Table 12: Recovered RAP Aggregates Properties

Gradation
Sieve Percentage passing, %
3/4" 100
1/2" 100
3/8" 99
#4 79
#10 58
#16 48
#40 32
#100 20
#200 14
Coarse Fraction
Gsb 2.636
Gsb SSD 2.668
Gsa 2.724
Absorption, % 1.2
Fine Fraction
Gsb 2.553
Gsb SSD 2.613
Gsa 2.717
Absorption, % 2.4

Table 13: SRAP binder content using ignition oven and centrifuge methods

Centrifuge

Ignition Oven

Standard Deviation between results

Binder Content, % (by TWM)

7.04

7.05

0.01




Table 14: Low Temperature Testing Results, 50% binder content

Calculation of 8gap

Test Temperature, °C -12 -18
Test Specimen S(60) m-value S(60) m-value
MPa MPa
Virgin binder 59 0.385 137 0.332
SRAP 196 0.368 369 0.308
RRAP 158 0.393 329 0.328
Srx 1.04 0.94 1.02 0.94
Orap 1.03 0.94
Calculation of Estimated Blended Binder Properties
Test Temperature, °C -12 -18
Log Log
Test Specimen S(60) m-value S(60) m-value
MPa MPa
PAV Aged Virgin Binder 1.77 0.385 2.14 0.332
Estimated Blended Binder Properties 1.83 0.361 2.20 0.312
Stiffness Continuous Grading Temperature, °C -32.3
m-value Continuous Grading Temperature, °C -29.4
Rate of change in continuous grade
Stiffness 0.163
m-value 0.294




Table 15: Intermediate Temperature Testing Results, 50% binder content

Calculation of 8gap

Test Temperature, °C 19 22
G*xsind G*xsind
Test Specimen PAV PAV
kPa kPa
Virgin binder 2,303 1,559
SRAP 7,390 5,515
RRAP 6,535 4,600
S1x 1.014 1.022
Orap 1.018
Calculation of Estimated Blended Binder Properties
Test Temperature, °C 19 22
G*Xsind G*%sind
Test Specimen PAV PAV
kPa kPa
PAV-Aged Binder 3.362 3.193
Estimated Blended Binder Properties 3.422 3.250
Intermediate Continuous Grading Temperature, °C | 14.2
Rate of change in continuous grade
Intermediate Temperature ‘ 0.151
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Table 16: High Temperature Testing Results, 50% binder content

Calculation of 8gap

Test Temperature, °C 64 ‘ 70
G*/sind

Test Specimen Original | RTFO | Original | RTFO

Pa

Virgin binder 1,620 3,505 910 2,006

SRAP 7,390 13,105 | 4,170 7,245

RRAP 5,940 10,850 3,470 6,185

S1x 1.025 1.020 1.023 1.018

Orap 1.024 1.019

Calculation of Estimated Blended Binder Properties

Test Temperature, °C 64 | 70
G*/sind

Test Specimen Original | RTFO | Original | RTFO

Pa

Binder 3.210 3.545 2.959 3.302

Estimated Blended Binder Properties 3.286 3.613 3.030 3.366

Original High Temperature Continuous Grading Temperature, °C 70.7

RTFO-aged High Temperature Continuous Grading Temperature, °C 70.6

Rate of change in continuous grade

Original High Temperature 0.221

RTFO-aged High Temperature 0.206
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Table 17: Low Temperature Testing Results, 34% binder content

Calculation of 8gap

Test Temperature, °C -12 -18
Test Specimen S(60) m-value S(60) m-value
MPa MPa
Virgin Binder 59 0.385 137 0.332
SRAP 481 0.354 996 0.278
RRAP 353 0.394 860 0.303
Sx 1.05 0.90 1.02 0.92
Srap 1.04 0.91
Calculation of Estimated Blended Binder Properties
Test Temperature, °C -12 -18
Log Log
Test Specimen S(60) m-value | S(60) | m-value
MPa MPa
PAV Aged Virgin Binder 1.77 0.385 2.14 0.332
Estimated Blended Binder Properties 1.84 0.350 2.22 0.302
Stiffness Continuous Grading Temperature, °C -32.1
m-value Continuous Grading Temperature, °C -28.2
Rate of change in continuous grade
Stiffness 0.097
m-value 0.228




Table 18: Intermediate Temperature Testing Results, 34% binder content

Calculation of 8gap

Test Temperature, °C 19 22
G*%sind G*x%sind
Test Specimen PAV PAV
kPa kPa
Virgin binder 2,303 1,559
SRAP 13,450 9,675
RRAP 6,535 5,470
Ox 1.082 1.066
Orap 1.074
Calculation of Estimated Blended Binder Properties
Test Temperature, °C 19 22
G*xsind G*xsind
Test Specimen PAV PAV
kPa kPa
PAV-Aged Binder 3.362 3.193
Estimated Blended Binder Properties 3.612 3.430

Intermediate Continuous Grading Temperature, °C | 17.6
Rate of change in continuous grade
Intermediate Temperature ‘ 0.302
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Table 19: High Temperature Testing Results, 34% binder content

Calculation of 8gap

Test Temperature, °C 64 ‘ 70
G*/sind
Test Specimen Original | RTFO | Original | RTFO
Pa

