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ABSTRACT

The objectives of this research effort focused on the oxidative aging of binders with high
recycled asphalt materials. A coordinated program of forced-draft oven aging experiments
was conducted on eleven sorts of binder blends including three different types of base
binders from TX, NH, and NV, two different types of recycled material (RAP/RAS), and
two different types of recycling agents (RA). Implementing the Fourier-Transform Infrared
Spectroscopy (FT-IR) and Dynamic Shear Rheometer (DSR) isothermal frequency sweep
tests, the oxidation kinetics and rheological performance were determined for the
evaluation materials. Results indicated that the oxidative aging rates were influenced by
the aging temperature, duration, base binder type, as well as the utilized asphalt modifier,
i.e. recycled materials and RAs. It was also noted that the RAs reduced the overall stiffness
in the investigated stages of oxidation. However, differential aging rates and hardening
susceptibilities were observed between the RA and RAP/RAS additions to each of the three
bases, noting that these differences were not consistent with the type of RAS, i.e. MWAS
or TOAS. Additionally, the base binder aging properties due to the addition of the recycled

material was highly influenced by the RA dosages within each blend.

Furthermore, the binder blend oxidative aging predictions at binder specific geographical
location indicated that using the recycled materials along with the RAs at the optimum
dosage, according to the proposed methodology, was able to restore the binder blend

properties to the virgin binder.



The influences of the recycled material and RAs on the PG 64-28P base binder were also
investigated through the binder PG grading and mortar testing. Consistent directions for
the influence of the evaluation materials were observed within both procedures, suggesting
the capability of the mortar procedure in characterizing the effects of RAP and RA

materials on virgin binder without the use of chemical extraction.

The Uniaxial Thermal Stress and Strain Test (UTSST) was also conducted on the PMFC
and RPMLC specimens of the NV field project to investigate the influence of the high
recycled material and RAs on the asphalt mixtures. Through consideration of the thermo-
viscoelastic properties, marked differences in the binder oxidation were noted between the
experimental factors. Typically, decreases in the viscous response of the mixtures as well
as increases in both the stiffness and brittle behavior were observed with aging and also
inclusion of the recycled material. Although the addition of the RAs to the recycled
mixtures indicated some extent of properties restoration, crack initiation and fracture were

observed to occur in significantly warmer temperatures compared to the virgin mixture.
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CHAPTER 1 INTRODUCTION

1.1 General Introduction

Conservation of natural resources is gaining more attention these days due to global
environmental and economic issues on earth. The asphalt pavement industry has
considered implementation of recycled pavements in hot mix asphalt (HMA) since early
1900 due to dramatic increases in the cost of asphalt binders. However, most of states
department of transportation (DOTS) in the United States limit the use of recycled material
including recycled asphalt pavement (RAP) and recycled asphalt singles (RAS) in asphalt
mixtures to less than 30%. This is due to potential concerns with the variability of the
recycled materials and the long-term performance of asphalt mixtures that contain these

materials.

One of the solutions to mitigate the performance and construction issues while using
recycled materials in hot mix asphalt was initiated in early 1970s and 1980s, which
considered the use of a recycling agent. Recycling agents are a type of chemical additives
that are deemed effective in alleviating the high stiffness of asphalt mixtures with high
recycled materials while improving the cracking resistance and workability of the mixtures
(Tran et al., 2012; Mogawer, et al. 2013; Im and Zhou, 2014). These ecycling agents are
required to be compatible to the base binder, resistant to bleeding, while to at least maintain,
if not improve, the mixture resistance to rutting. Guidelines were developed by Epps et al.

(1980) and, more recently, Copeland (2011) to ensure the restoration of the binder rheology,



proper production, handling and construction of hot mix asphalt when using the recycled

material along with the RAs.

1.2 Objective of the Study

This study was conducted as a part of on-going National Cooperative Highway Research
Program (NCHRP) project in an effort to thoroughly investigate and quantify The Effects
of Recycling Agents on Asphalt Mixtures with High RAS and RAP Binder Ratios. The
primary objective of this research is to evaluate the oxidative aging behavior of the asphalt
binders as it is influenced by the high RAP and RAS content and RAs. Since current
practice generally limits recycled binder ratios to 0.3 or less, the scope of this research
encompasses asphalt binders and mixtures prepared with RAs and RAS, RAP, or combined
RAS/RAP at recycled binder ratios between 0.3 and 0.5. The performance of binders and
mixtures will be evaluated through elaborated laboratory aging and actual field project,
respectively. The result of this study will be utilized as the initial understanding of the
capability of the selected RAs at determined dosages to restore the high recycled binder

and mixture properties.

1.3 Problem Statement

This effort is focused on quantifying the effect of recycled material and RAs on the
oxidative aging characteristics of three different sources of virgin binder by itself and as a
part of asphalt mixture when is subjected to controlled isothermal oven aging and Uniaxial

Thermal Stress and Strain Test (UTSST), respectively.



First, the binder quantification will stablish the oxidation parameter of the various binder
blends to provide a comparison among different types and amounts of base binders,
recycled materials, and RAs. Once a foundation has been laid by determining the influence
of the various factors, the predicted aging behavior of the binder blends will be determined
in their corresponding environment. Finally, the influence of the recycled material and RAs
on the low temperature properties of the asphalt mixtures will be also evaluated through a

field project conducted in Reno, Nevada.



CHAPTER 2 LITERATURE REVIEW

2.1 Aging of Asphalt Materials

Binders are one of the most common materials used in the pavement industry due to their
particular viscoelastic properties. Two rheological parameters are utilized to describe
binder behavior at any temperature and loading frequency: stiffness (shear complex
modulus [G*] at high and intermediate temperatures or asphalt binder stiffness [S] at low
temperatures) and phase angle (5 at high and intermediate temperatures or m value at low
temperatures). As a result of oxidative aging, the binder stiffness increases while the phase

angle decreases (King et al. 2012).

Figure 2. 1 shows as an example the aging susceptibility of three different binders in a
black space diagram: a neat binder, a polymer modified binder with 3% Styrene-Butadiene-
Styrene (SBS) referred to as PMA, and a high polymer modified binder with 7.5% SBS
referred to as HP (Morian et al. 2015). The neat binder was used as the base for the two
polymer modified binders. The three asphalt binders were subjected to long-term aging in
forced draft ovens for various combinations of temperatures (50, 60, and 85°C) and aging
durations (ranges from 0.5 days up to 240 days). The three evaluated binders start at
different locations in Black Space and each binder has a different rate of aging from the
lower right of the diagram to the upper left. The figure also shows a damage zone where
the brittle rheological behavior causes onset and significant cracking as defined by the
Glover-Rowe (G-R) parameter of 180 and 600 kPa, respectively. The G-R parameter is a

result of the relationship between G* and ¢ from the dynamic shear rheometer (DSR) test



that has been traditionally conducted at 15°C. The aforementioned cracking thresholds for
the G-R parameter (i.e., 180 and 600 kPa) are to correlate to ductility values of 5 cm and 3
cm that were reported by Kandhal (1977), respectively. It was originally defined by Ruan
et al. (2003) before it was reformulated for more practical use by Rowe (2011) in a
discussion by Anderson et al. (2011) as the Glover-Rowe (G-R) parameter, or

G’/(n’°/G’)/6 = G*- (cos 6)¥(sin 3), where all rheological properties are referenced at 0.005

rad/s and 15°C.
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Figure 2. 1. Binder Rheology Due to Aging

Each data point plotted in Figure 2. 1 represents a specific asphalt binder aging condition
(i.e., combination of temperature and aging duration). It is anticipated that the lower the
G* and the lower the 8, the less susceptible a binder is to long-term aging. In addition, the
steeper the slope between G* and 9, the less susceptible the binder is to long-term aging.
In other words, a steep curve located closer to the left side of the chart indicates lower
susceptibility to long-term aging. The data presented in Figure 2. 1 show that the HP

modified asphalt binder is the least susceptible to long-term aging, followed by the PMA



binder, while the neat asphalt binder is the most susceptible to long-term aging.
Furthermore, the data show that the neat asphalt binder was the first binder to reach the G-
R cracking criterion of 600 kPa after about 170 days of oven aging while the PMA and HP
modified asphalt binders lasted, respectively, for about 190 and 230 days before reaching

the same failure criterion.

Recently, a new binder parameter called ATc, has been introduced for evaluating age related
cracking potential. It is defined as the numerical difference between the low continuous
grade temperature determined from the Bending Beam Rheometer (BBR) stiffness criteria
(the temperature Ts where stiffness, S, equals 300 MPa) and the low continuous grade
temperature determined from the BBR m-value (the temperature Tm where m equals
0.300).The AT. was first proposed by Anderson in 2011 to measure the ductility loss of
aged asphalt binder as part of a study examining relationships between asphalt binder
properties and non-load related cracking (the study focused on finding a parameter to
explain block cracking in airport pavements). . A negative value of ATc (Ts-Tm) indicates
the controlling role of the relaxation properties of the binder at low temperature, i.e. m-
controlled. Anderson et al. (6) verified the satisfactory correlation of ATc with ductility and
G-R in several laboratory and field investigations. They also proposed that a value of -
2.5°C and -5°C for ATc would correlate to the same cracking thresholds discussed in G-R
parameter, i.e., onset and significant cracking, respectively.

From the construction point of view, oxidation stiffens the binders in asphalt mixtures
during refining, production, construction, and in-service, i.e., changing the molecular
structure of the binder through chemical reactions with oxygen. This phenomenon reduces

the binder phase angle and its stress relief capability. In fact, through the chemical reactions,



the oxygen atoms add to aliphatic carbon atoms attached to aromatic rings to form
functional groups called carbonyls and water via extraction of hydrogen atoms. As a result,
the ketones and organic acids are produced which are highly polar with strong associations
through Van der Waals forces with other active polar sites in the binder. Suh reactions
increase the apparent molecular weight and associated increase in stiffness and are known

as the predominant cause of binder embrittlement due to aging.

2.2 Recycling of Asphalt Materials

Among many types of recycled materials that are routinely used in asphalt mixtures in the
United States, the RAP material are the most often ones used in the asphalt industry. The
use of RAS in asphalt mixture has recently received more attention since this type of
material contains larger amounts of binder, usually 20 - 30 percent binder by total weight
(Zhou et al. 2012). The two main types of RAS that can be recycled in asphalt pavements
are Tear-off Asphalt Shingles (TOAS) and Manufactural Waste Asphalt Shingles (MWAS),
which are shingles removed during re-roofing or roof removal projects and waste during
the manufacturing process, respectively. It should be noted that MWAS has traditionally
been preferred over TOAS for several reasons including better known composition of
MWAS, fewer contaminants, lower amounts of deleterious or harmful material in such as
wood, nails, and asbestos, and the stiffer binder in TOAS compared to MWAS due to in-

service exposure of the roof to the environment (Zhou et al. 2012).

Several studies have shown that asphalt mixtures containing 10 to 30 percent of RAP
content, which is commonly used in US asphalt industry, perform as well as virgin asphalt

mixtures. While State DOTs and contractors are continually looking for incorporating



greater amounts of recycled materials into asphalt mixtures, higher RAP content mixtures
(i.e., 30 percent and higher) have indicated an increase in rutting resistance along with a
decrease in cracking resistance (Shah et al. 2007; Li et al. 2008; Hajj et al. 2009; West et
al. 2009; Hussain and Yanjun 2012; Valdés et al. 2011; Mogawer et al. 2012; Mogawer,

Austerman, et al. 2013; West and Marasteanu 2013).

Recently, the use of RAS has received more attention in the asphalt paving industry since
this type of material contains larger amounts of binder, usually 20 to 30 percent binder by
total weight (Zhou et al. 2012). It is noteworthy to mention that the MWAS have been
preferred over TOAS for several reasons including fewer contaminants by the deleterious

or harmful material in such as wood, nails, and asbestos, more stiffened asphalt in TOAS.

2.3 Degree of Blending Between Virgin and Aged Binders

The current standard specification for Superpave volumetric mix design, AASHTO M323,
considers the assumption of full blending between the virgin and aged binders during
asphalt mixture production resulting in a homogenous blend. However, the actual degree
of blending in most cases is partial (Coffey et al. 2013; Kriz et al. 2014), and no available

standard method currently exists to determine the exact degree of blending.

In an effort to better explain the level of blending between the virgin and recycled material,
Kriz et al. (2014) proposed four possible scenarios of virgin-aged binder contact quality
(due to mechanical mixing) and blending (due to diffusion) in mixtures, shown in Figure
2. 2. These scenarios imply the complex process of the blending between the virgin and
aged binder. On the other hand, a step-by-step blending protocol method based on binder

master curves was suggested by Booshehrian et al. (2013). The binder master curves were



shifted using the Christensen-Anderson model and further utilized to determine the degree
of blending of different RAP plant-produced mixtures containing multiple RAP contents
lower than 40 percent. The results indicated an overall good degree of blending for the

evaluated mixtures.

In another study on the mixtures containing 25 percent RAP material, the impact of degree
of blending on the recycled mixtures was evaluated by Coffey et al. (2013). A negligible
effect was detected on the mixtures’ fatigue and rutting performance when the degree of
blending exceeded 85 percent (calculated based on a previous study of similar mixtures).
They concluded that when the degree of blending is high or the percentage of RAP in a
mixture is 25 percent or less, the full blending assumption will be cost-effective without

compromising pavement performance.

In summary, limited studies were conducted to quantify and assess the impact of the degree
of blending between virgin and recycled binders. Additional comprehensive investigations
are required to evaluate the degree of blending and its influence on pavement performance

for mixtures with RAP, RAS or combination of RAP and RAS at high Recycled Binder

Ratios (RBR).
(A) Poor contact (B) Poor contact (C) Good contact D) Good contact
Poor blending Good blending Poor blending Good blending

D Virgin aggregate D RAP aggregate - Virgin binder |77 RAP binder - Binder blend
Figure 2. 2. RAP-Virgin Binder Contact and Blending (Kriz et al. 2014)
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2.4 Restoring and Characterizing Binder Rheology with Recycling

Agents

According to the Asphalt Institute (1986) definitions, recycling agent is an organic material
with chemical and physical characteristics selected to restore aged asphalt to desired
specifications. The various types of recycling agents (RA) that are currently commercially

available, according to NCAT (2014a), are listed in Table 2. 1.

Rostler and co-workers at Witco/Golden Bear (Rostler and White 1959; Kari et al. 1980)
have been conducted several investigations on RAs. The main purposes for adding RAs to
asphalt mixtures with recycled materials include: (a) restore the aged binder by decreasing
the stiffness for construction purposes and mixture performance in the field; (b) restore the
recycled mixture in terms of durability or resistance to cracking by increasing the phase
angle of the binder; (c) provide sufficient additional binder to coat the recycled and virgin
aggregates; and (d) provide sufficient additional binder to satisfy mix design requirements
(Kandhal and Mallick 1997; Epps et al. 1980; Newcomb et al. 1984; Newcomb and Epps

1981).
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Table 2. 1. Recycling Agents Categories and Types (NCAT 2014a)

Category Types Description
Waste Engine Oil
(WEO)
Paraffinic Oils é\(l)at‘f(t)?nin(%:/néooé; Refined used lubricating oils
Valero VP 165
Storbit
Hydrolene
Aromatic Extracts Reclamite Refined crudg oil_ products with
Cyclogen L polar aromatic oil components
ValAro 130A
. SonneWarmix RI™  Engineered hydrocarbons for asphalt
Napthenic Oils Ergon HyPrene modification

Waste Vegetable Oil

Triglyceridesand  Waste Vegetable Grease Derived from vegetable oils

Fatty Acids Brown Grease
Oleic Acid
Paper industry by-products
: Sylvaroad™ RP1000 . . O
Tall Qils Hydrogreen Same chemical family as liquid

antistrip agents and emulsifiers

With the intention of characterizing RAs in terms of their physical and chemical properties,
Kari et al. (1980) published an early specification for RAs combining selected properties
presented in Table 2. 2 . The work was based on the characterization of 33 type of RAs
along with their blends with aged binders. The specification was developed by establishing
thresholds that would allow selecting the RA and blend that best restored the aged asphalt.
Noncompliance with the specification threshold does not necessarily indicate a poor blend,
while compliance also does not imply complete blending and full restoration of the aged

binder.

In a comprehensive effort, Shen et al. (2005) evaluated the effect of RAs on crumb rubber
modified (CRM) binders. The properties of the RAs in terms of viscosity, specific gravity,

flash point, volatility, RTFO, and saturates were analyzed. Other properties were also
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investigated by several researchers (Yu et al. (2014), Lin et al. (2014), Yu et al. 2014, Asli

et al. 2012) as presented in Table 2. 2 according to Kari et al. (1980).

Table 2. 2. Tests Used for the Proposed Specification

Functional Reason Test Evaluated
Viscosity @ 60°C, cSt
Viscosity @ 135°C, cSt

Flash point
Fire point
Rolling thin film (RTF-C),
Oven weight change
Smoke point
ASTM D 1160 distillation
Saturates, weight percent
Aniline and mixed-aniline point
Refractive index
Compositional analysis
Durability Viscosity ratio
Accounting Specific gravity 60/60 F

Grade Designation and product consistency

Handling and shipping

Volatility

Compatibility and solvency

2.5 Effect of RAs on Binders with High RBRs

The addition of the recycled materials including RAP and RAS to the virgin binders in
asphalt mixtures is expected to increase the high and low temperature grades of the blended
binder. However, a RA can mitigate the stiffening effect of the aged binder by reducing
the PG of the blended binder (Shen and Ohne 2002; Shen, Amirkhanian, and Miller 2007;

Tran et al. 2012; Mogawer, Booshehrian, et al. 2013; Zaumanis et al. 2014a).

Although the true softening procedure is not fully understood, several investigations have
been conducted on RA’s working mechanism. In general, the working mechanism depends
on the uniform dispersion of the RA within the mixture as well as the diffusion of the RA

into the aged binder, as Tran et al. (2012) has established.
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The dispersion is mixing caused by physical processes that is a function of the mixing time,
and significantly affect the RA efficiency in the asphalt mixtures. The mechanical mixing
at the plant is usually adequate to achieve uniform dispersion of the RA within the recycled
mixture, however in some cases the aged binder tends to quickly absorb any hydrocarbon-
type liquid before that liquid (i.e., the RA) is uniformly distributed throughout the mixture

(by the diffusion mechanism) (Lee et al. 1983).

Diffusion is the process where a constituent move from a higher concentration to a lower
concentration. The method of adding the RA into the recycled materials influence its
diffusion efficiency, meaning that the RA is better diffused when is added to the recycled
material before combining them with virgin binder and aggregate. However, in practice,
the RA is typically added to the virgin binder, and subsequently the blend is added to the

mix of virgin aggregate and the recycled materials (Tran et al. 2012).

2.6 RA Type and Dosage

As investigated by several researchers, not all types of RAs have a similar influence on the
chemical and physical properties of an aged binder (Little et al. 1981; Lin et al. 2011;
Mogawer, Booshehrian, et al. 2013; Zaumanis et al. 2014b). In selecting a RA for a specific
binder, it is crucial to determine the best type and composition of the RA that provide the
highest restoration level. However, it is almost impossible to state which type of RA is best
for a particular binder without testing the impact of the RA on the properties of the specific
aged binder including but not limiting to compatibility and temperature susceptibility

(Zaumanis et al. 2014a, Epps and Holmgreen, 1980; Holmgreen et al. 1982, O’ Sullivan

2011, Holmgreen et al. 1982).
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However, the most important aspect when determining the appropriate RA dosage is its
influence on binder PG restoration as well as the field performance. While low dosages are
not able to restore the recycled binder blend to that of the virgin binder, using high dosages
of RAs will soften the aged binders, which is beneficial for cracking resistance. However,
it should be noted that high dosages negatively affect the mixture resistance to permanent

deformation. Therefore, the dosage should be carefully optimized in this range.

Typically, the dosage of the RAs is recommended by the manufacturers based on historical
experiences. However, they should not be kept constant due to the particular effect of the
binder and aggregate type, source, to name but a few. Currently, although no standard
method is available, several efforts have been conducted to select an optimum binder
dosage considering the blending charts based on the viscosity and/or penetration as well as
the changes in PG due to the addition of RAs (Little et al. 1981; Zaumanis et al. 2013;
Zaumanis et al. 2014b; Yan et al. 2014, Shen and Ohne 2002; Shen, Amirkhanian, and

Miller 2007; Tran et al. 2012; Zaumanis et al. 2014a).

The minimum RA dosage is defined as the dosage to ensure sufficient fatigue resistance,
while the maximum dosage is the one to ensure enough rutting resistance. However,
determining the optimum dosage to meet both of the aforementioned concerns while
considering the cost aspect of it has been the state of interest in some research studies

(Zaumanis et al. 2014a).

In a comprehensive approach for determining the RA dosage, Shen and Ohne (2002)
considered the performance-related properties of the aged binder at the three temperature

requirements specified by the Superpave binder system. Blends of aged binder and RA at
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different dosages were tested using DSR and BBR testing at three aging conditions
including original, RTFO, and RTFO + PAV. Results indicated a significant non-linear
reduction in the G*/sin(5) and a linear increase in the G*.sin(5) upon the addition of the
RA. Similarly, on the low temperature side, the observation of the BBR results showed that
the stiffness at low temperature decreased linearly, while the m-value increased linearly

with an increase in the RA dosage.

Employing a similar approach, Tran et al. (2012) used the lowest dosage that met the PG
requirement as an optimum dosage. However, they observed a linear decrease in both

critical low and high temperature grades contrary to Shen and Ohne (2002) results.

In summary, additional research is needed to properly define the RA effect on restored
aged binder rheology and the RA dosage optimization procedure in asphalt mixtures with

recycling materials.

2.7 Degree of Binder Aging

The degree of aging of the recycled blend is one of the most influential factors that controls
and finally judges the efficiency of a sample RA in restoring the properties of the aged
binders. Shen and Ohne (2002) found the addition of a particular RA to a highly-aged
binder decreases the G*/sin(d) more quickly than for a less aged binder. Similar trend has
been also observed for low-temperature properties. Table 2. 3 represents a summary of the
comprehensive literature review conducted in the NCHRP 09-58 project on the effect of

RAs on aged binders.
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Table 2. 3. Previous Research on the Effect of RAs on the Stiffness of Recycled

Asphalt Mixtures

Authors

Main Findings

Shen and Ohne
(2002)

Properties at high temperature

The incorporation of the RA dropped the high-temperature grade
in a nonlinear relationship, where the rate of decline in G*/sind
was more rapid at lower contents (0-6%) than higher contents (6-
14%)

Although the different implemented binder sources have the
same penetration, the effect of adding the RA differed a little for
the parameter G*/sind, indicating that the source of the aged
plays a role here.

Properties at low temperature:

The incorporation of the RA decreased the low- temperature
grade in a quite linear relationship.

The extent of the stiffness decrease or m-value increase (in RBR
test) was greater in the harder-aged asphalt than the less one.

Shen,
Amirkhanian, and
Miller (2007)

The incorporation of RAs decreases the high- and low-
temperature parameters in a linear relationship.

Using test results and extrapolating the linear equation of RA
dosage and PG parameters, the optimum dosage was determined.

Tran et al.
(2012)

A linear correlation between the RA dosage and the critical high
and low temperatures of the RAP and RAS binders was
observed.

The continuous grade of RAP binder (at 0% RAP) was 141.7-
10.5. The addition of the RA dropped this PG to 120.1-22.8 and
96.9-32.5 for 10% and 20%, respectively.

RA dosage of 12% by the total weight of recycled binders was
selected as optimum dosage based on the critical low-
temperature criteria.

Mogawer,

Booshehrian, et al.

(2013)

The incorporation of 35% RAP and 5% RAS binders into the
virgin binder altered the continuous PG from 60.9-31.1 to 74.2-
25.2, and the addition of the RAs dropped this PG to 68.4-27.5,
68.9-26.5, and 69.1-26.2 for different RAs.

Zaumanis et al.
(2014a)

The incorporation of RAs decreases the high- and low-
temperature parameters in an almost linear relationship for most
types of RAs.

The incorporation of RAs decreases the intermediate-temperature
parameter, but the relationship is not linear with RA dosage.
From penetration test results, RAs can reduce the penetration of
aged binders to the target level of virgin binder’s penetration.
However, organic oils require lower dosage to provide the same
effect as petroleum products.
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2.8 Summary of the Chapter

This chapter provides results of the literature review of the efforts came from diverse
viewpoints with specific objectives. Topics covered in this chapter focuses on aging and
recycling of asphalt materials, restoring and characterizing binder rheology with RAs, and

the influence of RAs on binders with high RBRs.
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CHAPTER 3 RESEARCH METHODOLOGY

An in-depth investigation of the oxidative aging of the asphalt binders requires the
application of multiple research methodologies along with consideration of specific
conditions depending upon the corresponding materials is being evaluated. This chapter is
intended to present the methodologies utilized for asphalt binder and mixture
characterization throughout this effort. The main concepts and test methods will be
discussed in detail to allow the following chapters to focus on the results analysis and

interpretation.

3.1 Asphalt Binder Characterization Procedures

A significant amount of effort was expended in this study to characterize the oxidation
properties of the various evaluated asphalt binder blends. As such, the aging stages of the
binders will be quantified with Fourier-Transform Infrared Spectroscopy, FT-IR, following
by stiffness and relaxation characterization properties including G* and phase angle,
respectively. Additional information regarding the utilized tools and software have been
explored in the following sections with detailed analyses and results presented in

subsequent chapters.

3.1.1 Performance Grading

As the primary step of the asphalt binder characterization, the performance grade of the
blends was determined in accordance with AASHTO M320 (AASHTO, 2015). The
Dynamic Shear Rheometer (DSR) and Binder Beam Rheometer (BBR) test methodologies

were utilized to determine the high and low temperature continuous grades for the material
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being evaluated. The following sections will provide a brief description of both test

methodologies as describes in the respective AASHTO standards.

3.1.1.1 Bending Beam Rheometer
The AASHTO T 313 covers the determination of the flexural creep stiffness of asphalt
binders by means of a bending beam rheometer. In this effort, the material has been aged
through Rolling Thin Film Oven aging and Pressure Aging Vessel according to AASHTO
T 240 and AASHTO R 28, respectively, to simulate the short and long-term aging
condition of the material in the actual field performance. In the next step, the evaluated
long-term aged binder blends were poured in the bending beam rheometer molds to
measures the midpoint deflection of the simply supported beam of asphalt binder subjected
to a constant load of 980 + 50 mN for 240 seconds applied to the midpoint of the beam.
The maximum bending stress and strain at the midpoint of the beam is calculated from the
dimensions of the beam, the span length, the deflection of the beam and the load applied
to the beam for loading times of 8, 15, 30, 60, 120, and 240 s. Subsequently, the stiffness
of the beam for the loading times specified above is calculated by dividing the maximum
stress by the maximum strain. At the end, the software provides the user with calculated
stiffness and the slop of the logarithm of stiffness versus logarithm of time curve in 60"
second of testing named m-value. This test is required to be conducted in at least two
different temperature to enable a linear relationship between the stiffness and m-value with
the testing temperature. The temperatures at which the 300 MPa stiffness and m-value of
0.3 are met will be subtracted by 10°C due to the time-temperature superposition, reported

as the S-controlled and m-controlled continuous low-temperature grades, respectively. The
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maximum of the two aforementioned temperatures is also reported as the low temperature

continuous grade.

3.1.1.2 Dynamic Shear Rheometer
The AASHTO T 315 test method covers the determination of the dynamic shear modulus
(G*) and phase angle (8) of asphalt binder when tested in dynamic (oscillatory) shear using
parallel plate test geometry. The method is intended to determine the linear viscoelastic
properties of unaged or aged asphalt binders in accordance with AASHTO T 240 and

AASHTO R 28 as required for specification testing described in AASHTO M 320.

In this effort, test specimens were prepared as 1 mm thick by 25 mm in diameter for unaged
and RTFO aged binders or 2 mm thick by 8 mm in diameter for PAV aged binders and
formed between parallel metal plates. One of the parallel plates is oscillated with respect
to the other at 10 rad/sec strain controlled mode so that the measurements stay in the linear
viscoelastic behavior region. The final high and intermediate continuous PG grades were
determined utilizing the resulting parameters combining G* and 6 for each binder blend at

corresponding aging level in accordance with the criteria specified in AASHTO M 320.

3.1.2 Fourier-Transform Infrared Spectroscopy Test

Fourier-Transform Infrared Spectroscopy is a widely-used technique to identify the
material composition by identification of certain molecules or functional groups and the
concentration of those within a sample, here binder sample (Smith, 2011). The fundamental
theory of infrared spectroscopy is that infrared radiation passes into the material,
meanwhile some fractions of the radiation is absorbed, and the remaining radiation is

transmitted to the material or reflected by the material surface. Consideration of the specific
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absorbed and reflected wavelength, the chemical components of the tested specimen can
be recognized. Detailed information regarding the FT-IR theoretical background can be

find elsewhere (Morian, 2014; Zhu, 2015).