Virgin binder 1,620 3,505 910 2,006
SRAP 19,050 | 35,400 9,920 18,650
RRAP 13,250 | 26,300 7,400 14,400
Orx 1.038 1.029 1.033 1.027
Orap 1.036 1.028

Calculation of Estimated Blended Binder Properties

Test Temperature, °C

64 | 70

Test Specimen

G*/sind

Original | RTFO | Original | RTFO

Pa

Binder, log 3.210 3.545 2.959 3.302
Estimated Blended Binder Properties 3.324 3.644 3.064 3.395
Original High Temperature Continuous Grading Temperature, °C 71.5
RTFO-aged High Temperature Continuous Grading Temperature, °C 71.3
Rate of change in continuous grade

Original High Temperature 0.165
RTFO-aged High Temperature 0.151

Table 20: Comparison of Rate of Change in Temperature for the various experiments

Experiment Change in Continuous (_Srade, °C/%PBR
High Intermediate Low

Blending Chart 0.193 0.149 0.125
Mortar Experiment 1 0.221 0.151 0.294
Mortar Experiment 2 0.165 0.302 0.228
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Table 21: NV Compliance of Asphalt Binder Blends at 15% and 35% Binder Replacement
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. . . Meet
Aging Condition | Binder Replacement, % | Test Result Specification?
Ductility at 4 °C, cm 47 No
15 Toughness at 25 °C, in-Ib | 160 Yes
. Tenacity at 25 °C, in-1b 113 Yes
Original .
Ductility at 4 °C, cm 14 No
35 Toughness at 25 °C, in-Ib | 170 Yes
Tenacity at 25 °C, in-Ib 143 Yes
15 Ductility at 4 °C, cm 15 No
RTFO-Aged - Y
35 Ductility at 4 °C, cm 0.5 No

Table 22: Mixture Requirements [9]

Requirements

Test Test Method Design ESALs > 10, 75 blows
per side
Air Voids, % ASTM D 3203 3 4
(target)
Voids in Mineral Aggregates, % MS-2 - 6575
Voids Filled with Asphalt, % MS-2 Per Table 5.2 of MS-2

(by dry weight of aggregates)

Marshall Stability, Ib ASTM D 6927 1,800 minimum
Marshall Flow, 0.01 inch ASTM D 6927 8-20
Tensile Strength, psi AASHTO T283 65 minimum
Tensile Strength Ratio, % AASHTO T283 70 minimum
Hydrated Lime, % (target) - 15
RAP in total mix, % .

- 15 maximum




Table 23: Mixture Mix Designs
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Mixture ID HMAO HMAL5 HMA35 | EVO0 EVO15 EVO35 | ADVO ADVI5S ADV35 | SONO  SON15 SON35
Hydrated Lime, % 15 15 15 15 15 15 15 15 15 15 15 15
WMA Technology - Evotherm 3G Advera SonneWarmix
Mixing/Compacting Temperature, F 330/310 275/250 275/250 275/250
Optimum Asphalt Content, % (DWA) 5.0 5.2 5.2 5.0 5.7 5.3 4.9 5.2 53 4.9 5.2 5.2
Optimum Asphalt Content, % (TWM) 4.8 4.9 4.9 4.8 5.4 5.0 4.7 4.9 5.0 4.7 4.9 4.9
Air Voids, % 4.0 4.0 4.2 5.0 5.0 4.5 49 4.8 4.3 4.9 4.8 4.6
Stability, Ib 4480 4,682 5166 | 3,882 2,909 3,698 | 3,283 3,521 3,934 | 3,379 3,491 3,575
Flow, 0.01" 11 10 13 13 16 13 13 12 14 10 12 13
Maximum Specific Gravity at OBC, Gmm 2493 2491 2497 | 2498 2477 2481 | 2491 2480 2492 | 2494 2486 2492
Voids Filled with Asphalt (VFA), % 70.7 70.0 67.0 65.9 66.4 66.7 66.0 66.4 66.9 656 656 653
Voids in the Mineral Aggregate (VMA), % 14 13 13 15 15 14 15 14 13 14 14 13
Binder Replacement, % 0.0 13.7 31.8 0.0 124 311 0.0 13.7 311 0.0 137 3138
Pba, % 0.7 1.0 1.3 0.7 1.1 11 0.6 0.8 1.3 0.6 0.9 1.2
Aggregates Stockpiles Bin Proportions, %

3/4”: Coarse Aggregate, NMS 3/4 inches 20 20 20 20 20 20 20 20 20 20 20 20
1/2”: Coarse Aggregate, NMS 1/2 inches 25 22 21 25 22 21 25 22 21 25 22 21
Concrete Sand 5 11 5 5 11 5 11 5 5 11 5
Impact Sand 30 17 5 30 17 30 17 5 30 17 5
Wade Sand 20 14 12 20 14 12 20 14 12 20 14 12
RAP 0 16 37 0 16 37 0 16 37 0 16 37
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Table 24: Statistical Evaluation of Tensile Strength Results at 77 °F after 0, 1 and 3 Freeze/Thaw

cycles
Mixture LFT CYCI?S. SFT CYCI?S.
p-value | Significance | p-value | Significance