3.1.2.1 FT-IR Measuring and Sample Preparation Techniques
In basic terms, there are two primary categories of FT-IR sample preparation and
measurement technique. The first method called transmission testing involves with directly
passing an IR beam through the investigated sample before being read by any detector. The
tested sample in the transmission method is required to either be mixed with a transparent
powder, contained within an IR transparent cell, or made thin enough that the IR energy
may pass completely through it. The most common material being used as a powder or cell
is potassium bromide (KBr) which, as a drawback, will readily absorb moisture from the
atmosphere and could potentially dissolve. The other method is generally known as
reflectance testing, where the IR beam is reflected or bounced off of the specimen surface
then measured by the detector. One of the common types reflectance measurements is
known as attenuated total reflectance (ATR) in which the measurement is conducted by
passing the IR beam through a crystal of high refractive index on to the surface of the
sample with a lower index. To avoid adding further variability to the experiment by using
the hydroscopic KBr, ATR spectrum of Nicolet 6700 manufactured by Thermo Scientific
Inc. was used in this study to get the infrared absorption spectrum with binder samples with

an ATR attachment.

As described, the ATR measuring technique was selected to conduct the FT-IR

spectroscopy on the binder samples. Several sample preparation methods have been tried



22

during this study to come up with a unique methodology applicable to all the various binder
blends being evaluated. The finalized step-by-step methodology with the Nicolet 6700

located in the University of Nevada, Reno can be summarized as the following:

1. Heat up 2 oz of the binder at 300°C for 5 minutes.
a. The time-temperature superposition concept is applicable for special conditions
to avoid burning binders in high temperatures.
b. The heating temperature and duration can be increased or decreased based on
the evaluated binder stiffness.
2. Fully blend the heated binder sample.
3. Let the binder cool down for one minute to avoid damaging the crystal with heated
binder.
4. Use a sharp tool to pick a small amount of binder and place it on the FT-IR crystal.
5. Cover the binder with a plastic glove to avoid asphalt binder sticking to device, and
apply a slight pressure to fully cover the crystal with the binder, then remove the
glove to avoid any contamination of the sample spectra.
6. Collect the FT-IR spectra
7. Repeat step 3 to 6 for 2 more times to collect a total of 9 spectra.
8. Clean the binder with Ethanol and wait for the ethanol to evaporate at least one

minute before starting next measurement.

Upon collecting at least three measurements and three replicates per each measurement,
the average of at least 2 measurements were used to determine the average carbonyl area

(CA) which is indicator of oxygen absorption into the binder by quantifying the growth of
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the carbonyl and functional groups. The value of CA was determined by considering a
baseline defined as the absorption level at 1,524 and 1,820 cm™. This value of CA was
determined as the area in arbitrary units, integrated between the average absorption spectra
and the determined baseline from 1,650 to 1,820 cm™ wavenumbers and the magnitude of
the growth in CA in each aging level compared to the un-aged level was utilized as an
indication of aging, i.e. CAg. Figure 3. 1 demonstrates the FT-IR spectra and the CA area
for 40hr PAV aged 64-28 binder in the specified range of wavenumbers. In addition, an

example of replicate selection for the same binder is shown in Table 3. 1.

Figure 3. 1. FT-IR Spectrum for 64-28 Example Binder

0264 1 - >

I CA area: 1650-1820 (cm™)
-' Base line: 1524-1820 (cm?)

il ) ) L
Table 3. 1. FT-IR Measurement for 64-28 Example Binder
Measurement Average Sele_cted Overall
Measurement Replicates Average
1 2 3
Replicate 1  0.554 0.542 0.537 0.544 v
Replicate 2 0.331 0.348 0.331 0.337 X 0.551

Replicate 3  0.553 0.558 0.559 0.557 v
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3.1.3 DSR Frequency Sweep Test

As previously described the DSR test in accordance with AASHTO T 315 were conducted
at a specific frequency to determine the high and intermediate continuous PG grade of the
evaluated binders. Also, similar test was utilized to test the binders over multiple
frequencies as well as temperatures while keeping the strain at a low value of 1 percent for
all testing to stay in the linear viscoelastic region. The varied test condition in terms of
temperature and frequency are indicated in Table 3. 2. It should be noted that not all the
binders were evaluated at all the temperatures and frequencies. Detailed information will

be provided in Chapter 4.

Table 3. 2. DSR Frequency Sweep Test Conditions

DSR Test Parallel Plate . Tested Frequencies
Temperature (°C) Diameter (mm) Gap Setting (mm) (rad/s)
60, 64, 70 25 1
60, 70, 80 25 1
85, 95, 100 25 0.5 0.001 to 100
46, 34, 22 8 2
15,10, 4 8 2

3.1.4 Shear Modulus Master Curves

Asphalt binder shear modulus master curve is an indication of the relationship between the
binder stiffness and reduced frequency in a referenced temperature that has been developed
from frequency sweep tests in multiple temperature. Noting that not a strict standard exists
for binder master curve construction, in this effort a rheological software package, Rhea
software version 1.2.9, was utilized perform the initial shifting of the complex shear
modulus master curves to the referenced temperature (Rhea, 2011). Inside the software, the
frequency sweep measured data will be fit into a smooth master curve utilizing methods of

“free shifting”. Subsequently, the fit of the master curve will also be determined through
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the Christensen-Anderson-Sharrock (CAS) or prony series master curve forms. The
corresponding shifting is then fit to the shift functions according to using Arrhenius,
Williams-Landel-Ferry (WLF), and Kealble functional forms according to the time-
temperature superposition principle. The term “free shifting” indicates that the master
curve data are shifted to the master curve without a predefined shape function, which is
then fit to the equation forms, i.e. master curve and shift function, as described. From a
true rheological measurement standpoint, this method, i.e. free shifting, is more desirable
rather than shifting the data to fit a particular master curve function and a corresponding
shift function. Further detail information can be found elsewhere (Morian, 2014; Zhu,

2015). Example outputs of the Rhea are presented in Figure 3. 2 through Figure 3. 7.

Sampte 10 nh_64-28 pay 40hr
Limnamie Mastercurve Tref = 600

an
4 e

Phase Angle, deg.

Legend Computed Discrete Spectrum 10
Observed Data Points— + = {95, 1/%;) |

7] '+ = Complex Modulus — = DS Fit Complex Modulus

= = Phase Angle — = DS Fit Phase Angle

LA,

By rams 5y 0 W, o Od 0 B P 700 T00 Tod Teb Tek Tor 763 Ted 7510 Tert
Frequency. rad/sec

Figure 3. 2. Example of Rhea Output, Binder Master Curve
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Figure 3. 4. Example of Rhea Output, Black Space Diagram
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Figure 3. 5. Example of Rhea Output, Arrhenius Function Shift Factors

Linssrized Arrhenius Fit, R°2 = 0.9987
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Figure 3. 6. Example of Rhea Output, WLF Function Shift Factors



28

Sample 10 nh_64-28 pas. 406r
Trer= 80 L

Kzelble modification of the ULF squation

ool I-T. _T-T,

‘5\ et =N G T T-T) G+ [T.-TJ
vhere ()= 14378, Cy=10947

Inflexion tempr. T, =24 Ref.tempr. T, =60

\ s error of fit to logay = 0.0322

Log aT

=

10 on a0 40 50 B0 70 80
T

Figure 3. 7. Example of Rhea Output, Kaelble Function Shift Factors

3.1.5 Glover-Rowe Parameter (G-R)
The Glover-Rowe (G-R) parameter was originally defined by Glover et al. (2005) as the
DSR function (G’/(n’/G”)) and reformulated for greater practical use by Rowe (2011) in a

discussion of Anderson et al. (2011) as the G-R parameter:

G-R =G’/(W’/G’)/d = G*(cos &)%/sin & Equation 3. 1
Where,
G* : Complex dynamic shear modulus;
G’ : Storage or elastic shear modulus;
n' : Storage dynamic viscosity; n1°’=G”’/ ;
0 : Phase angle;

All rheological properties are referenced to 0.005 rad/s and 15°C.

These measures have been shown to correlate well with ductility and thus cracking

resistance as well as binder oxidation levels (Ruan et al., 2003). The G-R parameter
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captures both rheological parameters needed to characterize binder viscoelastic behavior:
stiffness (G* at high and intermediate temperatures) and phase angle (8 at high and

intermediate temperatures).

However, there have also been limitations observed with the G-R parameter measured in
the DSR at intermediate temperatures, particularly when correlations were attempted with
modified binders (Glover et al., 2005). Traditionally, the DSRFn is reported as a single
point measurement at 15°C and a frequency of 0.005 rad/s (Ruan et al., 2003) as is the
corresponding G-R parameter (Rowe, 2011). It has been proposed that the original DSRFn
correlation to ductility measures (Kandhal, 1977) were based upon the Pennsylvania
climate using a PG 58-28 binder and thus have inherent assumptions. It has been proposed
that the original DSRFn and the subsequent G-R evaluation temperature of 15°C can
appropriately be considered as either a constant offset of 43°C from the low temperature
PG grade (King et al., 2012; King, 2013) or as the midpoint of the PG binder grade (King,
2013). Both interpretations yield the original 15°C evaluation temperature for the climate
and materials used in the early development of the DSRFn and G-R parameters, but will
necessitate temperature adjustment for many of the modified binders as well as binders not
matching the original PG 58-28 grade. Further investigations have been conducted by other
researchers to evaluate the concept of equal stiffness through climate specific or material
specific temperatures at which the G-R parameter is evaluated. (Hajj et al., 2016; Morian

etal., 2017)



30

3.1.6 Black Space Diagram

Black space diagram is an indication of the, G*, versus phase angle, o, at a particular
temperature and frequency as shown in Figure 3. 8. The specific temperature and frequency
is selected similar to those of the traditional Glover-Rowe parameter, i.e. 15°C and 0.005
rad/s, respectively. Each point in the black space diagram represents an aging state and
further aging moving the binder rheologically from the lower right to the upper left of the
diagram by increasing G* and decreasing d. The figure also shows a damage zone where
cracking likely begins due to brittle rheological behavior defined by G-R parameter
between 180, onset of cracking, and 600 kPa, significant cracking, that correlates to low
ductility values of 5 to 3 cm, respectively. These limits were previously related to surface

raveling and cracking by Kandhal (1977).

Figure 3. 8. Black Space of Glover-Rowe Parameter at 15°C for PG 64-28 Base

Binder
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1.E+01

G*|(kPa) [15°C, 0.005 rad/s]
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3.1.7 Low Shear Viscosity (LSV)

Zero shear viscosity (ZSV) is an important rheological indicator of asphalt binder to
represent the capability of asphalt mix to resist the shear deformation at high temperatures
as well as the rutting resistant properties of asphalt binders. However, zero shear viscosity
is a theoretical concept and there is no practical methodology to test the asphalt binder at
zero shear rate directly. As a result, the low shear viscosity (LSV) at 60°C and 0.001 rad/s
was utilized instead of the ZSV. To determine LSV, the complex viscosity (G*) is plotted
as a function of testing frequency. This plot creates a clear plateau in complex viscosity
with lower frequencies as presented in Figure 3. 3. The definition of LSV is essentially
when the response is purely viscous, i.e. the elastic response is very small, but not exactly

zero. More details can be found elsewhere (Morian, 2014).

3.2 Mortar Testing

The mortar terminology is allocated to the blend of the binder and R100 aggregate, i.e.
passing sieve #50 and retained on sieve #100. Mortar testing is performed based on the
draft standard procedure (AASHTO T-XXX-12) intending to provide an estimate of
original binder performance grade change rate when it is blended with recycled material.
It also eliminates the hazardous and time-consuming chemical extraction and recovery
process as well as the associated issues with the solvent remaining in the recovered
binder. As described in the draft standard, three samples including one virgin binder and
two void-less mortar samples with identical gradation and identical total binder content
are prepared. One of the mortar samples contains a percentage of recycled binder

(referred to as RAP mortar or RAS mortar) while the other one is made of only the virgin
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binder (referred to as aggregate mortar); thus, any difference in properties between the

mortar samples is attributed to the percentage of recycled binder used in the mortar

sample. The three samples are tested at low, intermediate and high critical Superpave

temperatures according to the standard performance grading procedure. The rate of the

grade changes due to the addition of the recycled binder in the mortar samples are then

calculated for each critical temperature allowing for the estimation of true PG at desired

recycled percentages. Figure 3. 9 to Figure 3. 11 demonstrate the results of the mortar

test procedure for the PG 64-28P baser binder for the three critical temperatures.

Comprehensive
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analysis are provided in Chapter 7.
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Figure 3. 9. High Temperature Properties for PG 64-28P (a) Original (b) RTFO
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3.3 Binder Extraction and Recovery Test

As a primary step in characterizing the recycled binder blends, the AASHTO T164
standard procedure is employed to extract the recycled binder from recycled material
following with the recycled binder recovery according to ASTM D5404. It should be noted
that the extraction solvent utilized in this study was not the same as the recommended
solventin the AASHTO standard, i.e., trichloroethylene. In fact, trichloroethylene had been
noted to stiffen the rheology of binders even upon full recovery of the solvent. This was
proved by several different tests including DSR, FT-IR and Gel Permeation

Chromatography, done by Glover at the Texas A&M University (Morian, 2014).

As a summary of the effort, approximately, 1,000 g of the RAP material was subjected to
a chemical solvent blend including 85% of Toluene and 15% of Ethanol for at least 5 times
to extract all the recycled binder from the RAP material. In parallel, the recovery procedure
was conducted on the solution of the extracted recycled binder and solvent to remove the
solvent form the binder. In this procedure, the solution is distilled by partially immersing
the rotating in a heated oil bath while the solution is subjected to a partial vacuum and a
flow of nitrogen gas. Also, an extra step was added to the standard recovery procedure to
make sure all the solvents are distilled from the solution. In practice, when no more solvent
was distilled from the solution, the remaining material in the container was exposed to
theoretically zero vacuum pressure and 65mmHg Nitrogen pressure for 2 hours. Then, as
the final step, the container was placed in an oven to gather the remaining binder, subjected

to testing as required.
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3.4 Optimum RA Dosage Selection

For specific combinations of various base binder and recycled binder from RAP/RAS,
recycling agents might be utilized to restore the binder blend properties to that of a
preselected target binder. In practice, low RA dosages will fail to provide the mixture with
sufficient fatigue and thermal cracking resistance. Conversely, high RA dosages will be
costly and potentially detrimental to the rutting performance of the mixture, especially
during its early life. Therefore, determining an optimum dosage to meet both of the
aforementioned concerns as well as cost issues has been the state of interest in several
research studies (Shen and Ohne 2002; Shen, Amirkhanian, and Miller 2007; Tran et al.
2012; Zaumanis et al. 20144a, high-temperature PG grade; Zaumanis et al. 2014a). These
approaches include using binder blending charts based on viscosity and/or penetration or
employing the PG system by evaluating the changes in the binder PG due to the addition

of an RA. However, no standard method is currently available for RA dosage selection.

The most recent methodology for optimum RA dosage selection is presented in NCHRP
09-58 2" Interim Report (Epps et al., 2016). This methodology evaluates the binder PG
results of the intended binder blend at multiple RA dosages, and then provides
recommendations regarding the RA optimum dosage with respect to the PG high and low
restoration. The last updated version of the step-by-step RA optimum dosage selection
methodology based on the efforts conducted in the on-going NCHRP 09-58 project is as

follows:
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= Plot original high temperature continuous PG grade (PGH), RTFO PGH, S-
controlled low temperature continuous PG grade (PGL), and m-controlled PGL
values versus RA dosage,

= Establish linear regression equations for each value versus RA dosage,

= Select initial RA dosage rate in 0.5% increments to restore target binder PGL using
the limiting (warmer) PGL regression line,

= Check PGH at initial RA dosage versus target binder PGH using limiting (colder)
PGH regression line,

= If required, increase/decrease RA dosage in 0.5% increments to meet target binder

PGH while maintaining target binder PGL.

According to the proposed methodology, a comprehensive example of the RA dosage
selection procedure for the 64-28P base binder blended with 30% NV RAP binder ratio
and a pre-determined aromatic extract named A2 is presented in Table 3. 3 and Figure 3.

12. Subsequent results and discussions are provided in Chapter 7.

Table 3. 3. Binder PG Grade Results

. Low-
_ ngh-T_emperature Temperature
< Continuous PG .
o = Grade (°C) . Continuous
. S g Intermediate-  p Grade (°C) Final
Binder e g Temperature ATc  Conti
Blend < B8 Continuous PG ° ° ontinuous
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o o Grade (°C) .S . B
é Original RTFO w5 E S
[ [
8 8
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Recycled 15 72.5 70.6 175 -31.6 -29.2 -24 70.6-29.2
W/A2 (64- A2
28P /0.30 2.0 71.9 68.7 16.9 -32.2 -29.8 -24 68.7-29.8
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Figure 3. 12. RA Dosage selection for Recycled w/A2 (64-28P / 0.30 NV RAP) in
NV Field Project

3.5 Binder Aging Kinetic Parameters

Several efforts have been conducted in the asphalt industry to investigate the binder aging
behavior through several oxidation models that are summarized elsewhere (Morian, 2014).
In this study, the Texas A&M methodology that has been developed under the direction of
Dr. Charles J. Glover and his research team is utilized to characterize the CA growth as a
function of aging duration. The FT-IR spectroscopy has been employed to measure the
binder oxidation level in this specific methodology. As previously described, the CA
measurements are computed, from the OMNIC software, as the area, in arbitrary units,
between the absorption spectrum and the magnitude of the absorption at 1,524 to 1,820 cm’
! as the baseline and between the wave number of 1,650 and 1,820 cm™. As the next step,
the oxidation measures in each aging temperature are plotted as a function of aging duration.

Figure 3. 13 presents an example of the oxidation plot for the PG 64-22 binder utilized in
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this study. Each single point on the figure is the average of at least two FT-IR
measurements, noting that each measurement is the average of three replicates. Historically,
two separate constant oxidation rates are observed within each binder named as fast and
constant oxidation rate, ks and ke, respectively. The Arrhenius relationship as a function of
the inverse of the aging temperature and the gas constant R, Equation 3.2, is then utilized

to formulize the oxidation rates separately.

1.2
§ 1.0
5
= 0.8
E O A Base (64-22) 60C
5 0.6 < Base (64-22) 85C
2 © [1Base (64-22) 100C
(Icl), 04 Yo i
S s A
2 0.2 A A
@)
0.0
0 50 100 150 200
Aging Duration (day)
Figure 3. 13. Example of Oxidation Kinetic Measurements
a _F‘"‘/ .
rca = AP% /RT Equation 3. 2
Where:

rca: rate of carbonyl area, CA, growth, either kror Ke;
A: pre-exponential factor;

P: absolute oxygen pressure during oxidation, atm;
a: reaction order with respect to oxidation pressure;
Ea: activation energy, J/mol;

R: ideal gas constant, 8.3144621 L/mol.°K;
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T: temperature, °K.
Finally, the two oxidation rates can be combined into one relationship describing CA as a

function of aging time and duration, presented in Equation 3.3:
CAy =M=+ (1—e™™') + Kt Equation 3. 3

Where:
CAg: carbonyl area growth (CA-CAo);
CA: carbonyl area;
CAo: original or tank CA measurement;
M: initial jump, magnitude of fast rate reaction in terms of CAg;
ks: fast rate of CA growth;
ke: slow or constant rate of CA growth;
t: time, days.
As an example of the application of Equation 3.3 is shown in Figure 3. 14, clearly
representing the fast and constant oxidation phases as well as the predicted aging path over

three different temperatures and multiple aging durations for PG 64-22 base binder.

12 , -
T 10 /
g = t J A Base (64-22) 60C
5'5_0'8 o Base (64-22) 85C
%0-6 e e e e e B P [IBase (64-22)_100C
004 My’ P Lo
S 02 %A/ 5T

0.0

0 50 Aging Dlio&tion (day)150 200

Figure 3. 14. Example of Fast and Constant Oxidation Kinetic Measurements and
Predicted Aging Path
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3.6 Binder Hardening Susceptibility

One of the most significant parameters in characterizing the binder oxidation properties is
hardening susceptibility (HS) which originally relates the binder stiffness with aging.
Historically, the LSV and CA from the FT-IR measurements were utilized as an indication
of the binder stiffness and aging, respectively. The corresponding HS is a linear

relationship between the LSV and CA mathematically defined by Equation 3.4.

Innyg=HS*CA+m Equation 3. 4

Where:
No: low shear viscosity of the asphalt binder;
HS: hardening susceptibility, slope of relationship;
CA: carbonyl area, arbitrary units - unit less;

m: intercept of log ny and CA relationship.

In this study, the HS relationships were also determined with respect to G-R parameter as
a binder stiffness parameter. However, in this case, not all the HS relationships were
verified to have a linear relationship (especially in the case of a polymer-modified binder).
Similar to the two phase kinetic relationships described previously, two separate fast and
constant HS rates were also noticed in the G-R hardening susceptibility plots; therefore, a
non-linear, two phase equation was developed to mathematically formulize the relationship
between the G-R parameter and CA. Equation 3.5 represent the most recent update of the
equation. Also, Figure 3. 15 indicates the binder HS measures and predictions for PG 64-
28 with both the linear and non-linear equations, in which the latter equation seems to

represent a more robust fit.
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Equation 3. 5

G-R: Glover-Row parameter (kPa) @ 15°C and 0.005 rad/sec

G-Ro: Initial Glover-Row parameter (kPa) @ 15°C and 0.005 rad/sec

CAgy: Carbonyl area growth;

kg fast rate of G-R growth

k.: constant rate of G-R growth
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Figure 3. 15. Hardening Susceptibility of the PG 64-28 Base Binder for G-R

Parameter

3.7 Mixture Testing

The UTSST methodology was utilized in this study to evaluate the low temperature

characteristics and performance of the asphalt mixtures. This test investigates the thermo-

viscoelastic (i.e., stiffness-temperature relationship) and fracture properties of asphalt as

well as their stiffness-temperature relationship. As a result, a stage of comparison will be
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provided among the mixtures with various modifications and additives including recycled
material and recycling agents, as presented in several recently conducted studies

(Menching et al., 2014, Alavi et al. 2013, Morian 2014).

3.7.1 UTSST

Uniaxial Thermal Stress and Strain Test (UTSST) has recently been developed through
enhancement of the traditional Thermal Stress Restrained Speciemn Test (TSRST) setup
that measures thermal stress build-up under a constant cooling rate in a restrained prismatic
mixture specimen until fracture. The UTSST test allows reliable and repeatable
measurements of thermal stress and strain from restrained and unrestrained asphalt mixture
specimens resulting in Thermo Visco-Elastic Properties (TVEP) determination. In this
study, the UTSST specimens were obtained from Superpave gyratory compacted (SGC)
specimens of the reheated plant mixed laboratory compacted or field cores with a lift
thickness of at least 65 mm. More detailed information regarding the test setup and sample

fabrication can be found in the literature (Alavi et al., 2013, Hajj et al., 2013).

Figure 3. 16 presents the layout of the UTSST apparatus. The restrained and unrestrained
specimens were subjected to a cooling rate of 10°C/hr starting from an initial temperature
of 20°C, to measure the thermal stress and strain, respectively. Detailed information
regarding the effect of cooling rate on UTSST results can be found in literature (Alavi and
Hajj, 2014). In this effort, a minimum of two replicates for the restrained specimen were
tested for the evaluated mixture, noting that the same unrestrained specimen was tested
twice, once for each of the corresponding retrained specimen replicate tests, to obtain the

corresponding thermal strain.
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Figure 3. 16. Uniaxial Thermal Stress and Strain Test (UTSST) Setup

The developed stiffness-temperature curve relationship and thermal build-up stress curve
(Figure 3. 17a, Figure 3. 17b) indicate five typical stages of material behavior. A brief
description for these behaviors is described in the following. Further information regarding
the thermo-viscoelastic properties and the stiffness-temperature relationship can be found
in the literature (Alavi et al., 2013; Hajj et al., 2013; Morian, et al, 2014; Alavi and Hajj,

2014; Menching et al., 2014, Alavi, et al., 2015).

Viscous softening: At this stage, the UTSST modulus of the asphalt mixture increases
rapidly, mostly in a linear fashion, with decreasing temperature. The point of viscous flow
can be identified as the temperature at which the second derivative of the UTSST modulus

with respect to temperature reaches zero on the warmer temperature side.

Viscous-glassy transition: At this stage, the glassy properties of the material become more
dominant over the viscous properties. The transition stage can be detected as the point at
which the second derivative of the UTSST modulus with respect to temperature reaches a

maximum.
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Glassy hardening: At this stage, the behavior of the asphalt material is almost completely
glassy. The glassy hardening stage can be identified as the point at which the second
derivative of UTSST modulus with respect to temperature reaches zero on the colder

temperature side.

Crack initiation: At this stage, micro cracking occurs in the specimen due to the induced
thermal stresses when the material behavior is glassy or brittle. This stage is identified as
the maximum value of the UTSST modulus as seen in Figure 3. 17b. An instantaneous
decrease in the calculated UTSST modulus reveals that the asphalt mixture specimen is no
longer uniform as a result of initiation of micro cracks in the specimen, i.e. discontinuities

with in the cross section of the specimen.

Fracture: At this stage, the asphalt mixture specimen breaks due to the propagation of
micro cracks as a result of the induced thermal stresses as depicted in Figure 3. 17. It should
be noted that other researchers have also observed that mixture failures in the TSRST do
not always exhibit clear brittle fracture (Pucci et al., 2004). They observed a reduction in
the slope of thermal stress curve prior to ultimate fracture. This behavior was referred to as

the initiation of micro cracks.
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(b)
Figure 3. 17. (a) Measured Thermal Stress and Strain; (b) Calculated UTSST
Modulus and Associated Characteristic Stages

Detailed information regarding the thermo-viscoelastic properties calculation can be found

in ASTM 2016.

3.7.1.1 Coefficients of Thermal Contraction

As an additional thermo-volumetric property of the asphalt mixtures, the thermal
contraction strain of the unrestrained specimen caused by constant cooling rate was fitted
with the proposed model presented in Equation 5.1 (Bahia, 1991). The solver function for

the Microsoft Excel was utilized to solve the equation for the unknown parameters.
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Figure 3. 18. Determination of Thermo-Volumetric Properties From Thermal Strain
Measurements

E&n =1, =
0

(T—Tg) R(CTC[-CTCQ)
] } Equation 5. 1

C+CTC,(T—T,) + ln{[l +e ®

Where:

A

l—l: relative change of length or thermal strain;
0

C: fitted intercept;

CTCi: liquid coefficients of thermal contraction;

CTCy: the glassy coefficients of thermal contraction;

Tg: glass transition temperature (determined by the intersection of the two
linear portions of the curve with respect to the CTCgy and
CTC,, i.e., above andbelow Tyg);

R: the parameter representing the curvature between the two linear
asymptotes;

&+ thermal strain

T: temperature (°C).
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3.7.1.2 UTSST Resistance Index

Additional investigations of the UTSST measures have recently been developed to evaluate
the cracking resistance of a particular asphalt mixture through a single parameter. This
resistance index value, identified as CRlurss, is determined through calculations of the

measured thermal stress and thermal strain plots presented in Figure 3. 19.

o;- Fracture Strength
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Thermal Strain (mm/mm)
Figure 3. 19. Thermal Stress and Strain Plots Indicating CRIuytsst Parameters
The CRIlutsst, formulated by Equation 5.2, combines specific aspects of the thermal stress
and strain relationships with the thermo-viscoelastic property regions to present an overall

understanding of the mixture behavior.

Ay AP
Ay+A;( 1+ ~+ _ _
CRIyrssT = ((o:TV/:Al) Ap+Al) Equation 5. 2
F
Where:

CRIlutsst: UTSST cracking resistance index
Av: area of viscous behavior, i.e. area of stress-strain to viscous

softening
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A area of crack initiation, i.e. area of stress-strain from viscous
softening to crack initiation

Ap:  area of crack propagation, i.e. area of stress-strain from crack
initiation to ultimate fracture

oct: thermal stress at glassy transition

OF. thermal stress at fracture

In this configuration, the larger values of the CRIutsst denotes increased levels of thermal
cracking resistance. For example, a given mixture with a limited resistance to crack
propagation, i.e. low Ap, may still show higher levels of CRIutssT, if the mixture has a high
level of crack initiation resistance, i.e. Ai. Similarly, the cracking resistance of a mixture

would increase with larger measured fracture stress, or. However, the overall resistance

would be reduced by an elevated stress level at the glassy transition stage, ocr.



49

CHAPTER 4 AGING EXPERIMENTAL PLAN AND

SCOPE

This study covers the laboratory binder aging as well as the UTSST mixture testing portion
of the NCHRP 09-58 entitled with “The Effects of Recycling Agents on Asphalt Mixtures
with High RAS and RAP Binder Ratios”, a collaborative effort among the Texas A&M
University, the University of New Hampshire and the University of Nevada, Reno. The
overall objectives of this project are to evaluate rejuvenating agents (RA) effectiveness in
mixtures with high Recycled Asphalt Shingles (RAS), Recycled Asphalt Pavements (RAP),
or combined RAS/RAP binder ratios through laboratory testing and field projects. Noting
0.3 as a common upper limit for the recycled binder ratio (RBR) without changing the
virgin asphalt binder grade in a given mixture, the scope of the NCHRP 09-58 encompasses
higher RBR values between 0.3 and 0.5. Under this project, the performance of the binders
and mixtures containing high RBRs will be monitored with and without various RAs at
determined dosages in both laboratory and field experiments, permitting the extended
observation of the theoretical and actual material performances. NCHRP 09-58 is still on-
going and the final report is expected to be published in 2018. As previously mentioned,
this study embodies only the binder aging laboratory testing and related results as well as

the UTSST mixture testing conducted at the University of Nevada, Reno.

4.1 Material

In the binder aging portion of NCHRP 09-58 project, several binder blends have been used

to investigate the impact of various recycled materials from different sources as well as
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several rejuvenating agent types. Three binder sources from Texas, New Hampshire and
Nevada have been blended with TX recycled materials and two different rejuvenating
agents (RA), generally described in Table 4. 1. Detailed information regarding the
nomenclatures of the binder blends tested at the University of Nevada, Reno are presented
in Table 4. 2. Table 4. 2depicts the three different types of recycled materials, namely RAP,
manufactured waste asphalt shingles (MWAS), and tear-off recycled asphalt shingles
(TOAS) along with the respective blended compositions. Both of the recycled binder ratio
(RBR) numbers and the RA dosages for the binder blends have been selected by the Texas

A&M University research team through the NCHRP 09-58 project.

Table 4. 1. Binder Aging Rejuvenating Agents Properties

Category Description Name ID
i Refined crude oil products
Aromatic . A
with polar aromatic oil Hydrogreen Al
Extracts
components
Same chemical family as
Tall Qil liquid antistrip agents and Hydrolene T1
emulsifiers

As defined in Table 4. 2, the RAs have been categorized as either OPT or FLD; the OPT
is an abbreviation for optimum denoting the dosage of the RA that is able to restore the
base binder PG grades; and the FLD designation indicates the dosage used in the field
project if it were not the determined OPT value. It is also noteworthy to mention that there
are two different methods for using the RAs in recycled materials, either by binder
replacement or by addition. Binder replacement means that the RA selected dosage, 0.3
for instance, is calculated by weight of the base binder or the mixture, then the same amount

of base binder will be removed from the binder blend and will be replaced by the calculated
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amount of RA. Addition, however, indicates that the RA will be added as a percentage to
the binder blend without replacement. All the RAs in Table 4. 2 are used as a replacement.
A comprehensive list of related definitions have been provided in Chapter 3. It should be
mentioned that the RBR determination for recycled materials and dosage selection for RAs

have been conducted in the Texas A&M University.
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. ‘ Dosage by Forcedp—\d _raft Oven AF:AV
. Base Binder RAP RA ging ging
Binder 1D Type (RBR) (RBR) RA Repl(a:)%e)ment Temperature (°C)
60 85 100 100
Base (64-22) — — — — 1, RTFO,
Base w/T1 @ TX FLD!? B o T 5 65 4, 0.5, 0.08, 20,40,
(64-22 / 2.65%) ' 8, 1, 0.25 60hrs
15, 4, 0.5,
30, 8, 1,
Recycled w/T1 @ TX FLD TX PG64-22 T TX 60, 15, 4,
(64-22 /2.65% / 0.25 TX RAP, 0.25 TX (0.10) MWAS T1 2.65 100, 25, 8, —
MWAS) ' (0.20) 120, 40 15
160 days days
days
Base (64-28) — — — — RTFO,
Base w/T1 @ TX FLD 1, 20, 40,
(64-28 / 2.65%) - — M 2.65 4, 411’ 822 60 hrs
Base w/Al o o Al 5 8, 8, '1 '
(64-28 | 6%) 15, ' '
Recycled w/T1 @ OPT? NH PG64-28 T X 1 30, %g g'
(64-28/12.5% /0.25 TX RAP, 0.25 TX TOAS 12.5 60, ’ ’ —
TOAS) (0.25) g .25) 100 20 L
: days days
Recycled w/A1 @ OPT TX o Al 5 days
(64-28 / 6% / 0.40 TX RAP) (0.40)
Base (64-28P) — — — — 4, 1, 0.08, RTFO,
Base w/T1 @ TX FLD o o T1 265 8, 4, 0.25, 20,40,
(64-28P / 2.65%) ' 15, 8, 1, 60hrs
Recycled w/T1 @ OPT NV PG64-28P X X 28 ;g g
(64-28P / 11%/0.25 TX RAP, 0.25 TX TOAS T1 11 i ' :
TOAS) (0.25) (0.25) 100 40 15
days days days

1 at Texas Field dosage, 2 at Optimum dosage
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4.2 Forced-Draft Oven Aging

The binder blends defined in the experimental plan in were exposed to free atmospheric air
at multiple aging temperatures and durations, shown in Table 4. 2. Accordingly, 1 mm
thick asphalt binder films covering 140 mm diameter pressure aging vessel (PAV) pans
were utilized to age the binders in specialized forced-draft ovens with stringently controlled

temperature variation under free-atmospheric air and pressure.

4.3 Accelerated Aging

In addition to the forced-draft oven aging, a secondary aging protocol was also undertaken
with the selected binders from the NCHRP 09-58 stablished experimental plan presented
in Table 4. 2. It included short-term aged rolling thin film oven (RTFO), and 20 hour
pressure aging vessel (PAV) aging regimes as outlined in AASHTO M320. Furthermore,
prolonged PAV aging was extended to include 40 and 60 hour durations to obtain

additional oxidation levels.

The main objective of utilizing two aging protocols, forced-draft oven aging and
accelerated aging was to evaluate the appropriateness of the much reduced time durations
required for the aging practices established for the PG binder grading outline in AASHTO

M320.

4.4 Aging Experiments

The aging experiments were conducted through two binder tests including dynamic shear

rheometer (DSR) testing at multiple temperatures as well as Fourier Transform Infrared
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(FT-IR) Spectroscopy. The test methodologies are vastly discussed in Chapter 3. A brief

explanation regarding the test conditions are summarized in the following sections.

4.4.1 Binder Grading

As the primary step in the binder characterization, all the binder blends in the two aging
methodologies were graded according to the established procedures for PG binder grading
AASHTO M320, standard specification for performance graded asphalt binder. Rather
than the typical high, intermediate and low temperature continuous grades, an additional
parameter, ATc, was also determined as the difference in the continuous PG grade of the
binders based upon the respective limits of 300 MPa stiffness (S) and 0.30 m-value. The
current version of the ATc parameter subtracts the stiffness or S-controlled temperature
from that of m-controlling temperature. Thus, a positive value of ATcindicates a grade that

is stiffness controlled, while a negative value represents an m-controlled condition.

4.4.2 Dynamic Shear Rheometer (DSR) Frequency Sweep Test

The DSR test was conducted on each specific binder samples after aging at corresponding
temperature and duration. In general, each binder sample was tested at three different
temperature ranges including high, intermediate and low noting that high temperature
testing range varied through the different base binders. Table 4. 3 represents a summary of

the test conditions applied to each respective binder blend during the DSR measurements.

4.4.3 Fourier Transform Infrared (FT-IR) Spectroscopy
The chemical characterization of the binder composition was identified through the

identification of certain functional groups investigated through FT-IR measurements using
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an attenuated total reflectance (ATR) attachment as detailed elsewhere (Woo et al., 2008;
Alavi, 2014) for each specific binder as a function of aging temperature and duration. A
minimum of three replicate FT-IR spectra measurements were used to determine the
average carbonyl areas (CA), which is an indicator of oxygen absorption into the binder by
quantifying the growth of the carbonyl functional groups. The value of CA was determined
by considering a baseline defined as the absorption level at 1,820 and 1,524 cm™. This
value of CA was determined as the area in arbitrary units, integrated between the average
absorption spectra and the determined baseline from 1,650 to 1,820 cm™. Detailed

information regarding the FT-IR measurements has been descripted in Chapter 3.



Table 4. 3. Dynamic Shear Conditions

DSR Temperatures (°C)

) High Intermediate Low
Binder ID Temperature Range Temperature Range Temperature Range
Q) °C) (°C)
60-64-70 | 60-70-80 | 85-95-100 46-34-22 15-10-4

Base (64-22) X X X
Base w/T1 @ TX FLD

(64-22 / 2.65%) X X X
Recycled w/T1 @ TX

FLD

(64-22/2.65% / 0.25 TX X X X
RAP, 0.25 TX MWAS)

Base (64-28) X X X
Base w/T1 @ TX FLD

(64-28 / 2.65%) X X X

Base w/Al

(64-28 / 6%) X X X
Recycled w/T1 @ OPT

(64-28/12.5%/0.25 TX X X X
RAP, 0.25 TX TOAS)
Recycled w/A1 @ OPT

(64-28 / 6% / 0.40 TX X X X

RAP)

Base (64-28P) X X X
Base w/T1 @ TX FLD

(64-28P / 2.65%) X X X
Recycled w/T1 @ OPT

(64-28P / 11%/0.25 TX X X X

RAP, 0.25 TX TOAS)

56
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4.5 Summary of Binder Laboratory Testing

Figure 4. 1 depicts an abbreviated demonstration of the binder aging method and testing in
this study. Starting from the top, the recycled binders were obtained through extraction and
recovery from the determined recycled materials at Texas A&M University. The aging
process started at the University of Nevada, Reno upon receiving the recycled binders by
blending them with the corresponding base binders according to the matrix shown in Table
4. 2. The binder blends evaluation then continued to the oven aging in each respective
temperatures and durations described in Table 4. 2. At last, the aged binders were taken
out of the ovens at each specific duration and subjected to FT-IR and rheological

measurements. Results are discussed in detail in Chapter 5.

Binder Extraction

Figure 4. 1 Flowchart of Binder Ag



58

CHAPTER 5 AGING TEST RESULTS AND DATA

ANALYSIS

The test methodologies of Chapter 3 have been applied to the materials defined in Chapter
4 through the described experimental plan in Chapter 4. The main objective of this chapter
IS to present the aging characteristics of the various pre-determined binder blends and, as a
result, provide an evaluation of the impact of the recycled materials and recycling agents

utilized in this study.

The pre-defined binder blends were exposed to forced-draft oven aging and PAV aging
protocols with multiple temperatures and durations completed through the two experiments.
First, the Fourier-transform infrared (FT-IR) spectroscopy data is used to stablish the level
of the oxidation within each binder at a specific aging time and temperature; second, the
dynamic shear rheometer (DSR) presented the binder samples rheological frequency sweep
measurements to develop the dynamic shear modulus (G*) master curves and rheological
parameters. Ultimately, the results of the first and second steps were combined establishing
the hardening susceptibility (HS) of the binder blends. The two methods of laboratory
aging, i.e. forced draft oven aging and PAV aging, have been compared at the end to

investigate the potential difference between these aging methods outcomes.

5.1 Forced Draft Oven Aging
This section discusses the results of the forced-draft oven aging for the various binder
blends with respect to the FT-IR and DSR measurements. Three different base binders from

TX, NH and NV were blended with various recycled materials and/or recycling agents
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proceeding with aging over multiple temperatures and durations. After the corresponding
aging time, the binder samples were subjected to FT-IR and DSR tests to measure the
oxidation level and kinetic parameters, respectively. Table 5. 1 shows the summary of the

forced-draft oven aging experimental plan that has been previously described in Chapter 4.

5.1.1 Oxidation Kinetics

The oxidation levels of the binder blends were quantified through the determination of the
carbonyl area (CA) from the FT-IR measurements. According to the experimental plan
described in Chapter 4, all the binder samples at their respective aging temperatures and
durations were tested using the Nicolet 6700 infrared spectrometer supplied by Thermo
Fisher Scientific Inc. at the University of Nevada, Reno. For the sake of accuracy, a
minimum of three replicates were measured for each binder sample to provide at least two
close measurements. The value of CA was determined by considering a baseline defined
as the absorption level at 1,820 and 1,524 cm™. This value of CA was determined as the
area in arbitrary units, integrated between the average absorption spectra and the
determined baseline from 1,650 to 1,820 cm™. The procedure then continued with
averaging at least two of the closest measurements within each sample and utilizing the
result number into the oxidation models that have been described previously in Chapter 3.
The CA raw data measurement for each specific binder sample is presented in Appendix

B.
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Table 5. 1. Binder Blend Utilized in Forced Draft Aging

Forced-draft Oven Aging

_ (day)
Binder ID Temperature (°C)
60 85 100
Base (64-22) 1,
Base w/T1 @ TX FLD 4, 0.5, 0.083,
(64-22 / 2.65%) 8, 1, 0.25,
15, 4, 0.5,
TX 30, 8, 1,
Recycled w/T1 @ TX FLD 60, 15, 4,
(64-22 /1 2.65% / 0.25 TX RAP, 0.25 TX MWAS) 100, 25, 8,
120, 40 1
160
Base (64-28)
Base w/T1 @ TX FLD 1,
(64-28 / 2.65%) a, 411’ 0602853’
Base w/Al 8, 81 '1 ’
NH (64-28 / 6%) 15, 15’ 4’
Recycled w/T1 @ OPT 30, 25’ 8,
(64-28 /12.5% / 0.25 TX RAP, 0.25 TX TOAS) 60, 40’ 1é
Recycled w/A1 @ OPT 100
(64-28 /6% / 0.40 TX RAP)
Base (64-28P) 4, 1, 0.083,
Base w/T1 @ TX FLD 8, 4, 0.25,
NV (64-28P / 2.65%) 15, 8, 1,
30, 15, 4,
Recycled w/T1 @ OPT 60 o5 3
(64-28P / 11% / 0.25 TX RAP, 0.25 TX TOAS) 10(’) 40’ 1é

In this study, the main focus of the FT-IR measurements was on the growth of the CA
measures rather than considering the individual measurement outright. The carbonyl
growth, CAg, is represented as the difference between the measured CA at a given aging
condition and the original CA measurement of the asphalt binder otherwise known as
CArTank. The justification of this modification is to provide a comparison mode among the
various binder blends containing different components. The addition of the highly oxidized

binders in the recycled materials greatly increased the CA of the corresponding recycled
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binder blend compared to the base binder. As shown is Figure 5. 1. a, a significant rise in
the CA measurements can be observed due to the addition of 0.5 RBR along with T1 to the
64-28P base binder. However, normalizing the CA measurements with respect to the
CArank permits the capture of the effect of aging within each binder blend without involving
the initial effect of the additive components, namely the recycled materials. The normalized
aging paths in 85°C aging temperature for the two aforementioned binder blends is

represented in Figure 5. 1. b.

4.0

3.5

3.0
o 25 Base (64-28P)
5 20
5 15
S 10 —=—Recycled W/T1 @
S os OPT (64-28P / 11% /

0.0 0.25 TX RAP, 0.25

' TX TOAS)
0 5Aging Dur&ﬂon @ 85°&5(day) 20
(a)
16

5 14
8
= 12
§ 1.0 Base (64-28P)
CE0.8
<5
L,c,i 0.6
5 0.4 —=—Recycled w/T1 @ OPT
- 0.2 (64-28P /11%/0.25
5 ' TX RAP,0.25TX

0.0 TOAS)

0 20

5Aging Durf}gon @ 85°é5(day)
(b)

Figure 5. 1. Aging Path in Comparison in 64-28P Base Binder Blends (a) Based on CA (b)

Based on CAg
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The primary step for evaluating oxidation rate is through FT-IR measurements of carbonyl
formation at each aging temperature over the respective series of durations. The oxidation
model parameters were then determined by fitting these plots at each oxidation temperature

to the kinetic model presented by Equation 5.1.

CAg =M= (1 —e™®) + k.t Equation 5. 3
where,
CAg: carbonyl area growth (CA-CAv);
CA: carbonyl area;
CAo: original or tank CA measurement;
M: initial jJump, magnitude of fast rate reaction in terms of CAg;
ks: fast rate of CA growth;
kc: slow or constant rate of CA growth;

t: time, days.

Figure 5. 2 through Figure 5. 4 show example plots of the PG 64-22 base binder blends. In
these plots, the CAg measurements and predicted curves resulted from the kinetic
prediction model are indicated by single symbol and dashed lines, respectively. The CAg
is highly dependent upon the aging temperature with separate fast and constant oxidation
rates is observed within each temperature path. Similar plots for other binder blends are

provided in Appendix B.
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Figure 5. 2. Oxidation of Base PG 64-22 after 60, 85, and 100°C Oven Aging
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Figure 5. 3. Oxidation of Base PG 64-22 w/T1 @ TX FLD after 60, 85, and 100°C Oven
Aging
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Figure 5. 4. Oxidation of Recycled w/T1 @ TX FLD (Base 64-22) after 60, 85, and 100°C
Oven Aging
Additionally, as observed the duration of the fast rate is getting much shorter than the
constant rate as the temperature increases; this phenomenon is consistent with the
chemistry principle-Arrhenius Reaction Function previously discussed in Chapter 3 and
Equation 5.2. The oxidation kinetics parameters are the fast and constant oxidation rates,

ks and ke, respectively, and are commonly represented by the Arrhenius relationship as a

function of the inverse of the aging temperature and the gas constant R, as shown below:

_Ea .
I‘CA = APae /RT EquatIOn 5 4
Where,

rca: rate of carbonyl area growth (CAQ), either ks or k;
A: pre-exponential factor;

P: absolute oxygen pressure during oxidation, atm;

a: reaction order with respect to oxidation pressure;

Ea: activation energy, kJ/mol;



65

R: ideal gas constant, 8.3144621 L/mol.°K;

T: temperature, °K

Considering this study was conducted in Reno, the value of o and P were selected as 0.27
and 0.164 (atm), respectively. The focus of the current study will be based upon the
oxidation rates (ke and kr) as a function of the inverse of the aging temperature multiplied
by the gas constant R, 1/RT, as represented in Figure 5. 5 through Figure 5. 7. These
parameters can be considered as a direct indication of the rate of the long-term oxidation
rate, e.g. units of CAg/day. Obviously, the higher the temperature the lower the 1/RT value.
The AP“and Ea terms from Equation 5.2 for the oxidation rates, both kf and kc, were fitted

in Equation 5.1 and determined through a solver function in Excel software.

Detailed comparisons regarding the influences of addition of recycled material and/or RAs
within each base binder blends are made in this section; it will be followed by an overall
comparison through the summary table of the kinetic parameter values presented in Table

5. 2 for all the binder blends used in this study.

Observations of Figure 5. 5. a indicated that the addition of T1 to the 64-22 base binder did
not change the rate of oxidation noticeably at each of the respective aging temperatures,
i.e., 60, 85, and 100°C corresponding to the 1/RT values of 0.36, 0.34 and 0.32, respectively.
However, the addition of 0.50 RBR of recycled material including 0.25 RAP and 0.25
MWAS along with 2.65% of T1 to the blend of base 64-22 and T1 RA increased the
constant rate of oxidation to a higher value. It should be noted that the 2.65% is not the
optimum dosage of the discussed binder blend; the optimum dosage refers to a dosage that

is able to restore the recycled binder blend PG grades to those of the base binder. In addition,
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the temperature dependency of the recycled blend, i.e., the slope of the oxidation rate versus

1/RT known as Ear or activation energy, was found to be lower than the other two binders.

Similar comparisons can be also made for the fast oxidation rate, ks, within the various base
binder blends. As shown in Figure 5. 5. b the addition of the T1 to the 64-22 base binder
slightly reduced the value of the kr over the aging temperature range; however, no change
in the temperature susceptibility, or the slope, was observed. In contrast, the recycled blend
indicated a significant increase in both of the oxidation rates magnitude and temperature

susceptibility compared to the other binder blends.

The aforementioned variations in oxidation rates magnitudes and temperature
susceptibilities are summarized in Table 5. 2. In overall, not a constant trend was captured
among all the kinetic parameters by the addition of the recycled materials or/and T1 RA
except a pronounced increase in the oxidation rate values, ks and ke, due to the addition of

the 0.50 RBR recycled material along with 2.65% of T1.
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|y = 1E+09e75% |

— 1E+09e-75.69x A Basew/T1 @ TX FLD (64-22/
S 1 [yE1EH0eTe] iyl
@ = -64.42x

= 4E+
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032 033 034 035 036 037 GP Tt 0T
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Figure 5. 5. Oxidation Kinetic rates for 64-22 Base Binder Blends
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(a) Fast Rate, (b) Constant Rate

Figure 5. 6. a represents the constant rate oxidation measures of the five binder blends
containing the 64-28 base binder. At the first glance, all the binder blends, except the
recycled blend with T1, show analogous trends in terms of the constant rate oxidation with
a slight change in temperature dependency (especially in the recycled blend with Al).
Similar to previous observations in 64-22 recycled binder blend, the recycled blend,
containing 0.25 RAP, 0.25 TOAS binder ratio and T1 at 12.5, seems to have a relatively
different value of kc compared to the base binder. However, contrary to the 64-22 recycled
blend, here the magnitude of the kc of the recycled blend with T1 was lower than that of
the base binder. It should be noted that the recycled blend with T1 had the optimum dosage
rate (i.e., 12.5%) which is significantly higher than the field dosage rate of 2.65% that was
used with the 64-22 base binder blends. Additionally, the constant oxidation rate of the

recycled blend with A1, containing 0.4 RBR of RAP materials, did not show significant
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changes relative to the base binder with and without Al although having the optimum

dosage rate (i.e. 6%).

In the same way, Figure 5. 6. b shows the fast oxidation rate of the 64-28 base binder blends.
It is observed that the magnitude of the kr did not change significantly for the blends free
of the recycled materials; on the other hand, the one containing the 0.40 RBR of RAP
materials and Al at optimum dosages of 6% indicated an obvious reduction in the fast rate
values compared to the base binder and the blend with Al only. This reduction was further
pronounced with the addition of both RAP and TOAS materials as a total of 0.5 RBR and

12.5% of T1 which is the optimum dosage.

It is noteworthy to mention that the addition of either recycled materials or RAs at the
corresponding RBRs and dosages, respectively, did increase the temperature susceptibility
of the blends compared to the 64-28 base binder in both constant and fast oxidation rates.
The recycled blend with Al and the recycled blend with T1 had the highest temperature
susceptibilities among all the 64-28 binder blends in constant and fast rates, respectively.

Summary of the kinetic parameter are presented in Table 5. 2.
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Figure 5. 6. Oxidation Kinetic rates for 64-28 Base Binder Blends (a) Fast Rate, (b)
Constant Rate

Observations of the 64-28P binder blends presented in Figure 5. 7. a indicates that the
addition of the T1 at the field dosage rate (i.e., 2.65%) to the NV polymer-modified binder,
i.e. 64-28P, led to a modest reduction in the rate of oxidation at each of the respective aging
temperatures. Figure 5. 7. a also demonstrates the decreased rate of oxidation for the
recycled blend with T1 at optimum dosage compared to the base binder, but the blend with
only T1 at the smaller field dosage was quite similar to that of this recycled blend. It is also
noted that the temperature dependency of the aging rates, i.e., the Ea or exponential term,
are slightly different from each other in this data set. Specific to the constant-rate reactions,
the base binder with recycled and T1 provides the highest slope or Ea, followed by the base

with only T1 and then the base binder.
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Figure 5. 7. Oxidation Kinetic rates for 64-28P Base Binder Blends (a) Fast Rate, (b)

Constant Rate

For the sake of clarity, the kinetic parameters for all the binder blend are summarized in

Table 5. 2. General observations from Table 5. 2 are provided in the following:

The addition of T1 in 2.65% dosage to the base binder did not follow a specific

trend in any of the kinetic parameters. For 64-22 and 64-28P bases binders, the

addition of T1 reduced the fast oxidation rate, kf, while the 64-28 base binder

showed an increase in kf due to the addition of the T1. These observations were

also supported by activation energy, Ea, which is an indication of temperature
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susceptibility, and pre-exponential terms, especially in 64-28 and 64-28P base
binders. Similar trend was also observed in the constant oxidation rate, kc; however,
it should be noted that the difference in the kc terms between the base binder and
T1 blend within all the three base binders was significantly lower in comparison
with Kkf; it suggests that the T1 at 2.65% dosage was too low to be able to make a
noticeable change in the long-term aging properties of the base binders; this
conclusion is supported by considering the kinetic parameters in the Base w/Al
(64-28 / 6%) blend. The addition of the Al to the 64-28 base binder at 6% dosage
significantly increased the oxidation rates compared to the base binder and Base
w/T1 blend. In other words, noting the higher dosage of Al, i.e. 6%, the difference
in the long-term aging properties of the Base w/Al blend compared to the base
binder is relatively more substantial than the Base w/T1 blend.

The base binder aging properties due to the addition of the recycled material was
highly influenced by the RA dosages within each blend. In 64-22 base binder, the
addition of 2.65 % of T1 was not apparently able to alleviate the recycled blend
kinetic parameters to that of the base binder in either the fast nor constant oxidation
rates. However, the 0.50 RBR, including 0.25 RASBR and 0.25 RASBR, recycled
blends in 64-28 and 64-28P base binders containing T1 at optimum dosages showed
a relatively lower oxidation rates compared to their base binders; it was also
observed in the 0.40 RAPBR recycled blend of 64-28 base binder contain Al at
optimum dosage. These findings again highlight the importance and effect of the

dosage selection on the binder aging behavior.
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Table 5. 2. Summary of Fitted Relationships for Asphalt Binder Kinetics

Fast Oxidation Rate Constant Oxidation Rate

. Ea Pre- kf Ea Pre- ke

Binder Blend (kJol.mol-  exponential Al Temperature (°C) (kJol.mol"  exponential Al Temperature (°C)
) Factor, AP® 60 85 100 LeK?) Factor, AP 60 85 100
Base (64-22) 33 1.000E+04  1.629E+04  0.067 0154 0.240 75 1120E+09  1.840E+09 0002 0013 0035
Bas(eﬁ‘:l"_/;;/%’;;(%?[) 35 1.200E+04  1.955E+04 0.039 0094 0.151 76 1.357E409  2.211E+09 0002 0012 0.034
TX Recycledw/T1 @ TX
- 0,
OF;SDT(Q“R?AZP/ %gg/%( 70 9.859E+09  1.606E+10 0123 0712 1.820 64 4049E+07  6597E+07  0.003 0016 0.038

MWAS)

Base (64-28) 29 3313E+03  5.398E+03 0085 0178 0264 65 5180E+07  8.454E+07 0,003 0018 0,042
Bas(eﬁ‘;"_gg/% g;(%ELD 40 2000E+05  3.259E+05 0107 0293 0503 69 2354E+08  3.836E+08 0004 0022 0.056
Recycled w/T1 @ OPT

- 0,

(6#)(2%2\%)2.8?5/%?5 52 2748E+06  A4TTE+06 0020 0074 0.149 70 1400E+08  2281E+08 0001 0.009 0.022
NH TOAS)
Basew’gz)(e“'%/ 39 1.040E+05  1695E+05 0084 0224 0379 70 3700E+08  6.028E+08 0.004 0021 0.053
Recycled w/A1 @ OPT
(64-28 / 6% / 0.40 TX 46 7190E+05  1172E+06 0044 0141 0263 73 8101E+08  1.320E+09 0003 0.020 0.052
RAP)

Base (64-28P) 63 3464E+08  5.644E+08 0042 0205 0482 73 5031E+08  9.663E+08 0002 0015 0.041

Ba‘z’gg’f’gé %E?WE)LD 52 3000E406  4.888E+06 0021 0078 0.158 79 4709E+09  7.672E+09 0002 0.013 0.038
NV  Recycled w/T1 @ OPT

- 0,

(64-28P/11%/0.25 58 3498E+07  5.700E+07  0.033 0.140 0.304 86 5.045E+410  8.219E+10 0.002 0013 0.043

TX RAP, 0.25 TX
TOAS)

!Noting that in these studies, a=0.27 and P = 0.164 atm in Reno, A is founded specifically.
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Additional investigations were conducted exploring the relationship between the kinetic
parameters of the binder blends in fast and constant oxidation rate. As a result, Figure 5. 8
and Figure 5. 9 demonstrate a comparison between the pre-exponential factor and the
calculated activation energies between all the investigated binder blends. General
observation shows the change in magnitude from 107 to 10! and for the constant oxidation
rate which was reduced into 103 to 1010 for the fast oxidation rate. A much reduced but
similar order of magnitude from 60 to 90 and 30 to 80 were also depicted in the activation
energy for the constant and fast oxidation rates, respectively. These similar trends suggest
a relationship between the pre-exponential term and activation energy as plotted in Figure
5. 10. The existence of the relationship between kinetic parameters was previously
observed by Glover and Cui (2013) and Morian (2014).

Therefore, the plot of the pre-exponential factor versus the activation energy from the
constant oxidation rate parameters is prepared in Figure 5. 10. The linear trend line
equation in the logarithmic scale of the pre-exponential factor suggests similar values to
what had been observed by Glover and Gui (2013) and Morian (2014). As stated by Morian
(2014) regarding the Glover and Gui research, “in fact, their reported data which spanned
over a 17-year time period, 1996 through 2013, reported nearly the same relationship with
a pre-exponential factor of 0.0266 and the exponent of 0.3347”. Table 5. 3 represents the
constant oxidation kinetic parameters relationship, i.e. pre-exponential factor as function
of activation energy, reported by other researchers along with the one determined in the
current study. It should be noted that the definition of the CA calculation method
implemented by aforementioned researches is slightly different from the current study.