HMAO 0.177 NS 0.228 NS
HMA15 0.086 NS 0.580 NS
HMA35 0.003 S 0.013 S
EVOO0 0.250 NS 0.493 NS
EVO15 0.005 S 0.018 S
EVO35 0.025 S 0.065 NS
ADVO 0.064 NS 0.020 S
ADV15 0.119 NS 0.064 NS
ADV35 0.028 S 0.022 S
SONO 0.031 S 0.021 S
SON15 0.648 NS 0.003 S
SON35 0.392 NS 0.240 NS
S: Significant

NS: Not Significant

Table 25: Statistical Evaluation of Dynamic Modulus Results at 68
Freeze/Thaw cycles

Mixture p-Value | Significance
HMAOQ 0.407 NS
HMA15 0.333 NS
HMAZ35 0.034 NS
EVOO0 0.878 NS
EVO15 0.307 NS
EVO35 0.145 NS
ADVO 0.456 NS
ADV15 0.391 NS
ADV35 0.550 NS
SONO 0.615 NS
SON15 0.257 NS
SON35 0.235 NS
S: Significant

NS: Not Significant

°F, 10 Hz after 0 and 3
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Table 26: LTPPBind Detailed Report for Reno Cannon Intl AP - LTTBind 3.1

LTPPBind V3.0 Detailed Report: (Date 10/14/2013)
Reno Cannon Intl AP - LTTBind 3.1

State/Province NV
Station Name RENO CANNON INTL AP
Station ID NV6779

County / District WASHOE
Last Year Data Avail. 1997

Latitude 395
Longitude 119.78
Elevation, m 1246
Air Temperature Mean Std Dev Min Max  Years
High Air Temperature, Deg. C 364 1.2 33 393 35
Low Air Temperature, Deg. C -174 4.4 -26.5 -10 35
Low Air Temp. Drop, Deg. C 276 2.7 23 335 35
Degree Days over 10 Deg. C 3151 190 2830 3488 35
Pavement Temperature and PG HIGH LOW  HighRel Low Rel
Pavement Temperature, C 578 -11.6 50 50
50% Reliability PG 58 -16 59 88
>50% Reliability PG 64 -16 98 88

= 64 -22 98 98

Table 27: Statistical Evaluation of Flow Number Results

Comparison Type p-value | Significance
HMA15 vs. HMAO 0.003 S
HMAZ35 vs. HMA15 0.004 S
EVO15 vs. EVO0 0.045 S
EVO35 vs. EVO15 <0.001 S
EVO35 vs. EVO0 0.001 S
ADV15 vs. ADVO 0.005 S
ADV35 vs. ADV15 0.096 NS
SON15 vs. SONO 0.311 NS
SON35 vs. SON15 0.081 NS
SON35 vs. SONO 0.465 NS
S: Significant

NS: Not Significant
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FIGURES

Figure 1: WMA Technologies used in the study: a) Advera, b) Evotherm3G and ¢) SonneWarmix
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Figure 2: Overall Experimental Program
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Blending Chart for Virgin and RAP Asphalt Binders

RAP Binder PG (°C)

PG64-28NV - Virgin Aspjalt Binder PG (°C)

Binder Replacement Amount (%)

e High Temperature =~ == Intermediate Temperature = ====] ow Temperature

Figure 8: Blending Chart for Virgin and RAP asphalt binders at two Binder Replacement: a) 15%,
b) 35%

Mortar Experiment 1 Chart

RAP Binder PG (°C)

PG64-28NV - Virgin Asphalt Binder PG (°C)

44 ; : : : : : : : ; L oag
0 10 20 30 40 50 60 70 80 90 100
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Figure 9: Mortar Experiment 1 performed at 50% total binder content (7.58% binder
replacement).
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Mortar Experiment 2 Chart

PG68-28NV - Virgin Aspahtl Binder PG (°C)
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Figure 10: Mortar Experiment 2 performed at 34% total binder content (15% binder replacement).
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Figure 11: Extrapolation of Blend Critical Temperatures based on Virgin Asphalt Binder, Mortar
Experiment 1 and 2 Critical Temperatures.
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Figure 14: Marshall Flow for the various mixtures at Optimum Binder Content
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Figure 22: HMAOQ Dynamic Modulus |[E*| Master Curves after 0 and 1 Freeze/Thaw cycles

10.000

00—

1.000

M/

10 o

Dynamic Modulus |E*| at 70°F, ksi

1
1E-05 1E-04 1E-03 1E-02 1E-01 1E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05

Reduced Frequency, Hz

—O—0FT —o—3FT

Figure 23: HMA15 Dynamic Modulus |[E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 24: HMA35 Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 25: Dynamic Modulus |[E*| Master Curves with 0 and two binder replacements after 0
Freeze/Thaw cycles for HMA-mixtures
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Figure 26: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 3