That might be responsible for the difference between the values presented in Table 5. 3.
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Table 5. 3. Trend line Components in the Constant Rate Kinetic Relationship

Researcher(s) Pre-exponential Factor Exponent
Glover and Gui (2013) 0.0266 0.3347

Morian (2014) 0.0204 0.3392

Current Study 0.0455 0.3206

Although currently, no practical methodology exists for using this relationship, these
findings might be a starting point for modification in the oxidation rate calculation
equations, as Morian (2014) recommended. Currently, the constant rate pre-exponential
factor and activation energy are calculated simultaneously using the solver tool in Excel
software. Further investigations are required to evaluate the possibility of the modifying
the calculation methodology, as Morian endorsed “to determine the activation energy term
from some other evaluation tool, maybe some correlation with Arrhenius shift factors may
provide additional information, but at this point in the overall research effort, such

relationships have not been developed or thoroughly analyzed”.
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Figure 5. 10. Constant Rate Binder Kinetics Relationship for All the Binder
Blends

5.1.2 Black Space Diagram

Additional analysis of the effects of oxidation on rheology has been completed at each of
the respective aging temperatures and durations through DSR measurements and
determination of the full dynamic shear modulus (G*) master curve as defined in Chapter
3. Figure 5. 11 through Figure 5. 13 present the Black Space diagram of all the binder
blends within each base binder in the experimental plan described in Chapter 4. Black
Space diagram, a plot of shear modulus (G*) as a function of phase angle (), indicates that
with aging the binder blends progress from the lower right hand corner of the diagram
toward the upper left corner; in other words, an increase in stiffness (G*) and a loss of
phase angle () that indicates the loss of flexibility and increased brittleness. It should be
noted that the measurements of the binders considered are specific to the testing conditions
of 0.005 rad/s at 15°C to maintain consistency with the original DSRFn traditionally

reported. However, some modifications to the black space effective temperature has been



78

recently suggested to make the results more binder specific; detailed information regarding
the original DSRFn and the corresponding modifications are provided in Figure 5. 1.
Furthermore, the Glover-Rowe (G-R) parameter at the established limit of 180 and
modified limit of 600 kPa are presented in the Black Space diagrams parallels to the 5 and
3 cm ductility, indicating onset and significant cracking limits, respectively. Detailed
information regarding the effects of RAs and recycled materials within each of the binder

blends in this study are provided in the following.

Initial observations of the Black Space diagram Figure 5. 11 through Figure 5. 13 indicate
the expected outcome. The younger or lesser aged binders initially starting in the lower
right corner of the diagram and progress toward the upper left corner with increased aging.
This migration across the plots indicate the loss of flexibility and increased brittleness in
the binder blends. The overall aging characteristics seem to be predominantly influenced

by the base binder.

For the PG 64-22 base binder, Figure 5. 11. a and b, there is a distinct increase in the
flexibility noted by the addition of either T1 to the base binder, as depicted by the
substantial shift to the lower right corner of the Black Space diagram. Besides, the addition
of the recycled materials also indicated a substantial reduction in the flexibility noting both
an increase in stiffness (G*) and a reduction in & for a given oxidation state despite the
addition of RA. This loss in ductility extends past that of each respective base binder for
the lesser aged conditions. This finding suggests differences in the aging rate of the blended

materials, at least so far as the rheological properties of the Black space indicate.
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In addition, considering the different blends of the PG 64-22 base binder indicated fairly
similar paths in the base binder with and without T1. However, this should not be
misinterpreted to indicate that the aged properties or more specifically the rate of
progression are the same with the blended materials. As previously mentioned, the range
or distances travelled across the Black Space diagram are substantially different between
the base and blended materials. While the addition of both the recycled material and RA,
the path is slightly different from the base binder path. When the Black Space diagram is
summarized without the data points in Figure 5. 11. b, the relationship between the blended
materials becomes clearer: the addition of the RA to the base binder resulting in a slight
reduction in the binder stiffness but also a shift to the right, or increased phase angle for a

similar stiffness.

With all the aforementioned observations taken into account, the addition of the T1 at 2.65 %
dosage along with the recycled materials in 0.50 RBR to the PG 64-22 base binder was not
able to restore the binder blend properties. It was not unexpected since the 2.65% is not

considered the optimum dosage for the recycled blend.
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Figure 5. 11. Black Space of Glover-Rowe Parameter at 15°C for PG 64-22

Base Binder (a) Completed (b) Summarized

Conducting similar comparisons is PG 64-28 binder blends depicted in Figure 5. 12. a and
b, there is some decrease in stiffness and increase in phase angle with the addition of T1 to
the base binder, but the addition of recycled materials in the recycled blend that also
includes T1 reversed this softening, and, also, significantly decreased the phase angle ()

by at least 9° leading to increased brittleness. For the recycled blend, the path across the
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Black Space diagram for the same aging temperatures and durations also extends further
(along the x-axis) than that of the base binder or the base binder with T1, which is more
obvious in the summarized Black Space diagram without the data points (Figure 5. 12. b).
For this particular recycled blend, the high 0.5 TX RBR including 0.25 TX RASBR is

likely causing the aging path to deviate from that of the base binder.

The 64-28 base binder with 6% of Al has an overall likewise behavior to the blend with
T1 only; a clear decrease in stiffness and increase in phase angle can be observed in the Al
blend compared to the base binder. However, the reduction in the stiffness is more
pronounced in base w/A1 blend in comparison with the base w/T1 blend, which might be
related to the relatively higher dosage of Al. Observations of the PG 64-28 recycled blend
including 0.40 TX RBR and A1 at optimum dosage indicated a high decrease in the phase
angle by at least 6° compared to the PG 64-28 base binder as well as an increase in the
stiffness especially at the first levels of aging. However, the addition of either Al or both
Al and 0.40 RBR to the base 64-28 binder were still observed to follow the base binder

path.
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Figure 5. 12. Black Space of Glover-Rowe Parameter at 15°C for PG 64-28
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Figure 5. 13 demonstrates the aging path through the Black Space diagram for PG 64-28P
binder blends. As previously observed with the other binder blends, all the PG 64-28P
binder blends migrated from the lower right to the upper left of the diagram getting more
brittle and stiff during the aging path. However, a distinct curvature is apparent within the

PG 64-28P binder blends suggesting a kind of fast and constant aging paths in the Black



83

Space diagram, similar to the oxidation rates, i.e. ks and kc. The fast rate covers the initial
aging durations in which a small increase in the phase angle value is accompanied by a
significant increase the stiffness. While the same rise in the phase angle value in the
constant rate area still stiffens the blend but not as much as the fast rate. However, further
investigations including more binder blends are required to exactly determine the margin

between the fast and constant rate.

Contrary to the previous observations, the addition of T1 did not significantly improve the
phase angle in the PG 64-28P base binder. This might be related to the internal interaction
happening between the polymer components of the PG 64-28P base binder with T1.
Besides, the amount of T1, i.e. 2.65%, might be too low to change the aging behavior of
the polymer modified PG 64-28P base binder. On the other hand, the PG64-28P binder
blend containing both TX recycled material and T1 at a relatively high optimum dosage,
decreased the phase angle by almost 5°C along with a relatively significant increase in the
stiffness. Furthermore, the aging path can change significantly with the addition of TX
TOAS to binder. In general agreement, the aging paths of the PG 64-28P base binder with
and without T1 are similar. When the Black space diagram is summarized without the data
points in Figure 5. 13, the relationship between the blended materials becomes clearer. For
this particular blend, the high RBR (0.50) caused the recycled blend to deviate from the

base binder path.
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Figure 5. 13. Black Space of Glover-Rowe Parameter at 15°C for PG 64-28P Base
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By comparing the range of the G* values between the unaged and highly aged binders, the
two datasets for PG 64-22 and PG 64-28 base binders can be considered fairly similar, e.g.
between the base PG 64-22 and PG 64-28. However, the observed phase angle indicates a
substantial change with the PG 64-28 and corresponding blends. Specifically, the binders
containing the PG 64-22 binder initially begin with phase angle in the range of about 70 to

80 degrees. At the most aged condition, those binders indicate & values of nearly 30° for
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all three respective binder blends. Conversely, the PG 64-28 and corresponding blends
initially exhibit phase angles two degrees higher, but end up over 40° after the same age
conditioning. This retention in & highlights the perceived benefit of utilizing the softer base
PG 64-28 binder with recycled materials. Similar investigations in PG 64-28P binder
blends led to a pronounced difference between this modified base binder and the other two
base binders and their corresponding blends. The difference is highlighted with a
comparatively low phase angle along with a reduced stiffness in the PG 64-28P base binder.
On the other hand, it should be mentioned that although the phase angle in PG 64-28P base
binder showed higher values at the initial aging durations compared to the other base
binders, it was retained in the values not higher than 40° for the measured data points.
These phenomena might be attributable to the polymer modification which previously
observed with researchers to lessen the deteriorative oxidative aging hardening effects as
well as improving elastic behavior. (Woo et al, 2007a, 2007b; Airey, 2003; McDaniel and
Bahia, 2003; Sebaaly et al. 2002, Lu and Isacsson, 1999; Glover et al., 2005, Zhu, 2015).
As another influence of the polymer modification, the PG 64-28P binder blends were
observed not to migrate to the upper right of the Black Space diagram as much as the two
other base binders. In other words, at the same aging duration and temperature in the
constant rate area, the polymer modified blends indicated a lower stiffness as well as a
lower phase angle compared to the PG 64-22 and PG 64-28 binder blends. In addition, the
PG 64-28P binder blends were observed to have higher capability to retain the phase angle
or elastic behavior before reaching to the G-R parameter thresholds, i.e. onset and

significant cracking. This was also observed previously by Glover et al., 2005.
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Considering fairly similar paths for the three base binders with and without RA, this
suggests that the overall behavior is heavily influenced by the base binder. However, this
should not be misinterpreted to indicate that the aged properties or more specifically the
evolution or rate of progression are the same with the blended materials. Specifically, the
range or distances travelled across the Black Space diagram are substantially different

between the base and blended materials.

It was further noted that the addition of the TX RAP and TX MWAS did not substantially
alter the black space aging path of 64-22 base binder with T1. Likewise, the PG 64-28
recycled blend including TX RAP and Al was still observed to follow the base binder path.
In contrast, the addition of the TX RAP and TX TOAS materials and T1 at the optimum
dosage to the PG 64-28 and PG 64-28P base binders was observed to deviate aging path
from that of the base and T1 blends in both cases. In general, it was summarized that the
differences in the base binders and the type of RAS potentially let to the difference in the

interaction of all the blended materials, resulting in the overall difference in aging behavior.

5.1.3 Hardening Susceptibility Results — Glover-Rowe Parameter (G-R)

Utilizing the DSR and FT-IR test results along with the Glover-Rowe parameter
methodology presented in Chapter 3, Figure 5. 14 through Figure 5. 16 depicts the G-R
parameters as a function of CAg for the binder blends with the additions of the recycled
materials and RAs over multiple aging temperatures, identified as the Hardening
Susceptibility (HS). The HS readily permits the direct comparison of the stiffening effect
and subsequent loss of flexibility in the materials as they age. With the binders in this

study, there are generally two rates of aging namely fast and constant, similar to what have
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been introduced in the aging kinetic parameters. The fast rate indicates the initial stages of
oxidative aging in which the stiffening and loss of flexibility, i.e. increase in G-R parameter
value, occurs relatively quickly represented by a high slope in the HS. Following the fast
rate, a decrease in the oxidative aging rate is generally observed in the HS recognized as
constant rate. Constant rate suggests a slower progress in aging although the G-R value is

still increasing.

It should be mentioned that the final version of the carbonyl area (CA) was to be calculated
as the area, in arbitrary units, between the IR absorption spectrum and the magnitude of
the absorption at 1524 to 1820 cm-1 used as a baseline. This area was integrated from
1650 to 1820 cm-1 wavenumber. To normalize the CA values on relative terms, the
carbonyl growth (i.e., CAg) was calculated by subtracting the CA at the un-aged level (i.e.,

CArank) from the measured CA at each of the aging levels.

Based on Figure 5. 14, it is evident that the addition of the RA to the PG 64-22 base binder
increased the flexibility of the binder based on lower G-R values at a given CAg during the
early stages of the aging process. However, after a certain level of oxidation, the PG 64-
22 binder modified with T1 eventually resulted in higher G-R levels, indicating increased
embrittlement relative to the PG 64-22 base binder due to aging of the RA. The addition
of RAP and MWAS material increased the stiffening level as well as reduced the flexibility
of the blend as indicated by the higher G-R level. Further, the RA at the evaluated dosage
did not seem to be effective in restoring the rheological properties at least at the early stages
of aging. However, as the aging progressed, the T1 in the blend containing both RAP and

MWAS retained more flexibility and eventually resulted in the lowest G-R parameter
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below that of either the base or base and T1 blends. It should be noted that the highest
variability in the data analysis was realized with the RAS blend, which may be related to
the limited binder availability from RAS. These issues make direct interpretation of the
results less than intuitive. Therefore, this data will be combined with the kinetics measures

specific to these binders in the aging predictions presented subsequently.
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Figure 5. 14. Hardening Susceptibility — G-R Parameter at 15°C for PG 64-22
Base Binder in Forced Draft Oven Aging (a) Complete (b) Summarized

Similar comparisons of the G-R parameter as a function of CAg for the PG 64-28 base
binder and respective blends are depicted in Figure 5. 15. It is evident that the addition of
the RA to the PG 64-28 base binder increases the flexibility of the binder resulting in lower

G-R values at a given CAg. In contrast to the results for the PG 64-22 base binder, the HS
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(slope) was relatively unchanged by the addition of the T1 and thus this RA at the evaluated
dosage was not as effective in restoring the rheology over the long-term. Similar to the PG
64-22 base binder, the addition of the RAP and RAS materials with T1 significantly
increased the brittleness of the blend, and likewise reduced the HS compared to the base.
In a similar comparison, the Al had a similar influence on the PG 64-28 base binder.
However, when combined with the RAP and RAS additions, the HS with the Al was
significantly reduced as compared to the T1 blends with either base binder. Again, it
should be noted that the highest variability in the data analysis was realized with the TOAS
blend that can highlight the arguable assumption of full or complete blending in the

recycled binder blends.
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Additional considerations for the PG 64-28P binder blends are presented in Figure 5. 16.
From these comparisons, it is evident that the addition of the T1 RA to the PG 64-28P base
binder increases the flexibility of the binder only slightly, resulting in lower G-R values at
agiven CAg. However, the HS of the two are more similar for this base binder as compared
to the other two base binders. When considering the addition of the RAP and TOAS
materials with the T1 RA, a similar response to the initial PG 64-22 binder blends was
noted. In this case, the initial reduction in flexibility observed at higher levels of G-R was
eventually overcome by the reduced HS with the recycled blend. After some level of aging,
the G-R values of the recycled blends were lower than those for either the base binder or
the blend with only T1 RA. This might suggest that the selected optimum dosage was able
to restore the aging properties of the recycled blend to some extent and prevent it from

higher levels of stiffening and losing the flexibility.
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Figure 5. 16. Hardening Susceptibility — G-R Parameter at 15°C for PG 64-28P Base

Binder in Forced Draft Oven Aging (a) Complete (b) Summarized

As an interim summary of the HS relationships, it was noted that both RAs reduced the
overall stiffness in the initial stages of oxidation. However, differential aging rates or HS
were observed between the RA and RAP/RAS additions to each of the three base binders.
Note that these differences were not consistent with the type of RAS, i.e. MWAS or TOAS.
It suggests that there are differences in the influences or interactions of the component
materials that very well may exhibit behavior of unknown magnitude and direction.
Further the complex interactions taking place appear to be very difficult to predict without
actual material blending and testing being conducted. These differential findings make it
difficult to make generalizing statements regarding the influence of any particular
component or type, e.g. RAS, RA etc. Additionally, the G-R parameter was determined at

the standard temperature of 15°C for these comparisons.
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5.1.4 Hardening Susceptibility Results — Low Shear Viscosity (LSV)

The referenced methodology described in Chapter 3 has been utilized to prepare another
type of HS results based upon the low shear viscosity at 60°C and 0.001 rad/sec as a
function of aging, again represented as carbonyl area growth (CAg). General observations
of Figure 5. 17 through Figure 5. 19 indicated apparent similarities between HS plots
conducted with G-R parameter that have been discussed in detail in previous section.
However, it should be noted that, unlike to the G-R HS plots, a linear regression through
the data points in semi-log LSV HS plots seemed to more closely represent the aging path
with a minor exception in PG 64-28P binder blends. Similar to what have been observed
with G-R HS plots in the previous section, a two-staged, i.e. fast and constant aging rates,
regression might be more reasonable to be fitted through the aging path in LSV plots for
PG 64-28P. However, since the slopes and interceptions of the LSV HS plots are required
to be used as inputs in CA prediction model that will be discussed in Chapter 6, a linear
regression in a semi-log plot was considered for all the binder blend. It should be noted
that the oxidation prediction models uses the HS relationship based upon the low-shear
viscosity (LSV) due to developed correlations between LSV and the oxygen diffusivity of
asphalt binders. For the purpose of completeness, those relationships have also been
provided. To avoid repetition, a summary of the observations of Figure 5. 17 through

Figure 5. 19 is presented as follows:

Beginning with the PG 64-22 binder blends represented in Figure 5. 17, the addition of the
T1 clearly decreased the binder viscosity compared to the base binder at the fixed

conditions of 60°C and 0.001 rad/sec, suggesting a softer binder at least at the initial levels
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of aging. However, as the aging progressed the stiffening as a result of oxidative aging
seemed to overcome the T1 softening effect and increased the low shear viscosity for the

T1 blend at the same level of aging.

The addition of the recycled material with T1 at 2.65% to the PG 64-22 base binder
highlighted the stiffening effect of the TX RAP and TX MWAS. As expected, the recycled
blend represented a significant continuous increase in the viscosity compared to the base
and T1 blend. This might suggest the rutting resistance improvement of the recycled

pavement when considering the binder aspect only.
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Observations of Figure 5. 18 highlighted the softening influence of the RAs, either T1 or
Al, on the PG 64-28 base binder viscosity with a more pronounced decrease in LSV with
T1 although at a lower dosage value. However, the softening effect of T1 and Al seemed

to become equal at the higher aging levels.

Further, the addition of the recycled material, either TX RAP only or TX RAP and TX
TOAS combination, indicated a significant increase in the viscosity of the binder blends
with a slightly higher increase in the latter recycled blend. However, noting that the Al and
T1 were used at the optimum dosages in the recycled blends, the initial stiffening seemed
to be alleviated at the higher aging levels. As presented, although the viscosity
measurements for the recycled blends started with higher values at the initial aging steps,
which is completely expected, the HS, i.e. slope of the fitted line, had a lower value
compared to that of the base binder, suggesting a slower CAg progression within the
recycled blends. It could be concluded that the addition of the recycled material to the base
binder along with the relatively high dosages of RAs especially with T1, decreased the
portion of the base binder in the blend. With a lower amount of the base binder, the aging
progressed slower than the base binder resulting lower stiffness increases at the higher

levels of aging.
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As previously mentioned, although the linear regression in the semi-log plot might not be

the ideal fit for the PG 64-28P binder blends presented in Figure 5. 19, it still follows the

overall trend of aging path, thus providing a stage of the comparison with the three different

blends. The addition of T1 at 2.65% to the base binder seemed to have a slight reduction

in the stiffness at the initial steps of aging following with a slight increase in the stiffness

at the higher CAg values. On the other hand, with the addition of the recycled material and

T1 at the optimum dosage, the summary plot showed a slight increase in the viscosity,

however, a closer consideration of the data points underrated that slight increase, indicating



96

a restoration to the base binder viscosity. This potentially might stem from a relatively high
optimum dosage of T1 along with the polymer modification effects which eventually

allowed the recycled blend to have a similar slope in LSV HS to the base binder.
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Figure 5. 19. Hardening Susceptibility — LSV at 60°C for PG 64-28P Base Binder (a)
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5.1.5 Crossover Temperature Results
Crossover modulus is defined as the shear modulus at phase angle of 45°, where the viscous
modulus (G”) and elastic modulus (G’) curves cross each other. The crossover modulus at

fixed temperatures have periodically been utilized as an aging indicator for various
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applications (Morian, 2014; Zhu, 2015). A slight modification of that methodology has
recently been considered by The Texas A&M University as a tool to confirm the optimized
RA dosage selection methodology proposed in the NCHRP 09-58 project (Epps et al.,
2017). Further details will be discussed in Chapter 6. This effort has been exploring the use
of crossover temperature, which represents the temperature of the crossover modulus, i.e.
phase angle of 45°, at a test frequency of 10 rad/s. To provide more insight on the effect
of aging on this parameter, G-R plots as a function of the crossover temperature have been

prepared for the evaluated binder blends in the current study in Figure 5. 20 through Figure

5. 22.
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=)
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Crossover Temprature (°C) MWAS))

Figure 5. 20. Correlation of the G-R with Crossover Temperature for the PG 64-22 Binder
Blends
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Figure 5. 22. Correlation of the G-R with Crossover Temperature for the

PG 64-28P Binder Blends

To begin, Figure 5. 20 clearly showed a certain correlation between the G-R parameter and
crossover temperature for all the three different binder blends with PG 64-22 base binder.
The addition of the T1 at 2.65% did not change the overall shape of the curve compared to
the base binder; however, the T1 shifted the curve to the lower left, which defines lower

temperatures and G-R parameters at the first stages of the aging. On the other hand, the
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addition of the recycled material along with the T1 shifts the curve to the upper right where

the binder has a higher crossover temperature and G-R parameter.

It should be noted that some of the less aged binder samples could not be presented in this
plot due to having a lower crossover temperature than the lowest temperature used in the
DSR frequency sweep temperature regime, i.e. 4°C. This issue was highlighted even more
in Figure 5. 21 for the PG 64-28 binder blends where more data points had been removed
inasmuch as the reduction of the crossover temperature and G-R parameters could not be
represented. However, similar to what have been observed in the PG 64-22 recycled blend,
the addition of the recycled materials, either RAP or RAS, along with the T1 or Al to the
PG 64-28 base binder, shifted the recycled blends curves to the upper right while keeping

the overall shape of the curve similar to the base binder.

Figure 5. 22 represents the G-R parameter versus crossover temperature for the PG 64-28P
binder blends where a significant number of the lesser-aged binder samples from all three
different blends could not be determined, again due to having a lower crossover
temperature than 4°C. In this case, it significantly changed the shape of the curves to have
more linear shape, acknowledging the exclusion of the lesser aged material range.
However, the true points of interest hover around the G-R limits, which were determined

and presented in the figure.

Texas A&M University research team also proposed two threshold values of 32 and 45°C
for the crossover temperature corresponding to the onset and significant G-R cracking
thresholds of 180 and 600 kPa, respectively. These values were supported with the PG 64-

22 binder blends; however, the PG 64-28 binder blends seemed to have slightly lower
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crossover temperature thresholds for the respective G-R limits. The base 64-28P binder
blends indicated slightly different ranges than the proposed 32 and 45°C proposed

thresholds.

In general, additional evaluation efforts in laboratory and field are required considering the
influence of various base binders and additives whether RAs, or recycled materials such as
RAP, RAS, or other modifying agents which may be added to asphalt binders, to explore

the potential benefits of this newly proposed limit in crossover temperatures.

5.1.6 Statistical Analysis

The linear regression analysis was utilized in this study to compare the HS within each
base binder. However, the curvilinear HS from G-R would take more careful consideration
with elaborated non-linear statistical evaluation; therefore, the HS from the LSV were
utilized for such statistical analysis. In other words, the slopes and intercepts of the linear
fits in the binder blends semi-logarithmic plots of LSV versus CAg, Figure 5. 17 to Figure
5. 19, were compared to that of the corresponding base binder. The idea behind such
analysis is to investigate if the addition of the recycled material and/or RAs could change
the aging path of the base binder. The response functions utilized in this effort and the
related methodology has been discussed in detail elsewhere (Morian, 2014; The Minitab
Blog). As a brief description, a simple linear regression model was evaluated on the binder
blends within each base binder in Minitab, and the corresponding p-values were utilized to
evaluate the level of significance in the difference between the intercept of the various
blends to their respective base binder. Also, interaction terms were introduced as the

multiplication of the binder category and the respective CAg to determine whether the
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slope of the HS differs from that of the base binder. Consequent p-values of the interaction
terms and intercepts indicated whether the null hypothesis of the equal slopes and intercepts

need to be rejected. Table 5. 4 represents the concluded p-values.

Table 5. 4. Statistical Significance of the various binder blends on LSV with CAg

Intercept Slope
. Statistical Statistical
Binder 1D Regression  Significance  Regression  Significance
P-values Compared to P-values Compared to
Base Binder Base Binder
Base w/T1 @ TX FLD 1
(64-22 1 2.65%) 0.057 NS 0.119 NS
TX Recycled w/T1 @ TX FLD
(64-22/2.65% / 0.25 TX RAP, 0.000 SH? 0.771 NS
0.25 TX MWAS)
Base w/T1 @ TX FLD 3
(64-28 | 2.65%) 0.000 SL 0.215 NS
Recycled w/T1 @ OPT
(64-28/12.5% / 0.25 TX RAP, 0.000 SH 0.218 NS
NH 0.25 TX TOAS)
Base w/Al
(64-28 / 6%) 0.000 SL 0.056 NS
Recycled w/A1 @ OPT
(64-28 / 6% / 0.40 TX RAP) 0.050 SH 0.000 SL
Base w/T1 @ TX FLD
(64-28P / 2.65%) 0.976 NS 0.041 SH
NV Recycled w/T1 @ OPT
(64-28P / 11%/0.25 TX RAP, 0.007 SH 0.055 NS
0.25 TX TOAS)

IStatistically non-significant
2Statistically significantly higher
3Statistically significantly lower

Statistical considerations of the various binder blends from Table 5. 4 indicate that the
addition of the RA only did not generally change the slope of the HS plots of the binder
blends except for the PG 64-28P base binder with T1. However, a closer look into the
Figure 5. 19 suggests the necessity of further measurements due to the abrupt jump of the
last data point in the corresponding binder blend. Additional measurements are
recommended to confirm the validity of this measurement before making a clear exception

between the overall behavior of the base binder with RAs for PG 64-28P.
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The addition of the recycled material along with the RAs at various dosages, either
optimum or non-optimum, showed a non-significant deviation from the base binder aging
path except for the PG 64-28 base binder with 0.4 RAPBR and an optimum dosage of Al.
The HS of this particular binder blend from Figure 5. 18 seemed to significantly be reduced

as confirmed with the statistical analysis.

The intercepts of the HS plots indicated a significant difference with respective base
binders due to the addition of the RAs and/or recycled material in almost all the cases. This
could be expected from the previous observations, i.e. the change in the chemical properties

and as a result the change in the viscosity of the binder blends.

It should be noted that the conducted statistical significance determinations cannot be
completely confirmed with the limited range of measurements in the current study. They
might be subjected to variation with the additional aging durations and temperature.
Therefore, additional measurement and in-depth analysis are highly recommended before

making any final conclusions on the aging behavior of the various binder blends.

5.2 Accelerated Aging

A secondary aging protocol was utilized with selected binder blends from the experimental
plan to evaluate the appropriateness of the simulated long-term aging through the forced-
draft oven aging at multiple durations and temperatures. In this regard, in addition to the
standard short and long-term aging procedures outlined in AASHTO M320, i.e. rolling thin
film oven aging and 20-hour pressure aging vessel (PAV) aging, respectively, prolonged
PAV aging was extended to 40 and 60 hour durations to attain higher oxidation levels. The

PAV aged binder blends were then evaluated with the DSR testing at multiple temperatures
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as well as FT-IR testing to determine the rheological parameters and oxidative aging level,
respectively. Table 5. 5 describes the binder blends selected for the PAV aging and
corresponding binder grading results. As observed, no recycled blends were included in
the PAV aging experimental blends. Since a substantial degree of variability was noticed
with the recycled blends evaluation, they were intentionally avoided in this procedure in

order not to add more uncertainty to the evaluation rather than the aging methodology.

Table 5. 5. Binder Blend Utilized in Accelerated Aging
Low-Temperature

Teml_;lalegrf;ture Continuous PG Grade

Binder Blend Continuous PG S °O — ATc
Grade (°C) controlled controlled

T Base (64-22) 67.3 -30.0 -25.5 -4.5

Base w/T1! @ TX FLD 62.9 -31.1 -26.9 -4.2

Base (64-28) 66.0 -28.8 -30.1 1.3

Base w/T1 @ TX FLD 62.6 -31.2 -32.5 1.3

Base (64-28P) 65.6 -34.1 -32.4 -1.7

Base w/T1 @ TX FLD 68.2 -35.7 -34.6 -1.0

1T1 added as 2.65% by binder replacement

5.2.1 Hardening Susceptibility Results — Glover-Rowe Parameter (G-R)

Figure 5. 23 presents the HS of the selected binders following accelerated aging protocols.
As described in Table 5. 5, the accelerated aging path encompassed five data points for
each specific binder blend including original, RTFO aged, 20, 40 and 60 hours of PAV
aging, noting that utilizing the CAg, the first data point representing RTFO condition would

be zero for all the blends.

Similar statements from the forced draft oven aging observations upon the addition of T1
to the base binder are also valid in the accelerated aging results. In nearly all cases, with

the addition of T1, the initial stiffness level was measurably reduced for the each of the
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binder blends as indicated by the lower G-R values. This reduction in the G-R parameter
was observed to be a combination of the reduction in stiffness but also the increase in
flexibility, i.e. increased phase angle for a given level of CAg. However, the difference was
not consistent for all three base binders, supporting the potential requirement for material
specific evaluations when any external component is added to the base binder as noted in
the longer durations aging evaluation. Similarly, the phase angle was not consistently

impacted in binder blends upon the addition of the T1.