Freeze/Thaw cycles for HMA-mixtures
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Figure 27: EVOO Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 28: EVO15 Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 29: EVO35 Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 30: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 0
Freeze/Thaw cycles for EVO-mixtures
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Figure 31: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 3
Freeze/Thaw cycles for EVO-mixtures
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Figure 32: ADVO0 Dynamic Modulus |[E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 33: ADV15 Dynamic Modulus |[E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 34: ADV35 Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 35: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 0
Freeze/Thaw cycles for ADV-mixtures
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Figure 36: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 3
Freeze/Thaw cycles for ADV-mixtures
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Figure 37: SONO Dynamic Modulus |E*| Master Curves after 0 and 1 Freeze/Thaw cycles
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Figure 38: SON15 Dynamic Modulus |E*| Master Curves after 0 and 3 Freeze/Thaw cycles
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Figure 39: Dynamic Modulus |[E*| Master Curves after 0 and 3 Freeze/Thaw cycles for SON35
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Figure 40: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 0
Freeze/Thaw cycles for SON-Mixtures
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Figure 41: Dynamic Modulus |E*| Master Curves with 0 and two binder replacements after 0
Freeze/Thaw cycles for SON-Mixtures
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APPENDIX: MORTAR EXPERIMENT DRAFT STANDARD

Standard Method of Test tor

Estimating Effect of RAP and RAS on Blended Binder
Performance Grade without Binder Extraction

AASHTO Designation: T XXX-12

1.1

1.2

13

SCOPE

This test method presents the procedure to estimate the effect of recyeled asphalt
pavement (FAP) or recyeled asphak shmgles (FAS) on bmder performance grade. The
procedure measures the Supsrpave PG properties of asphak bmders and mortars m order
to estimate the performance properhes of the blended binder. Due to the use of mortars,
extraction of binders from recycled materials = not requmed. In addibion, the procedure
provides blendsd bmder perfoomance properties at two levek of bmder replacement and
therefore can be used to construct a blendmp chart to estmate the change m performance
grade as a fimetion of percent bmder replicemeant.

The vahes stated m 5] vmnfs are tobe regarded as the standard.
This standard does not purport to address all of the safery problems, if any, associated with

its wse. It is the responsibility of the wser of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory limitations prier o use.

22

REFERENCED DOCUMENTS

AASHTO Standards:
AASHTO M320 — Standard Specification for Performance Graded Asphak Bmder

AASHTO T240 — Effect of Heat and Ax on a Movmg Fim of Asphalt Binder (Follng
Thmn Fim Oven Test)

AASHTO E28 — Accelerated Apmg of Asphalt Binder Usmg a Pressure Agmg Vessal
AASHTO BE29 — Practice for Gradmg or Verifymg the Performance Grade of an Asphak
Bmder

ASTM Standards:

ASTMD T175-08 — Standard Test Method for Determme the Rheclogical Properties of
Asphalt Bmder Usmg the Dhname Shear Bheometer.

ASTM DT643-10 — Determmnmg the Contmiows Gradmg Temperatures and Contmmons
Gradas for PG Graded Asphalt Bnders
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ASTM D 6648-08 — Standard Test Method for Determming the Flexomal Creep Stiffness
of Asphalt Bmder Usmg the Bendmz Beam Fheometer.

ASTMD6307 — Standard Test Method for Asphalk Contentof Hot Mo: Asphalt by
Ignition Method.

ASTM DE — Standard Temmology Belatmg to Matermls for Eoads and Pavements

3z

3.21

322

323

24

325

3.26

327

328

TERMINOLOGY
General Definitions:

General defmutions of terms used m this practice ave found n Termwmelogy ASTM D 8
determmead from common Pnghsh usage, or combmations of both.

Procedural Defmtions

Binder Performance Grade Change Rate: Change mblended bmder contmmous grade
due to mereasmg bmder replacement [*C/% EAP(S) bnder replacement].

Binder Replacement: The percentage by weight of recyeled bmder present to the total
weilght of bmder wsed to prepare the mortar.

Blended Binder . The effectrve asphalt binder (virgm bnder blended with EAP(S) bader)
m the mortar material Blendmgz does not need to be present to test the mortar materiaks n
the proposad procedurs. Complete blendmyz mavy not ocour if the mortar = prepared at
low mmemg temperatures, or the EAP(S) material is heavily owaded.

Burned Aggregates: Remammg apgregates from EAP or EAS material after bionmg m
the isnition oven accordmg to ASTM DE307-05. This material & free from bmder and
consets onby of the non-bimmmous  components of EAP or EAS.

Asphalt Binder Contimuous Grade - The temperature at which an asphalt bmder fals a
grven Superpave performance gradme it To determome the contimous grade it =
requied to test at temperatures that correspond to the materia]l passmg and falng the
spectication It The performance vs. temperature relationshp 15 wsed to determme the
exact temperature at which the materal falks by use of mterpolation.  Contimous gradmg
15 appheable to hish mtermediate, and low gradng temperatures.

Virgin Asphalt Binder. Conventional asphak bmder material wsed m construction of
asphalt pavements. In appleation to ths procedurs virgm bmder 15 subjected to standard
SuperPave gradmg specified m AASHTO M320 and wsed for preparation and evaliation
of mertar properties. Virgm binder can be modified or vnmedified and wsed at various
levels of artificial agmg, as requred by the test procedura.

Mortar: Laberatory produced muxture of virgn asphak bnder and B4 ageregates.

RID0 Aggregates: Agpregatas and other nom-bihimmons  components from esther FAP or
FAS material that are passmg sieve #50 (300ym) and retamed on #100 {150pma).
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3.2.11

Aggragates that do not meet this size requmement are discarded. Both agzregates
sampled dwectly from RAP/FEAS sowce and sampled after bummg m izmiion  oven are
used m this test procedure.

RAP:Fecycled (Fechmed) Asphalt Pavement.
RAS:Recycled (Reclamed) Asphalt Shmglas.

Total Binder Content: Weight percentage of binder (virgm binder + FAP/FAS bnder) m
mortar material

SUMMARY OF METHOD

Evalmation of the mpacts of EAP/EAS on parformance requires testng of three different
materials usmg SuperPave methods. The materiak requmed melude the vrgm bmder and
twro voud-less mortar samples prepared with the virgm bmder and a smgle sized aggzregate
gradation. The two mortar samples are prepared with ientical gradation and total asphalt
content usng aggregates from recyveled materizls both before and after bionmz m the
igmitien. oven. As aresult, any difference m performance properties between the two
mortars = atiributed to the presence of recycled bmder.  The effect of the recyeled
bmder on mertar performance 15 appled to estimate the performance of the blendad
bmder.

SIGNIFICANCE AND USE

Thos testmethod prowvades an estmmate of the mpacts of bmder replacament by recyeled
asphalt materials (RAF and'or FAS) on blended bmder performance grade. The method
= alo used to defme the change m bmdar comtmmuous grade as a fimetiom of percent
bmder replacement. This relationship can be uzed to defme the maxmmm allewable
bmder replacement before a change m virgm asphalt grade is necessary. The precedure
uses mortars and thus elmmates the need, and varmbilty associated with, chemaral
extraction and recovery. This test procedure 15 performance based and therefore the
analysis = bind to BAP/FAS sowrce, vogm bmder sowrce, and the nse of bnder
moxdification

6.2

6.3

SAMPLE PREPARATION

Select vipm bmder, EAP, and BAS sources representatnve of materiak used m the field
for a user defimed clmate and geographical area.

Dy and sieve all BAP and/or FAS materml  Armrange sieves to collect B, material
defmed as matenals passmg siewe #50 (300 pm) and retamead on seve #100 (150 pm).
Decard all material passmg the #100 sieve (Pig). The test procedure requires at least
500 g of Bygomaterial  After sufficlent material is collected split the Byg material

Place atleast 250 z of RAP or FAS materz]l m the fzmion oven and follow ASTAM
D&307-05 to determme the bmder content of the B, maternal Save the aggregates that
remam after bummg for wse m preparation of mortar samples.
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6.4

6.4.1

6.4.2

6.5

6.3.1

652

6.3.3

6.6

6.7
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The procedwes requres preparation of two mortar types, these mortars are defmed below.
The quantty of mortar requoed and agmg condiion of the asphalt bander wsedm
preparation of the moertar 5 user defmed and depends on the performance property of
miterest. {(andelmes are provided m Table 1.

RAP/RAS Mortar: Consits of By RAP or EAS matenial from (6.2) combmed with
vigm bmder ata user-selected level of agme. Admust binder content to ensure that a
level of workabalty = aclheved such that DSE samples and BBR beams canbe cast fiee
of voids. A mnmmmm total bmder content of 30% by weight 5 recommended as a

Aggregate Mortar: Consists of B buned aggregates from (6.3) moxed with vozm
asphalt binder at a user defmed agmz condthom and at the same total binder content as the
BEAP/TFAS mortar prepared m (6.4. 1),

Select the apmg condition of the virgm asphak and quantsy of the mortar based on the
agmg condition at and type of testrequred for performance evaliation.

Note 1 — Research has mdicated the blendmg of virgmn and RAP aged bmder = a
diffusion process m whirh tme and condrhonmg  temperature can greathy affect the
amount (degree) of bmder blendng. To ensre sufficent blendng, mortar samples
should be conditioned at 135 *C for two bowurs. It = best to determme the field production
temperature and condsionmye tme condttions m ovder to spmibate the actualblendng m
the hboratory. If possible, use these condshons m the laboratory.

Un-aged mortar performance. Prepare the mortar with in-aged virgm asphalt bmder.

Short and Long Termaged mortar performance. Short-term age vrgm asphalt bmder m
the RTFO accordmg to AASHTO T240 and use the aged bnder fo prepare the mertar.

Recommiended mortar guantiies. Un-aged and short-term aged properties require at least
60 zrams of mortar for DSE testmg. Evalmtion of long term-aged properties reques at
Ieast 200 g of mortar to allow for both the DSE and BBE testmz.  Example calrulations
for preparation of the mortar are provided m Appendnme X1,

Lomg term agmg requies agmg of mortars m the presswre agmg vessel for 24 howrs under
the condihons specified m AASHTO E-28 pnior to testmg.  Place sufficient mortar m
each PAV pan to ensure 50 prams total of bmder 1= present m the pan. For example, of
the total bmder content of the mortar 15 40 percent, the requred ammmt of mortar m sach
PAV panwill be 50g /(0.40 bmder content) = 125 g mortar.

Shert and long term age virgm bmders as required to measwre SuperPave PG properties.
Conduct each specification test at a mmmmm of two temnperatures.

The test samples requred for a complete analyse procedure are summarized m Table 1.