As observed in Figure 5. 23. a and b, the PG 64-22 binder was substantially softened by

the T1, and the influence was retained over the total duration of the aging conditions.

Considering the PG 64-28P binder blends in accelerated aging conditions from Figure 5.
23. ¢, a relatively similar aging path was observed between the base binder and the base
with T1. Noting the apparent softening influence of RA with the lower values of G-R in
the base w/T1 blend, the two base binders indicated a noticeable deviation starting at 60
hours of aging. Acknowledging the higher aging rate of the PG 64-28P base binder
compared to the other based binders, the unknown interaction between the T1 and polymer
might be the reason of that significant reduction in the aging rate after 60 hours PAV aging
in the blend with T1. However, further investigations are required to insure the accuracy

of the fitting line before any final conclusions.
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5.2.2 Cracking Potential Determination

Generally, the focus of the oxidative aging studies is not limited to evaluation of the binders
as a function of aging, i.e. HS. Rather, the intent is to identify the progression of the
physical characteristics of the material toward some limiting condition, most likely some
performance related measurement to correlate with field distress predictions. Accordingly,
this section will evaluate the cracking potential of the PAV aged binders through two of

the cracking indicators previously discussed, namely the G-R parameter and ATc.

As a reminder, the G-R parameter utilizes relatively small quantities of binder at each
respective aging duration as well as a reasonably short time frame to conduct the testing.
Conversely, reliable determination of ATc values typically require bending beam
rheometer (BBR) measures including operator and material dependent variability. With
that in mind, the objective at hand is to identify if each of these testing protocol or
evaluation methodology would logically recognize potential cracking issues with a subject
binder. In other words, the intent is to determine if a reasonable correlation can be
established that would permit the identification of critical limits of cracking potential
characteristics as a function of PAV aging for the binders evaluated in this study, given the
relatively larger quantity of binder produced in shorter time durations with the PAV aging

process.

Figure 5. 24 presents the G-R parameter as well as the ATc of the PAV aged binder blends
of Table 5. 1, both as a function of the PAV aging duration. Also, the cracking limits
corresponding to each of the cracking indicators are provided to investigate the influence

of the accelerated aging on cracking susceptibility of each corresponding binder blend.
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Recall from the background information in Chapter 4, a damage zone of onset cracking

followed by significant cracking were proposed by Kandhal (8) where cracking likely

begins and progresses due to brittle rheological behavior defined by low ductility values of

5cm to 3cm, respectively. Correspondingly, the G-R parameter values of 180 and 600kPa

have been calculated. Also, Anderson et al. (6) suggested -2.5°C and -5°C as the correlation

of ATc to the same cracking limits discussed in G-R parameter, i.e. 180 and 600kPa,

respectively.
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All the binder blends presented in Figure 5. 24 were observed to follow a log-linear trend
as a function of PAV aging duration with the G-R parameter and a linear relationship with
ATc. In other words, the longer the binder was subjected to PAV aging, the G-R parameter
and ATc expectedly showed higher and lower values, respectively. As previously
mentioned, the G-R parameter were evaluated at constant temperature of 15°C and constant
frequency of 0.005 rad/s while the actual evaluation temperature utilized in the
determination of ATc varies according to the material stiffness and relaxation behavior at
low temperatures. Acknowledging the higher variability with the ATc result in all the
blends, the G-R values showed a consistent offset from the base binder upon the addition
of T1, while in case of ATc, the T1 blends were observed to deviate from the base binder
as the aging progressed. However, the amount of deviation was not consistent through the

various base binders, implying the binder specific influence of T1 on the low temperature

characteristics of the base binder.



109

Further exploration of Figure 5. 24, yielded in Figure 5. 25 representing the correlations
between the PAV durations at which the limits of ATc and G-R have been reached. As
evidence from the results of the figure, a strong correlation between the two cracking
indicators was not identifiable with any of the two cracking limits for the evaluated binder
blends. However, this was not an unexpected finding; as previously mentioned, the G-R
and ATc were measuring the binder properties at two different states of intermediate and
high temperature, respectively. In the other word, the physical characteristics of the asphalt
binder being evaluated in these parameters are dissimilar enough to not show a reasonable
correlation, even for a relatively small subset of binder with fairly similar PG grades. This
does not reduce the value of either parameter, nor the benefits of cracking parameter
evaluations. It merely indicates that the two measurement techniques observe different
characteristics of the subject binders, and thus present a more comprehensive evaluation

when both systems are utilized.
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Figure 5. 25. Correlation between Cracking Indicators
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As previously mentioned, the current practice of G-R parameter evaluation focuses on the
typical fixed temperature and frequency of 15°C and 0.005 rad/sec, respectively. However,
there have been limitations observed with the G-R parameter measured in the DSR at
intermediate temperatures, particularly when correlations were attempted with modified
binders (Hajj et al., 2016). Given that the original DSRFn correlation to ductility measures
have inherent assumptions since it was based upon the Pennsylvania climate using a PG
58-28 binder (Hajj et al., 2016; King, 2015), several researchers suggested consideration
of G-R parameter at other temperatures specific to the particular binder being evaluated.
The idea behind the temperature modification is to provide a binder specific temperature
at which all the binder blends indicate an approximate equal stiffness so that a more robust
comparison can be made among various binder blends. Subsequently, two different
methodologies were recommended for the alternative temperature selection. The first,
employed a constant 43°C offset from the continuous low temperature PG grade named
PG.low+43°C. The second, identified the midpoint of the continuous high and low
temperature PG grades as an approximation for making the comparisons at more

comparable stiffness values.

As an example of the application of temperature modification in G-R parameter, Figure 5.
26 present the required PAV time duration for each of the respective binders to reach the
G-R cracking limits, noting that the G-R parameter is evaluated at three different
temperatures namely: traditional, 15°C, PG.mid and PG.low+43 as presented in Table 5. 6.
Observations of the Figure 5. 26. a suggested that the PAV duration to reach the G-R limit
of 180kPa, corresponding to onset cracking, at PG.mid was relatively longer compared to

the other evaluation temperatures irrespective of the T1 addition. The same binders
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however, yielded quite variable results when viewed in the 15°C and PG.low+43°C testing
condition. Similar findings were also applicable to the PAV aging time results indicated in
Figure 5. 26. b. In general, it is suggested to be beneficial to further investigate the G-R
parameter for future studies to evaluate those critical limits with respect to field
performance at the more representative temperatures, particularly with modified asphalt
binders (Hajj et al., 2016). By similar reasoning, verification of the methodology should
also be sought for unmodified asphalt binders whose PG grade does not correspond to the
original PG58-28 binder grade and climate, which were originally correlated to the 15°C

testing state through ductility measures.

Table 5. 6. Temperature Modification Experimental Plan
Continuous PG Grade

Binder ID  Modification PG.mid PG.low + 43
High S-contr. m-contr.

64-22 None 67.3 -30.0 -25.5
21 21
64-22W/IT1  2.65%T1* 629 -31.1 -26.9
64-28 None 66.0 -28.8 -30.1
18 15
64-28 W/T1  2.65% T1® 626 -31.2 325
64-28P SBS 656 -34.1 324
SBS + 2.65% 18 15
64-28P W/T1 682 -357 346

T1?
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Figure 5. 26. Estimation of PAV Duration to Reach G-R Cracking Limits at (a) G-
R = 180kPa (b) G-R = 600kPa

Investigating the influence of the binder type in the PAV aging durations from both Figure
5. 26, it can be concluded that the two PG 64-28 binders, unmodified and polymer modified,
are fairly similar, with benefits noted in both due to the addition of the T1 additive. Further,

the majority of the measures on the PG 64-22 binder indicated a reduced resistance to
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cracking over the represented aging conditions, i.e. PAV duration. However, consideration
of the difference between the PAV duration to reach each of the cracking limits, i.e.
subtraction of PAV durations at G-R = 600 and 180kPa indicated Figure 5. 27, the PG 64-
22 seemed to have a longer crack propagation duration before reaching to sever cracking
zone. In other words, after reaching the crack initiation zone at G-R = 180kPa, the
flexibility was reduced with a lower rate in the PG 64-22 binder in comparison with the
other two binders. Such a discrepancy between the observations of the binder behaviors
within this limited sets of evaluated binders highlights the essence of further investigation
on the actual in-place pavement mixture specimens to properly understand what happens

in reality rather than just binder evaluations conducted in the laboratory.
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Figure 5. 27. Estimation of PAV Duration to Reach G-R Limit at G-R=180kPa
and G-R=600kPa

To continue the overall cracking resistance of the respective binders, Figure 5. 28 is
referenced to observe the thermal cracking indications as a result of the ATc measures,

again represented as PAV duration to the -2.5 and -5°C limits. From this viewpoint, the
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reduction in the time-dependent resistance to thermal cracking with the PG 64-22 binder is
dramatically evident. By similar measure, the increased benefits of the aging resistance
coupled with the more compatible binder is realized in the longer durations required of the

PG 64-28 binder.
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Figure 5. 28. Estimation of PAV Duration to Reach ATc Limit at ATc = -2.5°C and
ATc=-5°C

Therefore, as a general summary of the available evaluation techniques, the reduced
cracking resistance of the PG 64-22 binder was noted in the G-R comparison and seconded
by the ATc measures. The similarities observed between the 64-28 and 64-28P binders in
the G-R evaluation were further differentiated by the low-temperature considerations of
PAV duration. By this simplified consideration, a basic understanding of the cracking
resistance of the evaluated binders can be assessed. However, as previously mentioned,
this simple comparison does not propose to be accurate or robust aging evaluation of the
tested binders. A more comprehensive evaluation would legitimately include variations in

the in-service environment, as well as more robust considerations of the aging rates and
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subsequent rheological characteristics of the binders as a function of aging. This simple
example was intended to highlight the potential usage of the available measurement

techniques, despite the lack of reasonable correlation between the methodologies.

5.3 Comparison of Forced Draft Oven Aging and Accelerated Aging

The objective of this specific section is to compare the two aging protocols utilized in this
study, i.e. forced draft oven aging and accelerated aging, to decipher if commonly utilized
aging protocols yield the same fundamental material characteristics within each base binder
blends. In other words, the HS results presented in Figure 5. 29 through Figure 5. 31,
permits the evaluation of whether the aging process of asphalt binder is a unique process
in spite of the varied aging conditions that influence the aging history of the binder

including temperature, pressure, and time.

Specific to the PG 64-22 and PG 64-28 results presented in Figure 5. 29 and Figure 5. 30,
the more time consuming but lower temperature aging protocol, i.e. forced draft oven aging,
typically yields higher HS slopes than the higher-pressure PAV results especially at the
higher oxidation levels. Although all the four aging paths reach the onset cracking limit,
i.e. G-R =180 kPa, at relatively similar oxidation level, the noted higher HS in the forced
draft oven aging caused the corresponding paths not to go appreciably further before
reaching to the significant cracking limit. Recalling that the pan aging conditions include
60, 85, and 100°C temperatures it can be observed that the 100°C PAV aging temperature
was common between the two aging methods. Despite this similarity, the HS is still notably
different between the two aging protocols highlighting the influence of additional air

pressure and difference in binder film thickness between the two procedures.
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Figure 5. 30. Comparison of HS in G-R Parameter at 15°C between Forced Draft
Aging and Accelerated Aging protocols for PG 64-28 (a) Completed (b) Summarized

Consideration of the SBS modified 64-28P binder found in Figure 5. 31 indicated that the
HS relationship was considerably less dependent upon the two aging protocols with the
base binder. Although a fairly consistent HS relationship over the range of evaluated aging
levels was observed with the base binder, the addition of T1 cause the two aging protocols
to noticeably deviate from each other. Similar to the other base binders, the required CA
growth to reach the cracking limits were fairly similar in the two protocols except for the
T1 blend in the accelerated aging. Such an obvious deviation in this blend might be an

indication of hidden interactions between T1 and the binder components particularly SBS.
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Figure 5. 31. Comparison of HS in G-R Parameter at 15°C between Forced Draft
Aging and Accelerated Aging protocols for PG 64-22 (a) Completed (b) Summarized

In addition, general observations of the HS plots at the first three points, indicating the HS
in original, short-term aged (RTFO), and long-term aged oxidation level, showed that the
two aging protocols were representing relatively similar results. This observation might
suggest a decent correlation between the forced draft oven aging protocol with the short
and long-term aging procedures currently outlined in the AASHTO M320 with the specific
binders utilized in this study. However, acknowledging the temptation toward utilizing
higher temperatures and pressure during laboratory oxidation studies to reduce the required

aging durations, caution must be taken in the selection of PAV aging protocol in which the
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aging pressure and temperature substantially deviates from pavement sections in actual
field condition. In this case, careful evaluations are highly recommended to monitor the
oxidation progress and corresponding aging products. While a full evaluation of the
particular attributes of differing aging protocols is outside the scope of this study, proper
attention should be paid to the aging temperatures, aging durations, oxidation pressures, as
well as the quantity of asphalt binder being aged. The quantity of material is specific to
the film thickness or mass of binder that the oxygen must diffuse through to age an asphalt

binder within a study, which definitely affect the aging progress.

5.4 Summary of the Chapter

This chapter mainly focuses on the analysis of the oxidation kinetics and rheological
performance resulting from the FT-IR test and the DSR isothermal frequency sweep test.
The kinetic results indicate that the oxidative aging rate are influenced by the aging
temperature, duration, base binder type, and the utilized asphalt modifier, i.e. recycled

materials and RAS.

For the rheological performance analysis, the master curve was created by shifting the
isothermal frequency sweep data within the aid of the software RHEA (Rhea, 2011). Then
the rheological parameters, i.e. G*, phase angle, LSV, G-R (at 15°C and 0.005 rad/sec)
were implemented along with the CA measurements to provide the HS plots for evaluating
the oxidative aging and the different modifier’s effect. From both aging protocols, i.e.
forced draft oven aging and accelerated aging, it was concluded that both RAs reduced the
overall stiffness in the investigated stages of oxidation. However, differential aging rates

or HS were observed between the RA and RAP/RAS additions to each of the three base
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binders from the forced-draft oven aging. In fact, the base binder aging properties due to
the addition of the recycled material was highly influenced by the RA dosages within each
blend. This finding highlights the importance and effect of the dosage selection on the
binder aging behavior. Further, the noted differences were not consistent with the type of
RAS, i.e. MWAS or TOAS. In general, the differences in the base binders and the type of
RAS potentially let to the difference in the interaction of all the blended materials, resulting

in the overall difference in aging behavior.

Additionally, multiple linear regression analysis was conducted on the LSV HS plots to
explore the significance of variation of the modified binder blends aging path to that of the
corresponding base binders. The results indicated that the addition of the RA only did not
generally change the slope of the HS plots. Also, a non-significant deviation from the base
binder aging path were observed upon the addition of the recycled materials except for one
of the binder blends. Therefore, additional investigations were recommended to confirm
the validity of the statistical analysis measurement before making a clear differentiation

between the overall behaviors of the base binder with the modified-blends.

General observations of the HS plots showed that the two aging protocols were
representing relatively similar results. However, caution must be taken in the selection of
PAV aging protocol in which the aging pressure and temperature substantially deviates

from actual field condition.

Additionally, the evaluation of the cracking potential of the PAV aged binders through ATc
and G-R parameter did not indicate a strong correlation between the these cracking

indicators, due to the different states of material evaluation at intermediate and low
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temperature, noting the constant temperature of 15°C and constant frequency of 0.005 rad/s
for the G-R parameter. Further, the required PAV time duration for each of the respective
binders to reach the G-R cracking limits were investigated at modified temperatures of
15°C, PG.mid and PG.low+43. The results yielded to some levels of discrepancy between
the observations of the binder behaviors, highlighting the necessity of further investigation
on the actual in-place pavement mixture specimens to properly understand what happens

in reality rather than just binder evaluations.
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CHAPTER 6 OXIDATION PREDICTION

The binder blend aging predictions or oxidation modeling evaluation has been introduced
to evaluate the combined influence of both oxidation kinetics and rheological changes on
the binder characteristics with age. This effort partially stems from the highly material-
specific influence of multiple components observed through the various modes of
laboratory testing. In a general sense, the oxidation predictions are made through combined
kinetics and hardening susceptibility (HS) models driven by temperature estimation
modeling within a given pavement section at a given geographic location. A general
description of each aspect is provided below; however, more detailed explanations of the

models are best viewed in the respective literature.

6.1 Temperature Profile Prediction

Accurate pavement temperatures data at various depths of the AC surface layer and over
time are required to estimate the oxidation level of the asphalt binder. An improved model
has been developed and employed to predict pavement temperatures at various depths of
pavement (up to 3 meters below the surface) and over time. The development of the
proposed model was mainly benefited from the efforts conducted at Texas A&M
University (Han et al. 2011) and Arizona State University (Gui et al. 2007). The proposed
model requires hourly air temperature, solar radiation, wind speed, and thermal diffusivity
properties of the pavement layer materials (i.e., conductivity, density and heat capacity),
as well as monthly variable pavement surface radiation properties (i.e., albedo, emissivity

and absorption coefficients) to perform the calculation. In this particular study, the hourly
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air temperature and wind speed data were obtained from the Enhanced Integrated Climatic
Model (EICM) database while the synchronized solar radiation data were gathered from
the national solar radiation database (NSRD). Additional advancements of the prediction
methodology resulted in numerical calculations of the proposed heat transfer model are
completed using finite control volume method (FCVM) in a fully implicit scheme (Alavi,
2014). The improved time-dependent surface boundary condition accounts for a variation
in the surface radiation properties, allowing for a better simulation of heat transfer
mechanism in the pavement and thus more realistic predictions of pavement temperatures.
The discontinuity in the thermal diffusivity properties of the various pavement layers can
be handled unconditionally with FCVVM by assigning specific thermal diffusivity properties
to each control volume. The bottom boundary condition in this model is defined
independent of the pavement location by assuming a constant heat flux instead of a constant
temperature boundary condition. Furthermore, the numerical solution of the model in
implicit time scheme results in a significant reduction in the required time of calculation.
The model was validated for different LTPP sections, located in Kingman, Arizona, and
Great Falls, Montana. Details of the model components, calculation approach and
validation results are available in a separate literature by Alavi et al. (2014). Currently, the
research team at the University of Nevada, Reno, has optimized this model and developed
a stand-alone calculation tool called Temperature Estimate Model for Pavement Structure

(TEMPS) (http://www.arc.unr.edu/Software.ntmI#TEMPS). A general schematic of the

inputs has been provided in Figure 6. 1. Additionally, Figure 6. 2 presents an example of
predicted hourly pavement temperatures for one year of analysis (i.e., June 2014 to May

2015) at various depths in the AC surface layer for the NV field project location.


http://www.arc.unr.edu/Software.html%23TEMPS
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Figure 6. 2. Predicted Pavement Temperature at Various Depths of Asphalt
Mixture Surface Layer in Reno, NV Environment

6.2 Oxidative Aging (Carbonyl Area) Prediction

The evolution of oxidation represented as carbonyl area (CA) with time for the asphalt
binder at a specific depth in the pavement was predicted using a diffusion-based oxidative
aging model, which were developed at the Texas A&M University (Han et al. 2013). The

inputs for the aging model are as follows:
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= Predicted hourly pavement temperatures at the selected depth in the asphalt
concrete layer, e.i. utilizing TEMPS output.

= Asphalt binder aging kinetics (Ea and A) and hardening parameters (HS and
m).

= Asphalt binder initial carbonyl at the beginning of constant-rate aging.

= Average representative air void radius and effective aging distance (e.qg.,

asphalt binder film).

In summary, the CA values at various sub-layers in the asphalt binder film are predicted
by knowing the oxygen partial pressure at these sub-layers and the oxidative aging kinetics
of the asphalt binder. The oxygen partial pressures are estimated from a numerical solution
of a partial differential equation with age-dependent diffusivity. The oxygen diffusivity of
the binder correlates well with the low shear viscosity (LSV) of the binder. The age-
dependent diffusivity is defined by relating the asphalt binder LSV to the hardening
susceptibility properties (HS and m) of the binder. Details of the aging model can be found
in the respective literature (Han et al. 2013, Alavi 2014). The aging model can be
simplified if the gradient of oxygen pressure into the pavement depth is neglected, i.e. full
oxygen availability throughout the pavement structure. In this case, the model only
requires pavement temperature profile, asphalt binder Kinetic parameters (Ea and A) and
CAsnk. Numerical computation of the aging model is also performed using finite control
volume method (FCVM) in implicit time scheme. Oxidative aging kinetics and hardening
parameters of the model can be determined through measurements of CA and low shear

viscosity (LSV) of the asphalt binder after being aged at various combinations of time and
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temperature. The CA of the asphalt binder is measured by Fourier Transform Infrared (FT-
IR) Spectroscopy, and the LSV is determined from the complex modulus, which is
measured using the Dynamic Shear Rheometer (DSR). A general outline of the overall

process is provided in Figure 6. 5.

The use of this procedure permits the relative comparison of the evaluated binder blends
in terms of an estimated time to reach any physical measurement that can be correlated
back to the oxidation level, e.g. CA level. In this particular case, it is of interest to identify
the expected field aging specific to the two predefined G-R limits (i.e., 180 kPa and 600
kPa), which was discussed in Chapter 5, as a function of time in-service at a given
environment. Note that, while these are hypothetical aging simulations utilizing measured
chemical and rheological binder properties at a particular environmental condition; they

are valuable comparisons to be made between respective binder blends.

6.2.1 Determining Oxidative Aging (Carbonyl Area) Prediction Model Inputs
To determine the inputs for the CA prediction model, the hourly pavement temperature
profile was determined at the pre-selected depth of 0.01m utilizing the TEMPS software
discussed in the previous section. As the next step, the oxidative aging kinetics including
the activation energy (Ea) and pre-exponential factor (AP“) were determined for all the
binder blends at each respective aging temperature through the correlation between the CA
values and the aging durations; the process is widely discussed in Chapter 5 and results are

provided in Appendix B.

The HS plots of the G-R parameter as a function of carbonyl area growth were previously

discussed in detail in Chapter 5. However, a different format of the HS plots is originally
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employed in the TX CA prediction model which is the relationship between the binder low
shear viscosity (LSV) at 60°C and the corresponding CA over the range of the aging
temperatures and durations due to the dependency of the oxygen diffusion model upon the
level of LSV as a sub calculation of the overall oxidation prediction model. The HS plots
for the three base binders and their respective blends are provided in Appendix B, and
Figure 6. 3 shows an example of those for PG 64-28 binder blends. Generally, an
exponential correlation was found between the LSV and CA, and expectedly, the higher
the level of aging, the higher the low shear viscosity. Detail information regarding HS plots
interpretations can be found in Chapter 5. Subsequently, the slopes (HS) and intercepts (m)
of the plots were determined for each respective binder blend as the second series of inputs

in the CA prediction model (Table 6. 1).
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Figure 6. 3. Low Shear Viscosity (LSV) at 60°C for PG 64-22 Base Binder
Regarding the third input for the CA prediction model, i.e. asphalt binder initial carbonyl

at the beginning of constant-rate aging, it should be mentioned that utilized CA prediction

model uses the original asphalt binder CA, i.e. CAunk, as an input value. However, in this
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study, it was considered more appropriate to conduct the CA prediction from the
approximate aging level of the plant-produced material, i.e. short-term aging. Therefore,
the CA prediction has been conducted upon the RTFO-aged binder as the CA prediction

starting point (CArTFo).

As the last input, the average representative air void radius and effective aging distance
(e.g., asphalt binder film) was assumed to be 0.65 and 1, respectively based on a research
by Han (2011) using X-ray CT technique and image processing. The values used in this

study are within the range of observed values for a typical asphalt mixture.

In summary, details of all inputs for the utilized binders from the experimental plan
discussed in Chapter 4, are shown in Table 6. 1, noting that the temperature dependent
values of k¢ are not an input to the oxidative aging prediction but are combined into the
oxidation Kinetics, e.g. Ea and pre-exponential factor, but are mentioned here for later

investigations in this chapter.

Table 6. 1. Oxidative Aging Model Parameters for The Evaluated Asphalt Binders

Eal Pre- CARTFO® Ke
i 3 4 o
Binder ID (kJol.mol exponenglal HS m* (arbit. Temperature (°C)
L oK) Factor?, (1/CA) (In(poise)) unit) 60 85 100
' AP¢
Base (64-22) 75 1.129E+09  11.31 46.91 0.323 0.002 0.013 0.035
Base w/T1 @
TX FLD (64-22 76 1.357E+09  13.28 0.12 0.637 0.002 0.012 0.034
/ 2.65%)
Recycled w/T1
L @ TX FLD (64-
22/2.65% /
0.25 TX RAP, 64 4.049E+07  11.61 0.29 0.857 0.003 0.016 0.038
0.25 TX
MWAS)
Base (64-28) 65 5.189E+07 9.46 201.22 0.131 0.003 0.018 0.042
NH Base w/T1 @
TX FLD (64-28 69 2.354E+08 8.92 6.55 0.420 0.004 0.022 0.056

/ 2.65%)
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Recycled w/T1
@ OPT (64-28/
12.5%/0.25 TX 70 1.400E+08 8.43 1.00e-05 2.446 0.001 0.009 0.022
RAP, 0.25 TX
TOAS)

Base w/Al (64-

28 / 6%) 70 3.700E+08 8.16 123.22 0.107 0.004 0.021 0.053

Recycled w/A1
@ OPT (64-28/
6% /0.40 TX
RAP)

73 8.101E+08 5.93 75.43 0.679 0.003 0.020 0.052

Base (64-28P) 73 5.931E+08 6.53 997.61 0.067 0.002 0.015 0.041

Base w/T1 @
TX FLD (64- 79 4.709E+09 8.90 22.91 0.383 0.002 0.013 0.038
28P / 2.65%)

NV  Recycled w/T1
@ OPT (64-28P
111%/0.25 TX 86 5.045E+10 6.12 0.01 2.112 0.002 0.013 0.043
RAP, 0.25 TX
TOAS)

LEa: Activation energy

2 AP% Pre-exponential factor

8 HS: Hardening susceptibility

4m: hardening function constant

5 CARrTro: the CA after RTFO aging

6.2.2 Modeling of the Pan-Aged Binder Oxidation

The oxidative aging growth of the pan-aged binder blends can be simulated through the
TX CA prediction model described in the previous section. The thickness of the binder
film in the PAV pans were prepared at 1 mm and the atmospheric oxygen pressure was
approximated to be 0.198 at the University of Nevada, Reno laboratory. Using the CA
prediction model (Han 2013, Alavi 2014) with the corresponding inputs discussed in the
previous section, the CA values were predicted for all the experimental binder blends. The
summary outputs of CAg predictions for the Base 64-28P blended binders over the 18-year
analysis period and at 0.01 m below the surface in Reno, NV location is provided in Figure

6. 4. Also, an example of the complete output is presented in Appendix C.
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Figure 6. 4. Carbonyl Area Prediction in Asphalt Mixture Surface Layer for Base
64-28P Binder Blends in Reno, NV Environment

6.3 Pavement L.ife Prediction

Utilizing the CA predictions from all three of the base binder blends in the aging
experimental plan resulted in the estimated time to reach the two G-R limits (i.e., 180 kPa
and 600 kPa) as a function of time in-service at field experiment. A general outline of the
overall process has been provided in the Figure 6. 5. As observed, the process started with
conducting the hardening susceptibly plots based on the DSR and FT-IR test result on the
pan-aged binder blends, which was widely discussed in Chapter 5. Then, the CA level

corresponding to G-R values of 180 and 600 labeled as CA_ ._.... CAqe00r FESPECtIVELY,
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were determined for each binder blend from the respective trend line. In the next step, the
simulated time to reach that CA level was determined following the oxidation prediction
model. The oxidation model was derived through inputs of the temperature profile history
using the previously discussed inputs namely solar radiation, albedo, emissivity, and
absorption coefficients through the TEMPS software. The Texas Oxidation Aging Model
were then fed with TEMPS output along with the other inputs presented in Table 6. 1. It
should be noted that the temperature profile prediction for each of the three different base
binders, i.e. TX 64-22, NH 64-28, and NV 64-28P were conducted at their particular
environments, i.e. TX (Tyler), NH (Durham) and NV (Reno), respectively. The concept
being explored by such a differentiation was to simulate the binder aging behaviors in the
actual environment that they often experience in practice. Eventually, the Texas Oxidation

Aging Model outputs were combined with the CA; -5 and CAG g0 to determine the

respective time required to reach the G-R cracking thresholds in an asphalt pavement

constructed in the actual selected environment conditions.

( )
Step Al. Determine

Hardening Susceptibility . -
based on G-R vs. CA history (using TEMPS

Y ) L software)
VL A

_ N
Step A2. Determine the CA Step B3. Predict CA profile
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. Step B2. Determine
temperature profile P

Hardening Susceptibility
based on LSV vs. CA

J

level corresponding to a G- history in asphalt pavement
R of 180 kPa and 600 kPa (using Texas Oxidation
(CAG-R=180’ CAG-R:GOO) Aging MOdeI)
J \

!

[ Step C. Determine time to reach ]

CA and CA in asphalt
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Figure 6. 5. Outline of G-R Parameter Thresholds from Simulated Field Aging
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Consequently, Figure 6. 6 through Figure 6. 8 provide a materials specific comparison of
the respective binder blends to help decipher the overall influence of the oxidation kinetics
and HS relationships noted previously to identify the simulated time to reach the G-R limits
for the onset of cracking (i.e., 180 kPa) and significant cracking (i.e., 600 kPa).
Observations of the three figures and consequential interpretation of the determined values
highlight the complex nature of the potential interactions taking place between the different

components in these blended binder systems.