Table 1 — Bequred Test Specinens for Complete Performance Grade Analyse

Performance

Low Temperature:
EBER

Interme diate
Temperature: DSR

High Temperature: DSR

Asphalt Binder

Same as PG Grading

RAPRAS Mortar

PAV Aged: RTFO
Bmder + RAPRAS

PAV Aged- RTFO
Bmder + RAP/RAS

RTFO Binder |  OriEmal

+RAPRAS | _pipRmas

Aggregate Mortar

FAV Aged: RTFO
Bmder + RAPRAS

PAV Aged- RTFO
Binder + EAP/FAS

Original
Binder +
RAP/RAS

ETFO Emder
+RAPTEAS

Aggregate Apgregate Aggregate

Aggregate

72

T.21

722

723

TESTING PROCEDURE

Virgin Asphaili Binder: Conduet tests specified m A ASHTO M3 to determme the
SuperPave performance properties of the asphak binder. Take measwrements at two test

temperatwes. Select testng temperaturas for a given performance property based
recommendations provided m Table 3.

RAPRAS and Aggrepate Mortars. Measurement of the performance properties of
mortars requres revienons to the AASHTO M320 procedure as detaded below. Evahate
each performance property at the same test temperatwres as used for the vogm bndar m
Step 7.1.

High Temperamre Performance. Prepare saparate aggregate and EAP/RAS mootars with
un-aged and ETFO aped vagm bmders as detaded m Table 1. Testm the Dymamic Shear
Bheometer (DSE) at a gap of 2mm at the preserbed test temperatres. All other testmg
condhiions specified m AASHTO M320 remam wnehanged.

Intermediate Temperatwre Performance: Prepare separate and Agmregate and RAPRAS
mortars with RTFO aged vigm bmder. Long term age the mortars m the PAV accordmg
to (6.6). Evalhate the performance properties usmg the procedwre m AASHTO M3I20 at
the same test temperahmwes as the vorgm bmder tastedm (7.1).

Low Temperature Performance. Prapare saparate aggregate and EAP/RAS msootars with
BETFOQ aped virgm bmnder. Long term age the mortars m the PAV accordmg to (6.6).
Prepare beams for testmz m the bendmg beam rheometar (BBE) and test at the
temperatures used for the vircgm bmder.  Adpust test load m BBR bazed on test
temperature selected as shown m Table 2. All other testmg condifions as specified m
AASHTO M320 remam wnchanged.
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Table 2 — Bendng Beam Eheometer Test Loads m mlY.

[ Test Temperamre FAV FAV
L] Bmder Mortar

0 980 980

-6 980 1980

-12 D80 2080

-18 D80 3980

-4 980 4980

73 The testmg procedurss, evakmation parameters, recommended temperatores and

deviations from AASHTO M3 are summanzed m Table 3.

Table 3 — Summary of Test Proceduwre and Deviations from AASHTO M320 for Mortar Gradmg

Recommended Test | Device and Test Deviations from AASHTO MJ320

Temperatures Parameters Virgin Aggregate RAPRAS
_ _ _ Asphalt Mortar Mortar

Low T Bendmg Beam . .

PGLT+10°C, PG | Rheomster (BBR). Adyust ﬁh“d for different test

LT+16°C $(60), m(60) b

Intermediate Dynamie  Shear

Tenperature Fheometer (DSE), Mone

PGIT, PGIT+3°C | G*smd Nome

High Tenperatre — | Dynamie Shear

Short Term Aped Bheometer (DSE),

PGHT, PGHT+6°C | G*/smd Increase DSE. testing gap fiom

theh Tenperatme — | Dypame Shear lmm to 2nmm

Un-aged Fheometer (DSE),

PGHT, PGHT+6C | G*/smb

8. CALCULATION AND INTERPRETATION OF RESULTS

8.1 Data Analysis. The test data availlable after completion of Section 7 provides sufficient

mformation to estmate the effect of recyeled binders on virgm binder performance
properties and to create a blendng chart that establshes the relationship between
%oRecycled Bmder replacement vs. change m bmder contmmous grade.

82 Esnimating the Impact of RAS/RAP on Virgin Binder Contimious Grade

821 Determme the contmuous grade of the virgm asphak binder using the anabysis procedure
specified m ASTM DT7643.
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822

823

824

8.3

8.31
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Compare the performance of the RAP/EAS and aggregate mortars at each testng
temperature to estimate the performance properties of the recycled asphalt bmder. The
only difference between EAP/RAS aggrezate mortars 15 the presence of the recyeled
bmder, therefore any differences i performance are assumed to be due to the recycled
bmder. The difference m performance between the FAP/EAS and agzregate mortars for
a grven performance property ata given test temperature 1= defmed as (5,). Is
necessary to measure &y, at both test temperatures.

Property RAP/RAS Mortar
Property Aggregate Mortar

Mote: To mamtam agreement with ASTM D7346 by, vakes must be caleulated using a
Ioganthmie seale for all properties except the BEE m-valse. Use an anthmetic scale to
calkeulate by, for the m-vahie.

Eq(1) b1y =

Calculate the average change m performance across both testng temperatures (Op,p)
using Equation 2.

Eqi2) Sgap

Where,

Bpep = Average change m performance property due to the presence of recycled binder m
the RAP/RAS mortar.

o = Change m performance property due to the presence recyeled bindsr m the
FASFEAP mortar at PG testmg temperature 1.

bps = Change m performance property due to the presence of recyeled bmder m the
FAS/TEAP mortar at PG testng temperature 2.

_ (51-1}1-{5”:'
2

Muliply the EAP sheft factor (Ggap) by the virgm bmder performance property of mterest
at each test temperature to determune the effect of blendmgz of the reclameed FAP or BAS
bmder with vrgm bmder. Caleulate the blanded bindar contmuous grade nsing the
procedure detadled m ASTM D7643.

Estimaring the relationship berween %eRecycled Binder Replacement and Change in
Blended Binder Continuous Grade

The analyss method provides two pomts of reference for estimatmg the rate of change m
contmmous grade due to replacement of vwgm binder with recycled bmder, the
contimous grade of the virgm bnder (0% bmder replhcemeant) and the estmated
contimous grade of the recycled bder blended with the vorzm bmder (x% bmder
replacement). The “ebmder replacement m the blended bmder depends on the asphalt
contertt of the recyeled material used and the total bnder content of the RAP/RAS
mortar. Based on these pomts of reference the rate of change n contimous grade =
represented by the slope of the Ime, provided m Equation 3.

) __ {EstBlended Binder C.G—Virgin Binder CG.)
Eqi3) Rate of Change in C.G.= -

Where,
Bate of Change m C.G. = Rate of vzgm bmder grade change per percent bmder replaced.
[*C/% replacement]
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Estmoated Blended Bmder C.G. = Estmated blended bmder contmeons grade [°C]
Vigm Bmder C.G = Virgm binder contimuous grade [*C]
ERacveled PBE: Percent bnder replacemsent [%a]

832 Equation 3 15 appheable to any performance property m the igh, mtermediate, and kowr
SuperPave gradng temperature regimes. In addifion the Imear relationship = appheable
to any quantity of recyeled bnder replacement through use of mterpolation or
exirapolation

8.4 An example of the caleultion 15 provided m Appendse X2,

9. REPORT

9.1 Virgin Binder Propernics

9.1.1 SuperPave performance properties as measuwred accordmg to AASHTO M320 at hugh,
miermeadizte and low test temperatwas.

912 Comtmmeous grade of virgm bmnder as determmed by ASTHM DT643.

92 Mortar Propertics

921 Rechmmed Bnder Replicement (See Appends X1.1) m mortar.

922 Blended bindar confmuons grade as determmed by ASTM D7643.

923 BEate of change n contmmous grade due to the presence of recyeled bmders ("C/2:Bmder
Beplbcement).

10. PRECISION AND BIAS

10.1 Adherence to precision and bas statements of ASTM D 6648-08 — Standard Test Meathod

for Determmng the Flexural Creep Stiffness of Asphalt Bmder Usmg the Bending Beam
Fheometer and ASTM D 717508 — Standard Test Method for Determme the Rhaological
Properties of Asphalt Bmder Usmg the Dhvnamoe Shear Eheometer has been found to be
acceptable. Ongomg testmg = bemg completed to further characterize precision and bias
of the proposed procedure.
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APPENDIX
X1. EXAMPLE MORTAR MIXTURE DESIGN CALCULATIONS
X1l Mortar Mix Design. The followmg cakeulations are an example of mortar mechare desizn

cakulations parformed to determmne the approprizte materml proportions for the mortar
samples. However, other methods of desizn are possible.

BAP/TFAS mortar samples are prepared accordmg to (6.4.1). The followme eguations are
valid for RAS mateniaks and EAP/FAS material blends, with the only admstment bemg
the K, asphalt confent. The mertar total asphalt content AC, ., and percent bmder
replacement ACg, » are cakeulated from the followms two equations:

AP+ R100,4:) + VB
(RAPs ac) I* 100
RAP;+ VE |

Mortar Total Asphalt Content: ACroralrar fas =

RAP;+ R100,. ]
- = 100
AP+ B100,4:) + VE |

Reclaimed Binder Replacement: ACgup = {LR

Whera,

AC usspmas RAPTAS Mortar total asphalt content [%5]
ACzap: Percent RAP/FAS bnder replacement [%5]

F APy Sieved By RAP/RAS matarial quantity [2]
E100s0: B100 EAPTFAS asphalt content [%3]

VB: Vagm bmder quantsty at prescribed level of agme [z]

Agsragate mortar samples are prepared accordmg to (6.4.2). Here, the nser will only
control the quantsty of burned Fo0 aggregates, as the procedure requres that the total
bmder content matches that of the RAP/EAS mortar. Tomeet this requrement the
ACrotal-rapRas ¥ RAF

1 — ACtaeai-RAPiRAS

Where,
BAP g Quantity of buned By RAP aggregates requred for aggregate mortar [g]

VB =

The Agpregate Mortar total binder content AC, . 4515 then be exprassed as

AL, —( J 100
Y S
total-AM RAP, VE

And

ACyapar-am = ACiarar-papinas

Mote that for the previous equation to be tue, the quantity of vmgm bnder requmed for
the Agpregate Mortar will be greater than the quantity used m the EAP/RAS mortaras m
thes mortar a portion of the virgm binder (at the prescribed agmg condition) = replaced
with recycled bmder.
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EXAMPLE BLENDED BINDER CONTINUOUS GRADE
CALCULATIONS

Esnimation of Blemded Binder Confinuwons Grade. The followmg caleulations are an
example of caleulations wsed to estimate the blanded bnder comtmuous grade and the rate
of change m contimous grade (rate of mprovement) of the virgm bindsr. The
cakulations are shown for low temperatwre gradmg but the methodology remams
unchanged for performance at other gradmg temperatires.