Considering the blended binders containing the PG 64-22 as base shown in Figure 6. 6,
there is a systematic influence of the added components. The addition of the T1 at 2.65%
dosage rate softens the blend and restores some of the flexibility in the blend, exhibited by
longer durations to meet the respective G-R thresholds. Additions of the TX RAP and TX
MWAS components resulted in a drastic reduction in the softening effect of the T1. This
reduction has resulted a reduction in the simulated duration to G-R limits to a duration
shorter than that of the base, acknowledging the fact that all G-R parameters were
determined at the standard 15°C. It should be noted that the 2.65% dosage was not the
optimum dosage, and this might be a reasonable justification for the reduced in-service

years of the recycled blend.
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Figure 6. 6. Simulated Time to Reach G-R=180 and G-R=600 in Asphalt Pavement
for PG 64-22 Binder Blends (in Reno, NV Environment)

Considering the PG 64-28P blended binders in Figure 6. 7 resulted in similar findings for
the respective influences of the various components. The exception noted with this
polymer-modified blend was found to be the onset of cracking limit of 180 kPa for the
recycled blend was observed at a time interval similar to the base PG 64-28P binder, while
the significant cracking limit of 600 kPa was simulated to occur substantially after the base
binder. Numerically, this is understood to be the result of the slightly lower oxidation rate
or ke factor combined with the lower HS or flatter slope noted with the recycled binders
(can be observed from Table 6. 1), while acknowledging the differences between the field
and Optimum dosage rates, i.e. 2.65 and 12.5% by binder replacement, respectively.
Physiochemical considerations suggest the potential reduction in the oxidation rate and HS
terms may be the initial indication of oxygen diffusion limiting conditions in the laboratory
measures as opposed to the assumed oxidation reaction controlled assumptions of the
experimental design. A potential explanation for this occurrence is suggested that perhaps

with this particular blend of recycled materials, T1, and polymer loading, the oxidation of
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the binder may be hindered by some or all of these additional components. Whether this
limitation is a simple function of increasing concentrations of non-binder components or
the creation of a longer more tortuous oxidation path for oxygen molecules to diffuse
through is not fully understood. Inherent to the model prediction is the understanding that
the oxygen diffusion rate is inversely dependent upon the binder stiffness, numerically
represented by the low shear viscosity (LSV) input relationships. The actual extent of these
influences is particularly unknown at this point stemming from the relatively limited
understanding of the true degree of blending or remnant heterogeneity remaining within a
plant produced mixture. This becomes potentially significant when recalling that these
simulations are driven by fully blended binder inputs derived in the lab, although the true

homogeneity of the RAS containing blends has also been brought into question.
Nonetheless, the data in Figure 6. 7 show that a similar or better performance for the

recycled blend relative to the base binder can be obtained with the optimum dosage of T1.

Recycled w/T1 @ OPT (64-28P / 11% / 0.25 TX RAP,
0.25 TX TOAS)

Base w/T1 @ TX FLD (64-28P / 2.65%) &

Base (64-28P)

# G-R = 600 kPa
mG-R =180 kPa

0 5 10 15 20 25 30 35
In-Service Years since Pavement Construction

Figure 6. 7. Simulated Time to Reach G-R=180 and G-R=600 in Asphalt Pavement
for PG 64-28P Binder Blends (in Reno, NV Environment)
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A nearly identical discussion of the PG 64-28 base binder presented in Figure 6. 8 with the
Al RA and RAP material would also be appropriate. An increase in the time to reach the
G-R limits was observed when either T1 (at non-optimum dosage) or Al (at optimum
dosage) was added to the PG 64-28 base binder. The addition of recycled materials to this
base binder with T1 at optimum dosage resulted in an increase in the time to reach the G-
R limits; thus, demonstrating the efficiency of the T1 when used at the optimum dosage.
The addition of recycled materials to this base binder with the Al resulted in similar
behavior to that of the base binder with only Al at the same dosage. Considerations of the
diffusion limitation potential becomes even more prominent with the PG 64-28 and the
respective blends containing the T1. In this case, both the kc and HS terms of the recycled
blend were lower than for the base with only T1 or even the PG 64-28 base binder. Both
of which combined to simulate a much slower oxidation and thus longer time duration to
the G-R limits. It is also important to note the differences in the dosages between the blend
of the PG 64-28 base binder and T1 only (i.e., at the field dosage of 2.65%) compared to
the optimum T1 dosage of 12.5% when TX RAP and TX TOAS were included. Despite
the similarities in the dosage of the T1 as well as the TOAS in both the PG 64-28 and PG

64-28P blends, the influence of those components was not consistent.
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Figure 6. 8. Simulated Time to Reach G-R=180 and G-R=600 in Asphalt Pavement
for PG 64-28 Binder Blends (in Reno, NV Environment)

For the sake of a relative comparison, Figure 6. 9 demonstrates the simulated in-service
years since pavement construction to reach the onset and significant cracking limits of G-
R = 180kPa and 600kPa, respectively. Logically, all the binders took longer simulated in-
service years to reach the significant cracking level compared to the onset level. In addition,
the effect of the recycling agents and recycled materials can readily be observed from
Figure 6. 9, noting the base binders are signified with hollow markers as the point of
reference within each binder type. The binder blends with recycling agents and without
any recycled material are shown with solid, while the ones with both modifications are
represented by hatched markers. The blends with recycling agents only (solid markers)
showed a clear increase in the predicted life, or delay in the onset of cracking, compared
to the base binder (hollow markers). Thus, both recycling agents, T1 and Al, had a
beneficial effect on the base binder life time. With the larger the dosages resulting in more
substantial benefits of the recycling agent, pointing to the PG 64-28 blend with Al at 6%

dosage rate. However, this consistent trend does not continue with the inclusion of the
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recycled material, which tends to counteract the RA as expected. The simulated oxidative

aging predictions generally provide the following conclusions:

The addition of the recycled material at the 2.65% dosage to the PG 64-
22 base binder significantly reduced the predicted in-service year. In the
other words, the 2.65 % was not a high enough dosage to be able to
restore the binder properties including 0.30 RBR (0.20 RBR of TX RAP
and 0.10 RBR of TX MWAS).

There are two recycled blends with the PG 64-28 base binder; the
recycled blend with an optimum dosage of 12.5% and 0.50 RBR (0.25
TX RAP and 0.25 TX TOAS) nearly presented a restoration to the base
binder in the onset cracking and even an improvement in significant
cracking limits. Similarly, the recycled blend with Al at the optimum
dosage of 6% and 0.40 RAPBR represents a slightly better restoration to
the base binder. These two observations imply that using the RAs at the
optimum dosage can potentially have a positive influence on restoring
the binder properties.

The 64-28P recycled blend contained 0.50 RBR including 0.25 of RAP
and 0.25 of TOAS at 11% (optimum) of T1. The optimum dosage of the
T1 along with the high RBR ratio of 0.5 not only restores the binder blend
life prediction to the base PG 64-28P, but also improves it for almost 6

years.
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Figure 6. 9. Overall Comparison of the In-Service Years to Reach the G-R Threshold,

Including All Binder Blends at Binder Specific Locations

Additionally, for the sake of comparison, the in-service years to reach the G-R thresholds
for PG 64-22 and PG 64-28 binder blends were also predicted in Reno, Nevada
environment. The overall direction of the results in Figure 6. 10 were observed to be similar
to the discussed condition in which base binder specific location were implemented for the
binder blends. However, the PG 64-22 and PG 64-28 binder blends showed a reduction in
the pavement life due to the change in the location, implying a better performance of the
binder blends in the binder specific locations. It is noteworthy to emphasize all the G-R
parameters were calculated as constant temperature of 15°C and constant frequency of

0.005 rad/sec.



139

35

- ABase (64-22)
S
=gl
g § 30 ABase W/T1 @ TX FLD (64-22)
B ©
=30 ARecycled w/TL @ FLD (64-22/ TX
O 45 25 RAP, TX MWAS)
)
S o ® COBase (64-28)
55 20
=3 ° mBase w/T1 @ TX FLD (64-28)
o o«

O
8 = 15 FIRecycled w/T1 @ OPT (64-28/ TX
> 3 RAP, TX TOAS)
= @ Base W/AL @ OPT (64-28)
S S 10 o
> .2
FId A © Recycled w/AL @ OPT (64-28/TX
o c L 4
8 5 %ﬁ. RAP)
3 O OBase (64-28P)
ce A
- 0 ®Base w/T1 @ TX FLD (64-28P)

0 5 10 15 20 25 30 35

@Recycled w/T1 @ OPT (64-28P/ TX

In-Service Years since Pavement Construction RAP, TX TOAS)

to Reach Significant Cracking (G-R=180kPa)

Figure 6. 10. Overall Comparison of the In-Service Years to Reach the G-R
Threshold, Including All Binder Blends at Reno, NV Environment

Acknowledging the differences in crude source and realistic discrepancies in the
geographic location of usage with each binder, make side-by-side comparisons potentially
limited while they still add to the comprehension of the overall evaluation technique. The
resulting time simulations of the base binders culminate in the influence of the determined
ke rates combined with the relative differences in the HS relationships. Specifically, it
should be noted that there was a minor reduction in the kc terms of the PG 64-28P binder
relative to the other two base binders (particularly at the lower temperatures, i.e. higher
1/RT values). Similar kc terms for the PG 64-28 and PG 64-22 base binders yielded modest
G-R duration simulations when compounded by the minor discrepancies noted in the HS

between the two. These conditions were further exemplified by the lower HS for the PG



140

64-28P base binder resulting in the longest simulated G-R limit durations of the three base

binders.

In summary, the binder blend oxidative aging predictions were helpful in identifying the
influence of RA at the respective dosages and recycled material on the cracking potential
of the various evaluated binders at a given geographical location. The results indicate that
using the recycled materials along with the recycling agents at the optimum dosage, though
not always at the field dosage, was able to restore the binder blend properties to the virgin
binder. Thus confirming on the RA dosage selection methodology proposed under this
study, which in general showed the need for a significantly higher optimum RA dosage to
restore the PG of the base binder when compared to the low dosage used in the field for

the example field projects.

6.4 Summary of the Chapter

This chapter focuses on the binder blend aging predictions conducted through combined
kinetics and hardening susceptibility (HS) models driven by temperature estimation
modeling (using TEMPS) within the binder specific geographic locations, i.e. TX, NH, and
NV. The use of this procedure permits the relative comparison of the evaluated binder
blends in terms of an estimated time to reach the two predefined G-R limits (i.e., 180 kPa

and 600 kPa) as a function of time in-service at their corresponding environments.

Overall, both recycling agents, T1 and Al, showed a beneficial effect on the base binder
life; the larger the dosage results in a more substantial benefit of the recycling agent.
However, this consistent trend did not continue with the inclusion of the recycled material,

which tends to counteract the RAs as could be expected. The results indicated that using
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the recycled materials along with the recycling agents at the optimum dosage was able to
restore the binder blend properties to the virgin binder. Thus, confirming on the RA dosage
selection methodology proposed in Chapter 3, which in general showed the need for a
significantly higher optimum RA dosages to restore the PG of the base binder when

compared to the low dosage used in the field.
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CHAPTER 7 NEVADA FIELD PROJECT

DEMONSTRATION

a collaborative effort with University of Nevada, Reno and the NCHRP 9-58 research team,
the Washoe County of Northern Nevada implemented a major rehabilitation project on
Matterhorn Blvd (PWP-WA-2015-179) in September 2015 to study the influence of
rejuvenators on hot mix asphalt (HMA) with high recycled asphalt pavement (RAP)
materials. Information regarding the project details including the mix design and
construction is presented in Appendix A. The author was responsible for the binder
experiment in which the optimum dosage for the employed rejuvenating agents (RA) has
been determined. Also, UTSST mixture testing were conducted on the Reheated Plant Mix
Lab Compacted (RPMLC) as well as the Plant Mix Field Compacted (PMFC) samples

discussed later in this chapter.

7.1 Material

Five different test sections were constructed in Matterhorn Blvd and the description of the
RAs and binder blend in each section are presented in Table 7. 1 and Table 7. 2,
respectively. Section 1 contains just the original binder and will be further used in the
NCHRP 09-58 project to assess the effect of polymer modification by comparing to the
other on-going field projects. Section 2 is used as a control section for section 3 and 4 to
evaluate the possible benefits comes from the rejuvenating agents. It should be mentioned

that since the maximum allowable RAP binder ratio and the actual state of the practice for
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recycled material in Nevada is 0.15 RBR for both local and state agencies, one more control

sections containing 0.15 RBR had been considered in this project.

Table 7. 1. NV Field Project Rejuvenating Agents Properties

Category Description Name ID
Aromatic Refined crude oil products with .
L Reclamite A2
Extracts polar aromatic oil components

Same chemical family as liquid

Tall Oil antistrip agents and emulsifiers

Evoflex T2
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Table 7. 2. Description of Nevada Field Project Test Sections

; Base RA Dosage by
I\Slﬁ?:k()):r Binder 1D Binder (Eg‘g) (Application  Replacement
Type Method) (%)
1 Base (64-28P) — — _
Recycled

2 (64-28P 1 0.30 NV NV _ _

RAP) (0.30)
Recycled w/T2 @ OPT

3 (64-28P/2%/030Nv NV64- NV | T2 2 QOPT

RAP) 2gp  (0.30) (Replacement)

Recycled w/A2 @ OPT

4 (64-28P /2% 0.30 NV NV A2

OPT
(0.30)  (addition) 2.0

RAP)
Recycled* NV
5 (64-28P / 0.15 NV — —
RAP) (0.15)

OPT at Optimum dosage (it will be addressed in the “RA Dosage Selection” section)
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7.2 RA Dosage Selection

The methodology utilized in the selection of the optimum RA dosage as described in
Chapter 3 was employed to determine the A2 and T2 optimum dosages for the recycled
blends in the NV field project. At least three different dosages were selected for each RA
with respect to manufacturers’ recommendations. Then, the binder PG grading tests were
conducted on each recycled blend at the selected dosages which are presented in detail in
Table 7. 3. Following the methodology, the PG grading test results were plotted as a
function of RA dosages for the respective blends, Figure 7. 1 and Figure 7. 2. Following
the dosage selection steps specified before in bullet points, the optimum dosage selected

for the recycled blends with T2 and A2 came to be 2.60 and 2.40, respectively.

Table 7. 3. Binder PG Grade Results

© High- Intermediat Low-Temperature ®
2 Temperature ntermeaiate- o =
Binder E § = Continuous PG Temperature Contmuomis PG Grade = g §
as Grade (°C Continuous §(®)] ATc £ 5¢
Blend <« < rade (°C) PG Grade Lo
“ ©  Original RTFO (C) S m- 8
controlled controlled
Base
(64-28P) 0.0 67 65.6 134 -34.3 -30.7 -3.6 65.6-30.7
Recycled 15 72.5 70.6 17.5 -31.6 -29.2 -2.4  70.6-29.2
wW/A2
(64-28P
/10.30 2.0 71.9 68.7 16.9 -32.2 -29.8 -2.4  68.7-29.8
NV
RAP)
Recycled 1.0 71.2 69.1 17.0 -31.5 -21.7 -3.8 69.1-27.7
w/T2 3.0 66.1 65.1 15.0 -33.1 -314 -1.7 65.1-31.4
(64-28P
/0.30 T2
NV 5.0 61.7 59.2 115 -35.3 -34.8 -0.5 59.2-34.8

RAP)




146

76 -10

& 70 16 &,

© 6854 — — — = — = — == @

g 67 IS

[ l Lo

8 64 | -22 8 OPGH / Original

a 61 : O XPGH/RTFO

S =g : 28 & ©PGL, S-controlled / PAV
c c

= = APGL, m-controlled / PAV
ESBTT—————— == S0TE

O 52 | -34 ©

£ 49 ' £

= | =

< 46 - 40 =

£ 00 1.0 20 24 30 3

Dosage (%)
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However, it should be mentioned that no specific methodology had been proposed at the
time of the NV field project material preparation; therefore, the optimum dosages were
determined based on another methodology developed in University of Nevada, Reno as

described in the following:

= Plot original PGH, RTFO PGH, S-controlled PGL, and m-controlled PGL values
versus RA dosage

= Establish linear regression equations for each value versus RA dosage

= Select initial RA dosage rate to restore target binder PGL using the limiting
(warmer) PGL regression line

= Select initial RA dosage rate to restore target binder PGH using warmer PGH
regression line

= Select a balanced dosage rate from the two previously selected dosage range that
restores both PGH and PGL to a value close to the target PG continuous grades of
control or base binder

= Check the selected dosage to be in the range of the manufacturer’s recommendation

= Round the selected dosage to a practically used dosage in the actual field projects

The two methodologies showed quite similar results; however, the NV field project was
constructed using 2% as a practical optimum dosage for both A2 and T2 in the recycled

blends.

7.3 Binder Blending Results

The binder grading procedure was conducted on the NV field project binder blends

according to AASHTO M320 Standard Specification. Corresponding results are presented
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in Figure 7. 3 which clearly visualizes influences of the addition recycled material and/or
RAs in PG grading results for the binder blends described in Table 7. 2. Apparently, the
addition of the NV RAP to the 64-28P base binder at 0.15 RBR increased the high PG
grade by almost 3°C, highlighting the stiffening impact of the NV recycled material.
Expectedly, it was more pronounced when the RBR of the NV RAP increased to the higher
value of 0.30 and as a result, the high PG grade increased by almost a full PG grade, i.e.
6°C. However, the addition of the rejuvenating agents, either A2 or T2, to the 0.30 RBR
recycled blend at the optimum dosage of 2% effectively restored the PG high continuous
grades. It was also observed that the restoration effect of the A2 at the specified dosage

was more pronounced compared to T2 for this particular base binder.

Considering the low temperature trends in Table 7. 2, the recycled blend with 0.15 RAP
binder ratio did not show a significant change in the continuous grade compared to the base
binder, either in m-controlled or S-controlled continuous grades. The addition of 0.30 RBR
to the 64-28P base binder, did negatively affected the low temperature continuous grade of
the base binder noting that the influence of the recycled material was more significant on
the m-controlled compared to the S-controlled continuous grades. Similar to what had been
observed in high temperature continuous grade, the T2 and A2 RAs were able to efficiently
restore the low temperature continuous grades in both m-controlled and S-controlled grades.
However, a slightly higher efficiency was observed with T2 in the m-controlled continuous

PG grade, the critical low temperature grade in this particular base binder.

The ATc parameter, which is the difference in continuous grade temperatures where

binders reach their respective limits of 300 MPa stiffness (S) and 0.30 m-value, has been
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suggested by Anderson et al. (2011) and Hanson et al. (2013) to assess the susceptibility
of the binder to aging at low temperatures. A negative value of ATc (TS-Tm) indicates the
controlling role of the relaxation properties of binder at low temperatures while the positive
value represents that the binder stiffening is a more influential factor for tested binder
compared to ductility in low temperatures. Anderson et al. (2011) verified the satisfactory
correlation of ATc with ductility and DSRFn (reference) in several laboratory and field
investigation and also proposed -2.5°C and -5°C as the correlation of ATc to the same
cracking thresholds, i.e. onset and significant cracking, discussed in Glover-Rowe (G-R)

(reference) parameter beforehand, i.e. crack warning and crack limit, respectively.

ATec results corresponding to the NV field project binder blends are presented in Figure 7.
4. The 64-28P base binder showed a negative ATc indicating the m-controlled behavior in
low temperature properties. As expected, the addition of the 0.15 RBR of the NV RAP to
the base binder had a negative influence on the base binder relaxation properties. However,
increasing the RBR to 0.30 did not adversely affect the low temperature properties of the
recycled blend, surprisingly. On the other hand, the addition of the RAs not only restored
the ATc but also improved the controlling role of the relaxation properties, i.e. m-value, of
binder at low temperatures. Similar to the low temperature continuous grades, T2 was

observed to have a slightly better restoration effect compared to A2.
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7.4 Mortar Testing Results

The influences resulting from the addition of recycled materials and/or RAs to the base
binder continuous grades were evaluated using PG grading test results in the previous
section. Mortar testing was also utilized in this study to explore the effective PG grades of
the investigated binders. The mortar testing methodology has been comprehensively
outlined previously in Chapter 2. In this study, 12.4 was determined as the maximum RAP
percentage keeping the recycled binder blend workable enough for testing at all grading
temperatures. Noting that the mortar grades are determined as an offset to the binder blend
PG grades (Mortar, 2012), the grade change rates due to the addition of pre-determined
quantity of recycled material and RAs at respective ratios and dosages to the 64-28P base

binder were determined from the laboratory testing. Table 7. 4 summarizes the grade
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change rates for the investigated recycled blends, including each of the high, intermediate,

and low temperatures.

Table 7. 4. Effect of Recycling and RA on Asphalt Binder Grade Change Rate for
NV Field Materials (Mortar Test Results)
Grade Change Rate (°C/%Recycled Binder Ratio)

RAP Hiah Int di
Asphalt  Binder RA '9 ntermed Low Temperature
Binder Ratio Type Temperature ate

(%) Original RTF  Temperat S- m-

@) ure Controlled  Controlled

12.4 — 0.07 0.15 0.12 0.09 0.32
64-28P 12.4 A2? 0.09 NA? 0.26 0.02 0.19

12.4 T28 0.09 0.30 0.13 0.07 0.23

NV RAP binder ratio used during mortar testing experiment
2 Binder addition of 2.0% by total weight of binder

3 Binder replacement of 2.0% by total weight of binder

4 Not available

Considering the determined grade change rates in recycled blends from Table 7. 4, high,
intermediate and low temperature continuous grades were calculated at the corresponding
RBR and RA dosages consistent with the ones used in the NV field project. The results are

shown in Table 7. 5.
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Table 7. 5. Mortar Process Continuous PG Grade Results

High- Low-Temperature
Temperature PG Intermediate G G g o Final
Binder ID Grade (°C) PG Grade rade (°C) ATc PG

°C) S- m- Grade

Original  RTFO controlled controlled

Recycled
@ OPT
(64-28P / 68.0 67.9 15.1 -32.9 -25.9 -7.0 67.9-25.9
0.15 NV
RAP)
Recycled
@ OPT
(64-28P / 69.0 70.2 17.0 -31.6 -21.1 -10.5  69-21.1
0.30 NV
RAP)
Recycled
w/A2 @
OPT (64-
28P /2% /
0.30 NV
RAP)
Recycled
wiT2 @
OPT (64-
28P /2% /
0.30 NV
RAP)

64.3 69.8 17.0 -33.7 -27.9 -5.8 64.3-27.9

69.2 60.5 19.1 -34.2 -27.1 -7.1  60.5-27.1

For the sake of comparison among the investigated binder blends, the mortar test results
are visualized in Figure 7. 5. Similar to what was observed in the binder blending test
results, the addition of NV RAP material to the 64-28P base binder showed an apparent
stiffening effect on the continuous high PG grade, and the higher levels of RAP material
used the higher the continuous high PG grade. Note that the increase in the high continuous
PG grade from 0 to 0.15 RBR is the same as from 0.15 to 0.30 RBR as a result of linear
relationship conducted for the grade change rate in the mortar testing methodology. It is
noteworthy to mention that in contrast to the general expectations from the binder blending

procedure, the original binder did not indicate a higher temperature continuous grade in all
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binder blends, especially with blend containing the A2. As observed, the addition of the
RAs to the recycled blend did restore the overall high continuous PG grade to that of the
base binder, even a lower grade relatively. However, in case of recycled blend with T2,
this restoration caused the continuous PG grade to fall one grade below the base binder, i.e.
58°C instead of 64°C. This phenomenon might be caused by two possible reasons, first,
overestimating the A2 dosage in the recycled blend, or second, possible issues with mortar
testing. The dosage selection procedure is highly dependent to the binder grading results.
Any minor variation in the determination of the continuous PG grade will significantly
affect the trend line slopes in Figure 7. 1 and Figure 7. 2 which relatively changes the
optimum selected dosage. Besides, rounding the determined dosages from the
aforementioned figures to practical dosages might be another external influence that
resulted in overestimating or underestimating the respective dosages. The second reason,
however, seems more realistic to the author since conducting PG grading tests on an
assumed homogenous combination of mortar aggregate and binder (with or without RAS)
without increasing the test variability does present certain difficulties, even with an

experienced operator.

The continuous low-temperature PG grade trends in Figure 7. 5 indicates that the influence
of recycled material was more significant on the m-value controlled temperature in
comparison with the respective stiffness-controlled temperature. In this regard, the 64-28P
base binder relaxation properties significantly decreased due to the addition of NV recycled
material, i.e. RAP. This loss of relaxation negatively increased the low-temperature PG
grade of the recycled blends by one and two grades for 0.15 and 0.30 RBR blends,

respectively. However, the addition of the RAs, both A2 and T2, restored and even
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improved the low continuous PG grade to the target PG grade of -28°C with a slightly
better performance with A2. The A2 higher effectiveness and restoration was also captured
and even pronounced in the ATc results depicted in Figure 7. 6. The figure also indicates
an overall reduction in the ATc values due to the addition of the recycled material, which

was partially restored with RAs at their respective dosages.

96 -
| Mortar Testing |
84
72 % e X 69.8 O 69.2
R 67.0 X 68.0 69.0 A -
60 65.6 67.9 : X 605
O 48
e
£ 36
g 24
[«5]
o
£ 19.1
e 1 13.4 15.1 17.0 134
0
-12
-24 A -25.9 Aet
-30.7 e A -27.9 A -27.1
36 8 -34.3 <O =329 & 316 O -33.7 O -342
& 5 5 2 2
[9\]
< [ad a4 8 8
© > > o =)
% z = 3 3
©
8 S S & &
o o 0 [ee)
5 3 g i
e e g5 gg
3 3 L& &
< S © ©
8 8 ® ®
z z 2 g
= =
° °
. .. K <
OHigh_Original S S
XHigh RTFO 2 3
a4 x

Intermediate_PAV
< Low_PAV (S-Controlled)

Figure 7. 5. Effect of Recycling and RA on Continuous Grades Based on Mortar
Test Results for NV Field Materials
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7.5 Binder Blending and Mortar Testing Results Comparison

In the previous sections of this chapter, detailed analysis regarding the binder and mortar
testing on NV field project material have been discussed. Within each respective test, an
increase in stiffness and brittle behavior with the addition of recycled materials were
generally indicated. This finding was subsequently followed by a partial restoration of the
softness and flexibility with the addition of the RAs at the selected dosages. Both
procedures provide consistent direction for the influence of the evaluation materials, i.e.

NV RAP and RAs, and are generally in agreement.

However, a more comprehensive comparison of the relative influences of the respective

procedures reveal the influence of the differences in the material preparations, i.e. full
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compared to partial blending in the binder blending and mortar procedures, respectively.
To conduct a clear comparison, Figure 7. 7 present the high-temperature PG grade of the

evaluated binders according to the two methodologies.

Figure 7. 7 represents the high-temperature PG grade determinations for both the blended
binder and mortar processes. In general, the blended binders exhibit nearly the same or
slightly higher PG grades compared to the mortar results. This is most commonly
understood to be the result of the complete blending of the base and recycled binders in the
binder test results. As outlined previously, the mortar protocol does not require the full
blending of all the recycled binder; as a result, some portions of the recycled binder act as
black rock and the base binder happens to experience a lower degree of blending and
subsequent stiffening. Therefore, the mortar testing results reveal lower values of

continuous high-temperature PG grades compared to binder blending.

As observed, the increased recycled content when added to the 64-28P base binder tended
to increase to the difference between the two methodologies, which helps support the
concept of partial blending as a potential influence. However, inconsistent offsets were

noted with the inclusion of the RAs in the two PG grades.

In the case of binder blend results for the 0.30 RAP binder ratio, the use of A2 or T2 at the
selected respective dosage resulted in a blend binder that met the target high temperature
performance grade of 64°C. The influence of T2 RA was, however, more significant on
the high critical temperature (i.e., resulted in a softer high critical temperature) when
compared to A2. Conversely, the mortar test results showed that A2 was more significant

on the high RTFO critical temperature when compared to T2. While the use of T2 at the
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selected respective dosage was effective in restoring the high temperature performance

grade, the use of A2 resulted in a high-performance grade lower than the target of 64°C.

76 72.3
70 68.2 67.9 68.7
4.3
64 60.5
58

High Temperature Continuous Grade (°C)

Recycled (64-28P /0.15
NV RAP)
Recycled (64-28P /0.30
NV RAP)
Recycled w/A2 @ OPT
(64-28P / 2% / 0.30 NV
RAP)
Recycled w/T2 @ OPT
(64-28P / 2% / 0.30 NV
RAP)

& Binder Testing @ Mortar Testing

Figure 7. 7. High-Temperature Continuous Grade Comparison in Binder
Blending and Mortar Testing

Additional consideration of these two testing methodologies are presented in Figure 7. 8. a
and b presenting the continuous low-temperature PG grade determinations. Similar to the
relative comparisons regarding the high temperature grade, Figure 7. 8 revealed a
consistent shift toward warmer temperatures with the mortar procedure. This finding again
supports the concept of full blending for the binder tests and partial blending with the
mortar process. Specific to the full blending, the softer base binder is completely blended
into the stiffer recycled materials and softened it. To the contrary in the mortar testing, the
partial blending prevented the softer binder from fully interacting with the recycled
materials. Therefore, during the actual testing duration the increased stiffness and
subsequently reduced relaxation potential of the unblended portion of the mortar influenced

the final continuous low-temperature grade of the mortar. This finding is additionally
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supported by the fact that all the binder blends were m-controlled in the continuous low-
temperature grades, indicating that the relaxation or flexibility is the limiting factor as

opposed to overly stiff material blends.

Similar to the high-temperature grade, the increased recycled content increased the
differential between the two methodologies. However, the addition of the RA to in these
measures helped to reduce the method-specific discrepancy with the m-controlled low

temperatures of the investigated binder blends.

The PG 64-28P binder results for low temperature showed that, the use of A2 or T2 at the
selected respective dosage was effective in restoring the low temperature grade of the blend
binder to the target performance grade of -28°C when 0.30 RBR was used. The influence
of A2 and T2 was more significant on the m-value low critical temperature in comparison
to the respective stiffness low critical temperature. However, the mortar test results were
relatively different compared to the binder blending test results. The RAs were not able to
fully restore the m-value low critical temperature especially when using A2 at the selected
respective dosage. As noted before, the A2 yet showed a relatively low value for the high-

performance grade.



160

-33.7

-32.4

-34.2

-32.2

-31.6

| 329

<
o

~
&

-34.6

o ™ ©
*? «? P

(Do) Pajj01U0D

-G 9pelo snonuiuo) aanjesadwa] Mo

(dvy
AN 0€°0 / 92 / d82-79)
1d0O @ zL/m pajakosy

(dvy
AN 0€°0 / %2 / d82-79)
1d0O @ 2v/m pajokosy

(dvd AN
0£°0 / d82Z-19) pajokaay

(dvd AN
GT°0 / d82Z-19) pajofo

& Mortar Testing

& Binder Blending

(@)

-18

-26.1

-29.5

-29.8

-30.0

& Binder Blending @ Mortar Testing

-36

(dvy
AN 0€°0 / 92 / d82-79)
1d0O @ zL/m pajakosy

(dvy
AN 0€°0 / %2 / d82-79)
1d0O @ zv/m pajokosy

(dvd AN
0£°0 / d82Z-19) pajokaay

(dvd AN
GT°0 / d82-19) pajokaay

(Do) PajI0NIUOD

-W~ apels snonunuo) ainyeladwsa | Mo

(b)
Figure 7. 8. Low-Temperature Continuous Grades Comparison in Binder
Blending and Mortar Testing (a) S-Controlled, (b) m-Controlled



161

& Binder Blending @ Mortar Testing

p.]

-5.8

-10.5

m_value Critical Tem
-
N

ATC (°C) [Stiffness Critical Temp. -

Recycled w/A2 @ OPT
(64-28P / 2% / 0.30 NV
RAP)

K2
°3
®g
AN~ —~
ES%
;Nn:
'O\
KElal
O 0
o
g3

Recycled (64-28P / 0.15
NV RAP)
Recycled (64-28P /0.30
NV RAP)

Figure 7. 9. ATc Comparison in Binder Blending and Mortar Testing

In conjunction with the typically warmer low-temperature PG grades noted with the mortar
process, Figure 7. 9 indicates a typically larger value for the ATc parameter compared to
the blended binder process. This finding is somewhat contrary to those of the low
temperature continuous grade comparisons noted previously. It might suggest this is
additional indication of the partial blending aspect. If the partial blending influence is
acknowledged in conjunction with the low-temp grade of the all blends were m-controlled,
the larger ATc would make sense. As observed in Figure 7. 8 the partial blending has a
large influence on the relaxation parameter, i.e. m-value, but not as much on the overall
stiffness, thus it causes the ATc to be higher in the mortar procedure. It also supports the
softer grades in high temperature for mortar process suggesting that the high continuous
PG grades were largely dictated by the softer unblended portions of the base binder. With
this in mind, it is expected to have the same occurrence on the low temperature side

meaning that the unblended binders control the stiffness to the RBR levels tested. However,
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the increased levels of recycled materials did tend to reduce the relaxation capacity, i.e. m-

value, subsequently increasing the difference between the two, represented as ATc.

In addition to the increased discrepancy for the recycled blends in ATc measurements, they
also fall below the ATc limit of -5°C for the binder measures, but exceed it for the mortar
analysis. Interpretation of these results generally presents two options: The first is that
perhaps the proposed -5°C limit is specific to fully blended binder considerations and may
not be applicable to mortar analyses. In this case, the mortar procedure would then
potentially require a recalibration effort to determine what the appropriate level would be
for the methodology. The second possible interpretation highlights the previously
mentioned difference in the level of blending with the two processes. In the fully blended
binder process, the recycled materials are fully combined and softened by the virgin binder,
which logically should produce a smaller ATc value. The mortar procedure on the other
hand, does not force the blending of the materials and subsequently may potentially
produce more representative results of the field produced mixtures and thus more

meaningful results.

To sum up, in the 64-28P target binder, the high critical temperature from the mortar
procedure was, except in one case, lower (i.e., colder and ranging from 2.1 to 8.2°C) than
the respective temperature determined using the binder blending procedure. On the other
hand, different trends were observed between the S-controlled and m-controlled low
critical temperature. The S-controlled low critical temperature from the mortar procedure
was colder (ranging from 1.0°C to 2.0°C) than the respective temperature determined using

the binder blending procedure. Conversely, the m-controlled low critical temperature from
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the mortar procedure was warmer (ranging from 1.6°C to 5.0°C) than the respective

temperature determined using the binder blending procedure.

The estimated PGH and PGL values based on the mortar procedure as compared to those
from the binder blending results can be compared in Error! Reference source not found.
and Error! Reference source not found. for the TX and NV field materials. In all cases,
the effect of the RA indicated a reduction in both the PGH and PGL. In general, the
complete blending from the binder tests resulted in over-estimation of the PGH (warmer
by 3-8 °C for NV and 6-7 °C for TX) and the PGL (colder by 2-5 °C for NV and 2-3 °C

for TX).

Considering all the aforementioned conclusions, the mortar procedure was capable of
characterizing the effects of RAP and RA materials on virgin binder without the use of
chemical extraction, acknowledging that there are some inconsistencies between the two
procedure results. It also should be mentioned that the test variability was relatively higher
for some cases in the mortar testing, which necessitated the testing of additional replicates

and selecting the most repeatable results.

For the sake of additional investigation on the binder blending and mortar testing
comparison results, Figure 7. 10 to Figure 7. 13 represent the correlation between the two
testing methodologies. On the high temperature side, while Figure 7. 10 does not present a
perfect correlation between the two systems, it does highlight the fact that the mortar testing
procedure generally yields a lower high-temperature PG grade compared to the fully

blended binder. Additionally, the increased recycled content tended to increase to the
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difference between the two methodologies. However, inconsistent offsets were noted with

the inclusion of the RAs across both base binders.

Similar to the high-temperature grade, the increased recycled content increased the
differential between the two methodologies in the low temperature continuous grades as
plotted in Figure 7. 11. In contrast however, the addition of the RA to in these measures
helped to reduce the method-specific discrepancy. Comparing the low-temperature grades
determined from the respective test methods indicates a rather consistent increase or
warming of the low-temperature PG grades with the mortar testing. In actuality, since all
the measures in this case were m-controlled grades, this figure would be the same for that
case. Therefore, Figure 7. 12 presents the S-controlled PG grades from both the blended
binder and mortar procedures. The figure also indicates the close agreement for all the
blends, generally within one or two degrees for all the evaluated binders. It is noteworthy
to mention that the temperatures associated with the limiting stiffness values are
substantially colder than the actual low-temperature PG grades dictated by the m-value
measures. Combining the stiffness and relaxation criteria in the format of ATc resulted in
Figure 7. 13 which clearly presents the relative discrepancies between the two

methodologies particularly with the addition of the recycled material.
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7.6 Mixture Testing — Uniaxial Thermal Stress and Strain Test (UTSST)

The characterization of the low-temperature behavior of the asphalt mixtures was
determined through the Uniaxial Thermal Stress and Strain Test. The development of the
UTSST methodologies has permitted the determination of thermo-volumetric (i.e.,
coefficient of thermal contraction, CTC), thermo-viscoelastic (i.e., stiffness-temperature
relationship), crack initiation, and fracture properties of asphalt mixtures using thermal

stress and strain measurements (ASTM 2016).

7.6.1 UTSST Test Results

The UTSST was utilized to evaluate the performance of each of the Nevada field project
mixtures previously described in Table 7. 2. Five different test sections were constructed
to evaluate the effect of RAP materials in two different RBR levels as well as two different
types of RAs, previously defined as A2 and T2. Detailed information regarding the NV

field sections were presented in Table 7. 2.
Two different types of the specimen were prepared for this field project as follows:

1. Right after the construction, field cores or Plant Mix Field Compacted (PMFC)
mixtures were collected from each specific section, and subjected to laboratory
aging in the forced draft oven at 85°C for 5 days per AASHTO R 30.

2. The Reheated Plant Mixed Lab Compacted (RPMLC) specimens were prepared by
reheating the loose mixtures from the plant to the required compaction temperature,
and compacted as soon as the compaction temperature was reached. The RPMLC
specimens were similarly oven aged in the forced draft oven for 5 days at 85°C per

AASHTO R 30.
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It is noteworthy to mention that the 5 days at 85°C were selected since a similar estimated
level of aging was noted between the laboratory aging of 5 days at 85°C and an approximate
range of 1.5 to 2.5 years in-service aging for certain example materials and locations in
Texas (Glover and Cui, 2013, Glover et al. 2014, Alavi, 2014). After aging the specimens
at this particular aging level to the UTSST protocol was conducted producing the results

presented in the following section.

7.6.1.1 Plant Mixed Field Compacted (PMFC) Mixtures

As outlined formerly, the UTSST evaluation measures the developed stress and strain of
the mixture under constant rate thermal loading. The measured stresses and strains were
readily combined into the UTSST modulus in the temperature domain for PMFC mixtures
as presented in Figure 7. 14. The overall observations of the figure suggest a stiffening,
i.e. increased modulus values, with higher levels of recycled materials. However, this
increase is not always consistent throughout the whole curve inasmuch as a lower modulus
is observed at the peak of the recycled mixture with 0.30 RBR compared to the lower RBR
of 0.15. A clear reduction in the crack initiation and fracture temperatures was also
observed as the recycled materials ratio increased, which was shown to be at least partially

alleviated with the addition of the RASs to some extent.

As defined earlier, the highest peak of the modulus-temperature curve corresponds to the
start of the substantial micro cracking and damage. The recycled mixture with 0.15 RBR
showed a higher crack initiation modulus than the base mixture. However, the cracking
was initiated at a warmer temperature as well as lower stress levels compared to the base

mixture as observed in Figure 7. 16 and Figure 7. 18, respectively. Such observations
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suggested a brittle behavior as the mixture lost the ability to relax and tolerate the induced
thermal stresses. This behavior was observed to a greater extent with the higher RBR
PMFC mixtures where a lower stress level and warmer temperature in the crack initiation
point was observed. However, it was noted that increasing the RBR from 0.15 to 0.30
caused the crack initiation modulus to be significantly reduced due to the apparent increase
in brittle behavior. This reduction has been observed previously and was linked to
observations of reduced UTSST modulus values either being due to lower stiffness, i.e.
softer materials, or that of a damaged and subsequently lower modulus (Alavi et al., 2015).
These findings denoted the complex interaction between the induced stress from the
thermally applied loading and the corresponding ability of the mixture to relax.
Considering both of these factors leads to better understanding of the true material behavior.
In general, the evaluation indicated that not only did the specimens incur more damage as
they included more recycled material and became more brittle, but the observed brittleness

and damaged behavior occurred at warmer temperatures.
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Figure 7. 14. UTSST Modulus Curves for Nevada Field Sections (PMFC)
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7.6.1.2 Reheated Plant Mixed Laboratory Compacted (RPMLC) Mixtures

Similar to the field cores, i.e. PMFC mixtures, the UTSST was also implemented to
evaluate the low temperature cracking resistance of the RPMLC mixtures from the Nevada
field project test sections. The UTSST modulus curve in the temperature domain for the

respective Nevada test sections are presented in Error! Reference source not found..

General observations of the Error! Reference source not found. identify an overall
increase in the modulus values with the addition of the 0.15 RBR recycled materials to the
base binder. This was previously observed with the PMFC mixtures due to the stiffening
effect of the recycled material. However, the increasing the recycled material ratio up to
0.30 RBR caused the modulus values to be significantly reduced, even lower than the base
mixture before the fracture. A similar trend was also observed in the PMFC mixtures as a
result of either a lower stiffness or substantial damage in the specimen with a higher RBR
levels. As observed, the high RBR of 0.30 made the fracture at relatively warmer
temperatures even without presenting a clear crack initiation point. Although the addition
of the RAs to the recycled mixtures indicated to some extent a restoration of the modulus
with slightly better performance noted with T2. The crack initiation and fracture events
were observed to occur in significantly warmer temperatures compared to the base and
0.15 RBR mixture. Further discussions regarding the influences of the recycled materials

and RAs are presented in the following section.

It is also important to note that the RPMLC specimens may have some residual effect due
to the reheating process, e.g. potential aging, etc. Detailed information will be presented

in the following sections.
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7.6.1.3 Thermo Viscoelastic Properties (TVEP)

To quantify the impacts of the RAs on the recycled mixtures property restoration, all the
thermo viscoelastic properties of the PMFC and RPMLC specimens are presented in Figure
7. 16 through Figure 7. 20. As previously observed, both RAs, i.e. A2 and T2 provided an
overall restoration of the low-temperature properties within the critical points. However,
the RA effectiveness was not consistent throughout various properties. Although the RA
dosages were at the optimum level, they were not able to reduce the crack initiation
temperature to that of the base mixture, as observed in Figure 7. 16. This is even more
prevalent with the RPMLC mixtures, where the RAs could not restore the temperature at
critical points to that of the base mixture but also to the level of recycled mixtures as
indicated by the warmer temperatures for the respective TVEP. However, the reheating
process and resulting chemical changes might have some significant effects on the lack of
improvement with the RAs when comparing the recycled mixture with and without the

RA:s.
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Similar results were observed with the glassy hardening stage, where the mixture behavior
is mostly glassy without significant flexibility contributions from the viscous or relaxation
properties. Not only did the glassy hardening temperature occur at warmer temperatures
with the addition of the recycled materials, but the mixtures also showed a higher modulus
and stiffening effect in the 0.15 RBR recycled mixture. Also, the increase in the portion of
recycled material from 0.15 up to 0.30 RBR increased the brittleness further, causing the
modulus to be reduced in the higher RBR mixture. The addition of the RAs to the mixtures
could not restore the glassy hardening temperature to that of the base mixture. However,
the RAs seemed to be more effective in restoring the modulus rather than the temperature,
to the level of the 0.15 RBR mixture. These restored mixtures were observed to have a
higher stiffness but increased levels of brittle behavior compared to the base mixture when
progressing to the glassy phase. It is also noteworthy to mention that the stress level did
not significantly change among the five mixtures, acknowledging the base mixture

exhibiting the highest stress capacity before fracture.

Prior to reaching the glassy hardening stage, another phase transformation called viscous-
glassy transition occurs in the mixture in which the mixture shows a significant brittle
behavior while retaining portions of the relaxation properties. The interpretation of the
Figure 7. 16 through Figure 7. 19 represent the aforementioned general trend with the
thermo viscoelastic properties in this behavioral phase, noting a less remarkable differences
among the mixtures thermal stresses and moduli. It was highlighted in the viscous softening
properties, where the initial build-up of the thermally induced stresses began and the

mixtures were not capable of fully relaxing the induced thermal stress.
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Consideration of the fracture temperatures led to the previous interpretations as were noted
with the crack initiation properties. However, comparing the general trend of the thermally
induced stress within the fracture and crack initiation stages revealed dissimilar behaviors,
as presented in Figure 7. 18. All the mixtures tolerated greater stresses after the crack
initiation for at least a 4°C temperature reduction except for the virgin mix. It suggests that
the addition of the recycled material might have an effect on alleviating the brittle fracture
after crack initiation in the mixtures. However, the initiation of the crack happens earlier
with the recycled mixture as discussed previously. Also, noting that both crack initiation
and fracture for the virgin mix happened at a colder temperature compared to the recycled
blends, the higher difference between the crack initiation and fracture could be also related
to partial blending of the recycled materials. In other words, the unblended RAP binder
might crack in warmer temperatures while the virgin binder attempted to delay the fracture,
however, not as cold as the virgin mix due to the discontinuity from the RAP fracture.
Aging, the anomalies observed with the RPMLC mixtures could be related to the unknown

chemical reactions in the reheating procedure.

As an additional thermo-volumetric property of the asphalt mixtures, Figure 7. 20
represents the liquid coefficient of thermal contraction of the RPMLC and PMFC mixtures.
Given the regionally similar source of the virgin binder and the RAP material, the CTCi
did not significantly change among the various mixtures even with increasing RAP
contents. This similarity was previously noted by Morian (2014) and Alavi (2014) as the
lack of systematic transition of CTC, with increased levels of oxidation. However, it is
noteworthy to mention that such a similarity might subject to change upon the addition of

RAS materials due to the previous observations in Chapter 5, i.e. the significant deviation
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of the aging path form the virgin binder in HS plots and black space diagram with the RAS

modified binder blends compared to the RAP only modified blends.

7.6.1.4 Resistance Index (RI)

The resistance index value, RI, previously defined in Chapter 3, evaluates the overall
mixture resistance to the low temperature stresses and strains. Figure 7. 21 shows the RI
results for the mixtures in the NV field project, which is a single parameter used to quantify
the various contributions of the previously discussed TVEP indicators. A clear reduction
in the RI was observed due to the addition of the recycled materials, and as resulted before,
the more the recycled material the lower the low temperature resistance index. The addition
of the RAs, either T2 or A2, increased the RI values, indicating some levels of the low
temperature properties restoration. However, none of them were able to completely restore

the mixture properties to those of the control mixtures.

Similar trends in the RI values were also noted with the RPMLC mixtures with a better
restoration effect with A2 compared to T2. However, an anomaly was observed when
comparing the RI of the recycled mixture w/0.15 RBR to that of the virgin mixture,
implying a higher cracking resistance upon the addition of the limited quantity of recycled
material. Before making any solid conclusions or labeling the recycled mixture result an
outlier, additional investigations are required to confirm this measurement noting the lack
of precision and bias for the test procedure. Further, the discrepancy could be related to

some residual effect due to the reheating process, as previously stated.
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7.6.1.5 Comparison between PMFC and RPMLC Specimens

As an initial comparison between two mixture types, Table 7. 6 represents the average bulk
specific gravity and the air void content of the RPMLC and PMFC mixtures in the NV field
project. Apparently the RPMLC specimens have relatively higher air voids and lower
densities compared to the PMFC specimens. Currently, there is limited consistency in
identifying correlations between the PMFC and RPMLC mixture properties. However, the
reheating process and respective chemical reactions as well as the different compaction
methods are the potential reasons of the properties difference in these two specimen

categories.

In general, the compaction effort and more specifically the final aggregate orientation can
potentially be different in the compaction methods of RPMLC and PMFC specimens. It
should be noted that the field cores experience a confining pressure in addition to the
compaction effort while the reheated specimens are compacted with Superpave Gyratory
Compactor (SGC). In an image processing study conducted by Masad et. al. (1998), a clear
difference was observed in the internal structure of the field cores compared to the ones
compacted with SGC. It was also noted that the gyratory specimens reached the initial
aggregate orientation of the field cores at higher number of gyrations while reached the
cores percent air void at lower number of gyrations. Therefore, the method of compaction
and the resulting internal structure, i.e. aggregate orientation and segregation, can play a
major role in the physical properties of the specimen (Khan et. al., 1998; Button et. al.,

1994; Masad et. al., 1998).
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Additionally, the absorption and hardening or stiffening of the asphalt binder in the
reheated samples during the reheating process could also be introduced as the potential
cause of the difference in the specimen properties. However, the results from the NCHRP
Report 818 indicated that the process-based factors, including return of baghouse fines,
delay in specimen fabrication, aggregate absorption, aggregate hardness, and stockpile
moisture content, did not have a significant effect on the differences of mechanical
properties among the LMLC (lab mixed — lab compacted) and PMFC or RPMLC; Instead,
the difference between the various types of the specimens was attributed to differences in
compaction effort and confinement conditions between the two compaction processes

(laboratory and field).

Table 7. 6. Air Void and Bulk Specific Gravity for Nevada Field Sections

| % Air Void Bulk Specific
Mixture ID Gravity
PMFC RPMLC | PMFC RPMLC
Base
(64-28P) 3.99 6.15 2.365 2.31
Recycled*
(64-28P / 0.15 NV RAP) 307 6.7 2.393 2.30
Recycled
Recycled w/T2 @ OPT
(64-28P /2% /030 NVRAP) 492 668 | 2349 2.31
Recycled w/A2 @ OPT
(64-28P /2% /030 NVRAP)  °°1 Tl ] 2384 2.30

To statistically compare the air void and bulk specific gravity of the two categories, a Two-
Sample assuming unequal variances t-Test was conducted on each of the properties.
Results showed a statistically significant difference between the air void and bulk specific
gravity levels of the PMFC and RPMLC specimens. Detailed results are provided in Table

7.7 and Table 7. 8.



183

Table 7. 7. Results of the t-Test: Two-Sample Assuming Unequal Variances, Air

Voids (%)
PMFC RPMLC
Mean 41119  6.659
Variance 0.76274 0.11996
Observations 5 5
Hypothesized Mean Difference 0
df 5

t Stat -6.0621
P(T<=t) one-tail 0.00088
t Critical one-tail 2.01505
P(T<=t) two-tail 0.00176
t Critical two-tail 2.57058

Table 7. 8. Results of the t-Test: Two-Sample Assuming Unequal Variances, Bulk

Specific Gravity
PMFC RPMLC
Mean 2.37032 2.30738
Variance 0.00032 0.0001
Observations 5 5
Hypothesized Mean Difference 0
df 6
t Stat 6.80269
P(T<=t) one-tail 0.00025
t Critical one-tail 1.94318
P(T<=t) two-tail 0.00049

t Critical two-tail 2.44691
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The TVEP properties of the PMFC and RPMLC specimens in the critical points were also
compared to each other in the correlation plots presented in Figure 7. 22 through Figure 7.
26. A reasonable correlation could be observed with an R-squared greater than 0.95 in all
cases. However, a slight deviation from the line of equality was observed with the strain
measurements as the temperature decreased or became closer to fracture point; a key region

in the low-temperature behavior of asphalt mixture performance investigations.

Similar comparisons of the UTSST modulus was also showed a decent correlation but a
slight deviation from the line of equality again particularly evident in in the lower
temperatures in Figure 7. 25. Thus, implying higher moduli for the PMFC specimens. The
higher levels of air void along with unknown chemical reactions in the reheating process,
previously noted with the RPMLC specimens, could cause the RPMLC specimens to be

more brittle, resulting a lower modulus compared to the PMFC specimens.

Observation of the CRIutsst correlation between the PMFC and RPMLC specimens in
Figure 7. 26, did not show as strong of coefficient of determination compared to the other
properties previously discussed. It could result from combination of all variations noted
between the TVEP properties. Additionally, the PMFC mixtures showed a higher CRIutsst
which aging could be related to discrepancies resulting from the laboratory compaction,

reheating procedure, and compacted aggregate structure observations discussed previously.
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7.7 Summary of the Chapter

The initial sections of this chapter focus on the influences of the recycled material and RAS
on the 64-28P base binder through the binder PG grading and mortar testing. The material
came from the Nevada field project utilizing the PG 64-28P base binder, NV RAP and two
different RAs at respective optimum dosages. Within each respective test, an increase in
stiffness and brittle behavior with the addition of recycled materials were generally
indicated. This finding was subsequently followed by a partial restoration of the flexibility
with the addition of the RAs at the selected optimum dosages. Both procedures provide
consistent direction for the influence of the evaluation materials, i.e. NV RAP and RAs,

and are generally in agreement.
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The results also suggested that the mortar procedure was capable of characterizing the
effects of RAP and RA materials on virgin binder without the use of chemical extraction,
acknowledging that there are some inconsistencies between the PG grading and mortar
procedure results. It also should be mentioned that the test variability was relatively higher
for some cases in the mortar testing, which necessitated the testing of additional replicates

and selecting the most repeatable results.

In addition, the PMFC and RPMLC specimens of five different test sections in the NV field
project were subjected to the Uniaxial Thermal Stress and Strain Test (UTSST) after
laboratory aging for 5 days at 85°C. The findings of the PG grading and mortar testing
regarding the influence of the recycled material and RAs were also verified with this

mixture testing.

Generally, most of the thermo-viscoelastic properties were observed to occur at warmer
temperatures with increased levels of recycled material within the evaluated mixtures. Thus,
the general findings were understood to indicate a general stiffening of the mixtures at the
warmer temperatures where the viscous properties were prevalent. Further, the low
temperature portion of the test indicated a clear increase in the brittle behavior of the
mixtures with increased recycled material levels. Although the addition of the RAs to the
recycled mixtures indicated some extent of modulus restoration, crack initiation and
fracture were observed to occur in significantly warmer temperatures compared to the

virgin and recycled mixture.

These findings were also supported with CRIlutsst where the addition of the RAs did

increase the RI values, indicating some levels of the low temperature properties restoration;
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however, none of them were able to completely restore the mixture properties to those of

the control mixtures.

The air void level of the mixtures was observed to have a substantial difference between
the PMFC and RPMLC mixtures which mainly caused by the difference between the
compaction methods. However, both mixture types were found to have a similar direction

of behavior upon the addition of the RAs and/or recycled materials.
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CHAPTER 8 SUMMARY, CONCLUSIONS AND

RECOMMENDATIONS

This study has been conducted as a part of NCHRP 09-58 project entitled with “The Effects
of Recycling Agents on Asphalt Mixtures with High RAS and RAP Binder Ratios.” The
objectives of this research are to evaluate the effectiveness of recycling agents (RAs) in
HMA and WMA mixtures with high RAS, RAP, or combined RAS/RAP binder ratios
through a coordinated program of laboratory and field experiments. The University of
Nevada, Reno is responsible for the laboratory oxidative aging of the material cluster
defined in this project as well as conducting a field project in Reno, Nevada. The detailed
methodology implemented in this study following by the respective outcomes and data
analysis were elaborately discussed in previous chapters. An overall summary of the effort

undertaken as part of this thesis is presented in this chapter.

8.1 Summary and Conclusions

The information of the three different types of base binders and their corresponding blends
of recycled material and RAs were previously defined in Chapter 4. Implementing the
proposed methodologies defined in Chapter 3, the laboratory forced-draft oven aging and
accelerated aging (PAV at 20, 40, and 60 hours) were conducted according to the
experimental plan. The FT-IR tests and the DSR isothermal frequency sweep tests were
conducted on the aged binders to analyze the resulting oxidation kinetics and rheological
properties. Then, in Chapter 5, the rheological parameters, i.e. G*, phase angle, LSV, G-R

(at 15°C and 0.005 rad/sec) were implemented along with the CA measurements to provide
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the HS plots for evaluating the oxidative aging and the different modifier’s effect. The
kinetic results indicated that the oxidative aging rate are influenced by the aging
temperature, duration, base binder type, and the utilized asphalt modifier, i.e. recycled
materials and RAs. It was also concluded that both RAs reduced the overall stiffness in the
investigated stages of oxidation. However, differential aging rates or HS were observed
between the RA and RAP/RAS additions to each of the three base binders form the forced-
draft oven aging. In fact, the base binder aging properties due to the addition of the recycled
material was highly influenced by the RA dosages within each blend. This finding
highlights the importance and effect of the dosage selection on the binder aging behavior.
Further, the noted differences were not consistent with the type of RAS, i.e. MWAS or
TOAS. In general, the differences in the base binders and the type of RAS potentially led
to the difference in the interaction of all the blended materials, resulting in the overall

difference in aging behavior.

Then the linear regression analysis was conducted on the LSV HS plots to explore the
significance of variation of the modified binder blends aging path to that of the
corresponding base binders. The results indicated that the addition of the RA only did not
generally change the slope of the HS plots; also, a non-significant deviation from the base
binder aging path were observed upon the addition of the recycled materials except for one
of the binder blends. Therefore, additional investigations were recommended to confirm
the validity of the statistical analysis measurement before making a real exception between

the overall behaviors of the base binder with the modified-blends.
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General observations of the HS plots showed that the two aging protocols were
representing relatively similar results. However, caution must be taken in the selection of
PAV aging protocol in which the aging pressure and temperature substantially deviates

from actual field condition.

Additionally, the evaluation of the cracking potential of the PAV aged binders through ATc
and G-R parameter did not indicate a strong correlation between the these cracking
indicators, due to the different states of material evaluation at intermediate and low
temperature, noting the constant temperature of 15°C and constant frequency of 0.005 rad/s
for the G-R parameter. Further, the required PAV time duration for each of the respective
binders to reach the G-R cracking limits were investigated at modified temperatures of
15°C, PG.mid and PG.low+43. The results yielded to some levels of discrepancy between
the observations of the binder behaviors, highlighting the essence of further investigation
on the actual in-place pavement mixture specimens to properly understand what happens

in reality rather than just binder evaluations.