An example set of low temperature testresults 15 gven m Table 32,1,

Table X2.1 — Example Low Temperature Testmg Results

Binder Replacement in 256
RAPRAS Mortar
Test Temperature, “C -12 -18
Average BER Parameter Average BER Parameter
Test Specimen Stiffness S(60) Stiffness S(60)
MPa m-value MPa m-vakue
PAV Aged Virgin
Bid 160 0343 283 0316
[ FAPRAS Mortar 1075 0263 1790 0.233
Agerepate Mortar 675 0324 1180 0.278

The low temperatwe stiffness contmons grade of the PAV aged wrgm bmder is first
cakulated followmg ASTM D 7643 as:

Logyo(5.) — logyp(5;)
logya(5:) — loguel5i)

Te:l"1+( ){r,—r,)—m

Whera,

T Contmuous grading temperature, [*C]

T): Lower of the two test temperahwres, [*C]

S, Specification requrement for stffness; determmed at the respectne PG pradmg
temperature [log MPa)

Sy Test result for the stiffness at Ty [log MPa]

Sy: Test result for the stffness at T [log MPa]

T.: Higher of the two test temperatures, [*C]

The low temperahme m-vale contmuons grade of the PAV aged vagm bmder = then
cakubated followmg ASTM D 7643 as:

m, — m
Te=T, +[:’—1) (Ta—T)—10
Mz — My
Where,
ny: Specfication reqorement for m-vahe; determmed at the respectire PG gradng
temperature

my: Test result for the m-vahie at T

10
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m,: Testresult for the m-vale at T,

For the test results presented m Table 321, the vegm bmder contrmous grade 1=
calkulated to be:

Stiffness Conttmous Gradmg Temperature -39+
m-vahie Contmuous Gradmg Temperatore  -32°C

Caleulate fgap accordmg to 8.2.3. The caleulation & shown m Table 322 for the data
set goven above.

Table X2.2 — Calculation of &par

Test
Temperature, "C 12 18
Average BER Parameter Average BER Parameter
Test Specimen [~ giiffness S(60) Stiffuess S(60)
MPa m-value MPa m-value
BEAP/RAS Mortar 10V 0.263 1790 [{REE]
Apgregate  Mortar 1] 0324 1180 0278
log(1075] — [0.263 _ 7 Tog(1790) 0.233
By log(675) |0.324 log(1180) 0.278
= 1.07 = 1.06 =0.834
1.07 + 1.U6 0812 + U.834
Dgap 2 2
=1.07 = 0.823

The blendad bindar properties are then estimated by muliphing Gp4p and the PAV

aged vrpm bmder properties. Note that Sgas & muftiplied by the loganthm of the
stiffniess bat the arthmetic m-vale. The resultz for the data set are shown below.

Table X2.3 — Calculation of Estmated Blended Bmder Properties

Test Temperature, °C -12 -18
Average BER Parameter Average BER Parameter
-'I'est Specimen I—;‘{E ﬁﬁms P— sﬁﬁ_.:;;a 5(60) - vale
FAV Aged Viegn 220 0.343 245 0316
Ej&‘;ﬁ;ﬁf 235 0.282 262 0.260

The blendad bindar contiuous grade is estimated usimg the formmlas gren m ASTM D
7643 and shown above wsme the estimated blended bmder properties. For the test
results presented above, the blanded bindsr contmuous grade 5 caleulated fo be:

11



Stiffness Contmoous (Grading Temperature
m-vahe Contimows Gradmg Temperature

-25°C
-17.6°C

The rate of change m contimons grade doe to replcement of vicpn bmder with
recycled bmder. Is caleulated accordmg to 8.3.1 as:

=g —25) — (—29
0.18 P'B'R:{ 5159;: }
And
‘:l[: —_ i —_— =
g ={ 17.6) — (—32)
PER 2554

The more conservative of the two rate of change mmmbers for desizn, m this case
example, the 0.38°C/PBE for the m-vakse represents the most extreme change m
properties, and thus controls bnder replacement kevek. An example of the blendmg
chart that = generated from this analysis and the sensiwaty of S(60) and m(60) to bmder
replacement & provided m Fizure 1. Inthe fimwe, dashed Ines represent portions of the
chart that were extrapolated.

25
= -
g 20 T
F
3 -
215
E _E /
<
U 10
5 it
u % | | |
0 10 20 30 40 50
Recycled Binder Replacement (% )
= Change in C.G.- 5(60) ===Change in C.G. - m(60)

Figure X2.1 — Change in Contimous Grade based on S(60) and m(60) with Increasing Recycled Binder

Eeplacement.
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