In the next step, the binder blend aging predictions conducted through combined kinetics
and hardening susceptibility (HS) models driven by temperature estimation modeling
(using TEMPS) within the binder specific geographic locations, i.e. TX, NH, and NV in
Chapter 6. The use of this procedure permits the relative comparison of the evaluated
binder blends in terms of an estimated time to reach the two predefined G-R limits (i.e.,

180 kPa and 600 kPa) as a function of time in-service at their corresponding environments.

Overall, the recycling agents showed a beneficial effect on the base binder performance

life; the larger the dosage resulted in a more substantial benefit of the recycling agent.
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However, this consistent trend did not continue with the inclusion of the recycled material,
which tends to counteract the RAs. The results indicated that using the recycled materials
along with the recycling agents at the optimum dosage was able to restore the binder blend
properties to the virgin binder. Thus, confirming the RA dosage selection methodology
proposed in Chapter 3, which in general showed the need for a considerably higher
optimum RA dosage to restore the PG of the base binder when compared to the low dosage

used in the field.

The influences of the recycled material and RAs on the PG 64-28P base binder were also
investigated through the binder PG grading and mortar testing in Chapter 7. Within each
respective test, an increase in stiffness and brittle behavior with the addition of recycled
materials were generally indicated. This finding was subsequently followed by a partial
restoration of the flexibility (i.e., increase in phase angle) with the addition of the RAs at
the selected optimum dosages. Both procedures provide consistent direction for the

influence of the evaluation materials, i.e. NV RAP and RAs, and are generally in agreement.

The results also suggested that the mortar procedure was capable of characterizing the
effects of RAP and RA materials on virgin binder without the use of chemical extraction,
acknowledging that there are some inconsistencies between the PG and mortar procedure
results. It also should be mentioned that the test variability was relatively higher for some
cases in the mortar testing, which necessitated the testing of additional replicates and

selecting the most repeatable results.

In addition, the PMFC and RPMLC specimens of five different test sections in the NV field

project were subjected to the Uniaxial Thermal Stress and Strain Test (UTSST) after
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laboratory aging for 5 days at 85°C. The findings of the PG and mortar testing regarding

the influence of the recycled material and RAs were also verified with this mixture testing.

Generally, most of the thermo-viscoelastic properties were observed to occur at warmer
temperatures with increased levels of recycled material within the evaluated mixtures. Thus,
the general findings were understood to indicate a general stiffening of the mixtures at the
warmer temperatures where the viscous properties were prevalent. Further, the low
temperature portion of the test indicated a clear increase in the brittle behavior of the
mixtures with increased recycled material levels. Although the addition of the RAs to the
recycled mixtures indicated some extent of modulus restoration, crack initiation and
fracture were observed to occur at significantly warmer temperatures compared to the

virgin mixture.

These findings were also supported with CRIutsst where the addition of the RAs did
increase the cracking resistance values, indicating some levels of the low temperature
properties restoration. However, none of the RAs at the evaluated dosage were able to

completely restore the mixture properties to those of the control mixtures.

The air void level of the mixtures was observed to have a substantial difference between
the PMFC and RPMLC mixtures, which can be attributed to the difference between the
laboratory and field compaction methods. However, both mixture types were found to

have a similar direction of behavior upon the addition of the RAs and/or recycled materials.
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This study covered several aspects of oxidative aging over a variety of base binders,

recycled materials and RAs. The outcomes were generally reasonable, confirming the

results of previous investigations that have been completed at the University of Nevada,

Reno while initiating a number of follow-up research topics.

recommendations that can be implemented in future studies:

Increasing the variety of the base binder types, recycled materials,
RAs, as well as the variety of the binder blends including the
recycled blends without RA, and the RAS only blends with and
without RAs in the experimental plan would provide more insight
into the potential influence of the RAs on the base binder and
recycled materials.

Additional related asphalt mixture testing and field pavement aging
in various environment is required to investigate the correlation
between the laboratory binder aging and the actual field oxidative
aging of asphalt mixtures.

Comprehensive cost analysis on the potential cost-savings for using
recycled materials with RAs would motivate the industry to consider
and implement the findings from this study.

In general, additional evaluation efforts in laboratory and field are
required considering the influence of various base binders, additives,

and recycled materials to explore the potential benefits of the newly

The following are
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proposed limits in ATc and crossover temperatures, as well as the

possible correlation between the various cracking indicators.
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A.1l Introduction

In a collaborative effort with University of Nevada, Reno and its NCHRP 9-58 research
team, the Washoe County of Northern Nevada implemented a major rehabilitation project
on Matterhorn Blvd (PWP-WA-2015-179) to study the influence of rejuvenators on hot
mix asphalt (HMA) with high recycled asphalt pavement (RAP) materials. The Matterhorn
Blvd is a low volume road with a single lane in each direction located 17 miles north of
Reno, Nevada. The existing pavement before rehabilitation had 3.5 to 5.0 inches of hot mix
asphalt on top of the aggregate base and it was severely damaged by thermal cracking. The
old asphalt pavement layer was constructed using lightweight Allite aggregates with a
water absorption of the aggregate being around 5.3%. The rehabilitation project consisted
of pulverization and compaction of the existing asphalt pavement and base to the depth of
6 inches and placing a new 3-inch-thick overlay on top. Granite Construction Company

was the contractor and Summit Engineering was the consultant for this project.

Five different test sections were constructed in September 2015 and the description of each
section is given in Table 9. 1. The test sections were laid out on Matterhorn Blvd as shown

in Figure 9. 1. Each section spreads to about 24 feet in width and 2000 feet in length.

Table 9. 1. Description of Nevada Test Sections

Sections Description
Section 1 PG64-28NV/ No RAP / No Recycling Agent (RA)

(Virgin section)
PG64-28NV/ 0.30 RAP Binder Ratio (RBR)/ No
RA

Section 2
(Control section with 0.3RBR)

(Talsle(;tllggcf’i o) PG64-28NV/ 0.30 RBR / Evoflex

Section 4 PG64-28NV/ 0.30 RBR / Reclamite
(Aromatic extract section)
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Section 5 PG64-28NV/ 0.15 RBR / No RA
(Control section with 0.15RBR)

5348-5588
Matterhorn Blvd

RenojStead Airport (1)

MATTERHORN BLVD

Figure 9. 1. Nevada Test Sections Layout
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A.2 Materials and Hot Mix Asphalt Production

The aggregates and RAP materials were obtained from Granite pit at Lockwood and the
asphalt binder (PG64-28NV polymer-modified) was supplied by Paramount Nevada
Asphalt Company at Fernley. The RAP material was a mixture of plant rejects and locally
obtained old pavement materials processed to meet the /2 RAP specification of the Orange
Book Standard Specifications for Public Work Construction (SSPWC) from Washoe
County. The Evoflex and Reclamite recycling agents were supplied by MWV Specialty
Chemicals and Tricor Refining, LLC, respectively. The job mix formula (JMF) was
obtained by combining five different aggregate stockpiles: ¥4 crushed aggregates (17%),
5" crushed aggregates (10%), 3/8” crushed aggregates (15%), #4 crusher fines (14%), and
#4 Natural fines (10%); all the percentages are by total weight of mixture. Summary of the
aggregate consensus properties, asphalt binder properties, and rejuvenator properties are
given in A.5 .1. Granite Construction Company conducted the Marshall mix designs (50
blows) for Type 2 hot mix asphalt mixes according to the Orange Book (SSPWC). The
volumetric properties of the designed mixes are summarized in Table 9. 2 and the detailed
mix design reports are attached in A.5 .1. Figure 9. 2 shows the pictures of raw materials
at the mixing plant. The coarse and fine aggregates were marinated with 1% hydrated lime

and stored in separate stockpiles prior to mixing.

The marinated aggregates were mixed with asphalt in a continuous mixing drum (Figure 9.
3b) at 335°F. The rejuvenators were at 120°F and injected to the asphalt line during mixing
as recommended by the manufacturer. Mixed hot mix asphalt mixtures were transferred to

the silos for storage. The silo time (storage time) varied between 30 minutes and 3 hours
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throughout the production. The average temperature of hot mix asphalt when discharged

from the silo into the hauling truck was 320°F. The construction site was located at about

23 miles from the mixing plant and the average hauling time was around 30 minutes. Figure

9. 3 shows the pictures of the mixing plant of Granite Construction Company at Lockwood

facility.

Table 9. 2: Summary of the Nevada Test Sections Mix Designs

Section | Section | Section | Section | Section
1 2 3 4 5
RAP, % 0 33 33 33 15
T2, A2,
RA type, % - - -
2.0% 2.0%
RAP Binder Ratio (RBR) 0 0.324 0.332 0.324 0.144
Optimum total binder
5.37 4.60 4.50 4.60 5.04
content, %6 TWM?
Virgin binder content, % TWM? 5.37 3.11 3.01 3.11 4.32
VMA, % 13.3 13.7 13.9 14.0 13.3
VFA, % 69.8 71.1 71.2 71.8 69.8

1 T2-Evoflex, A2-Reclamite

2TWM denotes “Total Weight of Mix”
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(@) (b)

(©)

Figure 9. 2. Picture of (a) Aggregate Stockpiles; (b) Processed RAP Stockpile; and
(c) Marinated Aggregate Stockpile Along with Asphalt Binder Tanks at Granite
Construction Hot Plant Facility
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(©)

Figure 9. 3. Picture of (a) Array of Aggregate Bins; (b) Continuous Mixing Drum;
and (c) Storage Silos at Granite Construction Hot Plant Facility
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A.3 Construction of Nevada test sections

The pulverization and compaction of the existing asphalt pavement and base were
completed couple of days prior to the construction of the new asphalt pavement layer. The
pulverized and compacted base layer was wetted and levelled by a motor grader before
placing the hot mix asphalt. The air temperature varied between 77 and 84°F and the wind
speed varied between 5 and 15 mph during construction. The hot mix asphalt was
transported to the construction site using belly dump trucks with the capacity of 40 ton.
The hot mix asphalt was placed in a windrow on top of the compacted base. Figure 9. 4
shows the belly dump truck and the hot mix asphalt material placed in a windrow. A Weiler
E650 windrow elevator picked up the hot mix asphalt and transferred it into the paver
hopper. A Caterpillar AP-1055D model paver (Figure 9. 5) laid down the hot mix asphalt
on top of the base. The hot mix asphalt layer was placed in one lift since the target thickness
of the layer was 3 inches. One lane (12 feet) was paved at a time and the other lane was
kept open to the traffic. The paved hot mix asphalt mixtures were compacted using three
types of rollers; CAT CB64 vibratory roller, Volvo DD38 vibratory roller, and CAT CC34
pneumatic rollers. The breakdown roller (CAT CB64) did four vibratory passes and one
static pass followed by two static passes by the pneumatic roller. The Volvo DD38 was
used to compact the joints properly and finish the compaction with two static passes. A
pass here is defined as both wheels of the compactor rolling over a specific point on the
mat. Figure 9. 6 shows the fleet of compactors and the break down compactor behind the
paver. A summary of the windrow temperature and beginning and end station marks of
each test section are given in Table 9. 3. There was not any physical or functional

differences observed between rejuvenator added mixtures and regular hot mix asphalt
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mixes during the mixing and compaction process in the field. Figure 9. 7 shows the pictures
of pavement surfaces of the test sections. The mat densities were measured after the

completion of compaction using nuclear density gauges by both contractor and consultant.

(b)

Figure 9. 4. Picture of (a) Belly Dump Truck; and (b) Hot Mix Asphalt Placed in a
Windrow
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Figure 9. 5. Picture of the Windrow Lifter and Paver
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Figure 9. 6. Picture of (a) Fleet of Compactors; and (b) Breakdown Roller Behind
the Paver
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(@) (b) (©)

(d) (e)

Figure 9. 7. Picture of Compacted Pavement Surface of (a) Section 1-Virgin; (b)
Section 2-Control with 0.3 RBR; (c) Section 3-0.3 RBR with Tall Oil; (d) Section 4-
0.3 RBR with Aromatic Extract; and (e) Section 5-Control with 0.15 RBR.
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Table 9. 3. Summary of the Windrow Temperature and Station Locations

Windrow
Construction | Section Start Stop HMA
Date number RBR RA Lane station | station | Temp.
(F)
4 0.30 Aromatic | SB 279 304 305
10-Sent. 2015 ' Extract NB 279 304 290-310
pt. 1 0.00 None SB | 252+70 279 295-305
' NB | 252+70 279 295-305
. SB 226 252+70 | 310-320
Sent 205 | 030 | TANON TN Gaaes0 | 250470 | 302
pL. 5 0.30 None SB | 198+50 226 290-305
' NB | 197455 | 232+50 | 310-320
16 and 17- SB 102 198+50 | 300-310
Sept. 2015 S 0.5} None g0 [ 197+55 | 300-310

A.4 Quality control tests

The quality control (QC) and quality assurance (QA) samples were taken from each lot

during the construction by Summit Engineering and Granite Construction, respectively.

Each section had at least two lots. The test sections and associated lot numbers are

summarized in Table 9. 4. The QC samples were tested for asphalt mixture properties such

as gradation, asphalt content, theoretical maximum specific gravity, Marshall Stability, etc.

Three cores were taken from each lot for thickness and density measurements after the

construction. The summary of sieve analysis (AASHTO T27), asphalt binder content

(AASHTO T308), and Marshall Stability and flow (AASHTO T245) of QC samples are

shown in Figure 9. 8 to 9. A summary of core densities (AASHTO T166) and percent of

compaction (AASHTO T269) are shown in Figure 9. 11 to 12. A detailed report of the QC

test results is attached in A.6 .
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Table 9. 4. Summary of Lot Numbers Associated with Each of the NV Test Sections

NV Test Section Lot Numbers
1 12 and 14
2 15and 17
3 16 and 18
4 11 and 13
5 9and 10
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Figure 9. 8. Hot Mix Asphalt Aggregate Gradation from QC Samples



Asphalt Binder Content, %TWM

o
o

a1
vl

o
o

B

»
o

»
o

Section 1 Section 2 Section 3 Section 4 Section 5

mmm QC sample binder content == Mix design binder content

Figure 9. 9. Asphalt Binder Contents of QC Samples from Each Section

219




220

4000 20
Q £
—_ —
S 3500 18 8
2 3
= 3000 16 L
2 =
el i
= 2500 14 2

2000 12

Section 1 Section 2 Section 3 Section 4 Section 5

mm Stability —e—Flow

Figure 9. 10. Marshall Stability and Flow of QC Samples from Each Section

100
99
08
97
96
95
94 s
03
92
01
90

¢ K
4| >

*

B® >
e

Percent Compaction, %

® Section5 xSection4 ¢ Section 1 Section 2 ®Section 3

Figure 9. 11. Percent Compaction of Asphalt Layers from Cores



221

450

4.00
S ]
=
% 3.50 X
[<5]
< X ®
2 X [ (1] p S
e
o L
= [}
(@)

2.50

°
2.00

® Section5 xSection4 ¢ Sectionl 4 Section?2 mSection3 - Target

Figure 9. 12. Asphalt Layer Thickness of Each Section from Cores
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A.5 Marshall Mix Design Report

GRANITE AN ®

July 14,2015

Asphalt Conerete Mix Design: TY2 PG64-28NV 4VS0B w/LIME
Asphalt Concrete Mix Design ID: 1511 — 3/4” HMAS4-2ENV 4VS0BLM
Asphalt Source: Pacamount - Nevada

Aggregate Source: Lockwood / Wade

Design Criteria: Orange Book (SSPWC) / Asphalt Institute (MS-2)

Attacked is an asphalt mix submittal report including laboratory testing and mix design
criterin for a Type 2 hot mix asphalt concrete, All material and mix design procedures
wete performed in our AMRL accredited Lockwood Materials Laboratory by NAQTC
qualified technicians in nccordance with the above referenced standard specifications, the
Asphalt Institute Manual Series 2 (MS-2), and the project special technical specifications
for the Matterhom Boulevard Improvement Project,

Agzregate lime treatment is preparcd using the NDOT “Marination Methxd™ as per
section 401.03.08 of the Standard Specifications for Public Works Coastruction (Silver
Book),

During production of this material, process cantrol testing will be conduected 1o determine
il mix properties meet scceptance criteria. Past experienee liss shown that differences in
mix propettics may exist between lnborstory generated specimen for mix design
purposes, and actual plant produced material.  Adjustments to plant bin percentages and
asphalt sct point may be necessary during production to achicve job mix formula targets
and / or in-place specifications requirements.

Attached are the labamtary's test results of the bot mix asphalt design.

Respectfully Submitted,
Granite Construction Company

WADE =

Teilbard Benkovich, CET Douglas “Bucky™ Brown, P.E.
QC Operations Supervisar Quality Control Manager
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Asphalt Mix Submittal Report
Submittal information

Sebenittal Name 2075 - Mx Desége (IMF)
Producer Crentie Conmiructon lncomorsted
Plant Lockwood HNVA Plast
Contact Bucky Brown
Email busky brown@gdre com
Phose 77538502007
Prepared By Bucky Brown
Date Prepared 71142015
Subeittod By Bucky Brows
Date Schenited 7740015

Mix Information

Mic 10 1591
Mix Name S HMASSJENY 4VS08LM
Design Criterla  SSPWC | ME-2 / TS Mattiattom Bvd
Desigs Method  Menshel

Mix Category Orange Book Type 2

Aguregate Nominal Sie 4 10mm)
Mizleg Tempetsture =30 °F

Compaction Tempersture 500 °F
Compaction EMont 50

Notes

TN = Tt Weght of M

TMAY = Dy Weaght of Agaregels

Aggegeies prepated it scoordance with the NDOT
Mafneton Metho s par 401 0508 of e Shver Bock

Mix Properties
TMAN TNMS
AC Total s s1
AC Virgin Y 51
AC Rucycled 0 0
2“ Ty Narme Sopplet % TMMS  Grvity Grade
Baseore Couise Aggiegeis 9 AGG CRUSHED Coweod %50 28458
Coane Aggregets W MGG CRUSHED Lockewsod W 250
Loese Ag;iesets 3¥° AGG CRUSHED Lockwood 2500 284
Fire Aggoyun #4 - CRUSHER FINES Lochwzod €00 252
Fire Aggegetn 4 - NATURAL FINES Wt 20 2528
Ume HYDRATED LIME Lt Neeth Asradcn 150 22%
Bincer Padoomarcn Grede  PNAC PG 84-200V Paremount - Neveds s L% 1018

223
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Lusebmrzcard b, Pl
. 10800 Carmpon Wy
GRANITE e
TIS-BEE. 20
Mix Properties
Mix 151 -SSR IR SVSDELM
Spacilication 15112015 JMF Sulsmital
Milx Properiec Gradation
Proparty =it Design  Specfoation Sieve R Pmaing  Specifcaion
AC Coment [Ph)  WTMM 51 4858 1° [28mm| 1000 hleintiil
AL Comtent |Effective, P bs) L 4" [vimm| 1000 -
AL Conmtenl | Al b, Plal L] 1.18 W (12 5mm| [ F ]
Aar ok {visf L] 4 ] 38" 5. 8mm| TR Tia8
il L 133 =ik 4 4T S| E=1] 580
HFA L] [T B5-Ta 8 [ 38mm| L]
Subiity | 00 =150 10 [Zmen] 1 .80
Pl Flow Eib ] 7 820 #18 [1. 18| 0
Unit W [Compacted) B3 AT #30 Emen) Ha
Llsdt W (Mas) 83 1E27 40 042 Emm | wr W
EPGR [Compacted, Gmib) 558 #5030 5mm)| 58
SPGHR (M Jmm) T454 #VB0 [T S| BT
SPOR Dy, Gaky 2578 200 [ T5um| as 4385
SPOR (2ED) 2851
SPOH | Apparen] .
Segr (Efective Ga| P
Alssorption |Coarsa| L] 2
Absorption |Blesd) L] .
Amsecrpmen (Fine| L] a3
Fractured Facus [+1] % 100 w50
Frasctused Facus. [+2) L] 100
Ligaiel Limit b -] <35
Piasticity Isdus L] o -
LA Abwasion L] 147 3T
Seund e (MaZS04) Contse L] 3 =ik
Sourdness (Ra2S0d) Fiss % 1 <i&
TSR | FreeoelT hir ] B
T b Stseagth (Dy) = ]
04 — -
-: ) ____..--— '
oy -~
o -
£ - ~
1w i
£ gl -__._.-"
| s
= -
W
B i
PoRRRRR % %%X '*-E % = ‘t% “‘g
VAR Y ' SY
v Dpareng (rm) To The 45 Powar
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Linchowenzed LA Plast
. 0800 Cafwoh iy
GRANITE e
TTS-FE2-HAs
Mix Blend
B 151 - HRAAS DEN SVE0EL W
Soarva i Taw! i Fomual! Dot S AGG 12 AGG S A 4 - CRUSHER #4-NATURAL  HYDRATED
CRUSHED CRUSHED CRUSHED FMES FIKES LME
Cosrse Cotram Coarien
Trpa . Aareomts Adreoata Fine Aggiegate  Fine Aggregale Lirrva
Irhude b ol Tl Tl T i
LY 185 L] x 55 12 15
1° (e W 001 0 Rliali] 1B0d i3 108 0 3 A3 A3
S e D100 pLiiki] hliali] 100 100 000 00 00
AT (12 S W BB =1 100 100 000 00 00
SE [0.5mE| % EBE5 Tan 40 408 100 0.0 1003 1003
4[4 TS W 4585 58 o4 ar T8 e 1] 1003
a8 (2 S W 1] L] a8 ab Tid T 1003
I 2 44 1 (L} (1] a8 B4E ['EE] 00
w11, 18mn ] % . Ril a3 a5 ar 55 [ 5 00
0 (DS W 4 [ k- o4 L] F e e
80 (D4 e e 1212 .7 ik o4 L] F_% 50b e
5 0. S W 138 a3 [F] Ll s -1 ] s
#1000 (015 ar a3 [F] as e ar s
00 [T W 34 B3 [ [ k-] L] 129 28 A0




GRANITE

Volumetric Charts
Wi B SAH AR TR ANB0ELM
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Lischmond HMA Pt

- 10500 Carvpon Wy

GRANITE e

TI5-38026%3

Batch Test Summary
M 9517-3THMASL JENY 4VS0ELM

Test Sampie 1 Sample 2 Sample 3 Sample 4
AC Contert (Pt) a0 45 50 55
AC Contert (Almesrbod Pra) % 115 198 118 198
AC Cortert (Eflectva Pe) % 20 54 ) 44
A Vel (Ve) % 78 58 as %1
VMA % el 155 195 EE
VFAN s 580 e %9
SPGR {Compurcte, G| 258 230 2347 298
R om—— ) w438 1458 481 1472
SPCR (Ve G} 2405 2408 245 2440
Unit W (M) a2 153 1541 530 1510
Sty tf 2570 wae w03 T
Pratic Flow 01in 12 » 15 20

StosemomaC ornaans
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Asphalt Mix Submittal Report
Submittal information

Scbenittal Narse 2015 Mix Dengn (JWF)

Producer  Cranda Cormtructon Inoompor eled

Plant Lockwood | Sperks SMA Parnts

Contect Bucky Brown

Emal Bucky brown@odne com

Phote  T75-3852-2007

Prepred By Bucky Brown
Date Prepared 3512015

Suterited By  Bucky Brown
Dete Submiled 4172015

Mix Properties
THAYX THM%
AL Toal 08 48
AC Virgin i 41

AC Recycled 072

Bayepee Towse Agaiegete S AGG CRUSHED

]

10400 Carryon Yy
NV

Mix Information
Mis 1D 2041
Mix Name  S4-MABLIBNY LVSIERIS M
Design Criterla MS-2 ( SSPWC
Design Method  Macsid

Mix Category Ovange Book Type 2

Aggregate Nominal St 54° (10mm)
Mitieg Temperature 530 °F

Compaction Tempersture 511 °F
Compection Efont S0-Sow

TN = ot Weght of Midise

TMAN = Dy Waght of Aggregete

1-172% Litrm added by &y waight of viign sgiregete waing the
“Madnaton Method™ TSR Done with no Uime sdded

Specific
% TMMYS Gty Grade

Coarme Aggregate W AGG CRUSHED
Coarve Aggreguts ¥ AQG CRUSHED

Fire Aggregete #4 - CRUSHER FINES
Fire Agyegete B4 - NATURAL FINES

Line HYDRATED LME
far Firm RAF wrL RAP
Bovser e Crote Py PG 84280

wn
W
wo
100
“wa

Lt Nevth Armetcn 1320

150
a0 an 107 PGeLIENV
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Losehmscad A, Pl
10500 Carepen Winy
GRANITE e
Miz Properties
Milx 204 - STHRAR- 2R SVSIER1ELE
Bpecication 2015 JWF Sulbeie
Milx Properiisc aradation
Propadty it Dmmiign S Moatics Bl mPmising  Specifcatios
Al Coment (P2 ST 48 4553 1% (28mm)| e 00180
Adr Wokds (Vi) L 4 35 " [t 100 LR b
LY L] 133 =15 W (12 S| L]
WFA L] o a5Ta A5 0. S| B 85
Enabiity [:) Ers. = 1300 (AT S| 55 4580
Plessic Flow  .0n " B30 2 38mm) Ft
TER (Frisate-Thaw L] br =70 #0 [Znm| a =]
Unk '@t jComzaciedy 83 HWTE #16 (1.1 Emm) &
s W (M [ ] 537 A 0S| 2l
EBPOR [Compecied G i 40 A2 Smm| i) 24
SPOR [as S T4 50 0. 3w 15
SR Dy, Gaky -3 D0 (L1 Serem| o
BPOR 5E0) 185 200 [T 5wum) (-5 438
SPOR | Aoparent] aTer
Atmorgtasn |Fisa) L1 iF
Absoiplics [Elesd] % F13
Absonptios [Condsa) L] 20
Tenalbe Strafgth Dy el 150 -]
Fi ectiiudl Faas (1) L 103 =50
Factured Facas 2] Ligqusl L] 10X
Limsit <35 -]
Pasiicity indus L] & <8
LA A bon L 45 =7
Boursiness (NaZS0d) Conida L] T =12
Sedifrdturis (NaZS04) Flim L] 38 =15
"y - -
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Lockwood HLLA Fant
10600 Camyon Way
Lockanad, N 83434

TT5-352-2933
Mix Blend
Mix 2041 - 3L HMASS-ZENY SV EIBR1SLM
BlewveTest Spec Resuit Dust 3T AGE 12" AGG 8" MGG 2 - CRUSHER 24 -NATURAL HYDRATED 12" Lockwood
CRUESHED CRUSHED CRUZHED FINEZ FINEEZ LIME RAP
Type Coarze Coarzs Coarze Fine Aggregate  Fine Aggregaie Lime: Fine RAP
Aggregais Aggregate Agoregabe
Inciude Yes Tes ¥es Yes Yes Yes Yes
% 18.7 10 1= 24 14 13 1=
17 (25mm) % 100-100 1000 100.0 1000 1000 100.0 100.0 100.0 1000
34" (19mm) % S0-100 ioan 100.0 io0.o plucda) 100.0 100.0 1000 oo
12" (12.5mm) % =13 31 io0.o plucda) 100.0 100.0 1000 oo
e (9.5mm) % 6355 wa 40 485 plucda) 100.0 100.0 1000 e
# (4.75mm) % 4555 =25 0.4 o7 128 57.6 %3.2 1000 ET4
#8 (2.36mm) % |7 0.4 [:E] [k} 714 @77 1000 455
=10 Zmm) % 30-44 T4 0.a s os B4.5 7.3 100.0 4z
#1& [1.1Bmm) % A 0.3 as arF 458 222 1000 L]
#30 [I.Emmi] % 1T 0.3 o4 [:2-3 8.8 T3 298 =13
#40 [1.425mmi) % 222 125 0.3 o4 [=:E-3 a3 53.0 238 44
#50 [0.3mm) % 147 0.3 [P (=X 2.E 36.0 238 m3
#100 {0.15mmi) % f-1-] 0.3 o4 1 166 2.7 238 144
FH0 (TS % 3 B3 0.z o3 125 28 &80 oT



Volumetric Charts
it 2041-34"HMASL- 23NV SVSOER15LM
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Lockeood HMA et

10600 Carnpon VWaey
NV

T75352.2053

Batch Test Summary
Mix 2041-34 FMABL-ZENV AVSOER1SLM

Test Sarm e 1 Sample 2 Sample 3 Sarrste 4
AL Contert (Pt a0 45 50 55
AL Contert. (Abmorbed Pt % 0ss i o oae
AL Cortert (Efectve Pbe) % 42 57 4z 47
A Vel (Va) % 72 ss 42 20
VMA % 145 158 110 180
VFA% 00 815 751 840
SPOR (Compactes Gy 2318 2348 2380 208
Uit VA (Compucted) 1083 443 1482 RreE) 1401
SPGR (e Qeess) 2400 2480 2482 260
Uit VA (Vs s 155 1544 w32 121
Statery 1 2 4206 o 5196
Prasse Flow Otin 1 “ 17 w
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Asphalt Mix Submittal Report
Submittal information

Sutenifal Name Typw 2 HMA .- Section 2 Contrdl Secton
Producer Qraniie Cormiucton |noompor sted
Mart Lockwood =MA Plast
Contect Bucky Brown
Emal bucky brewn@gane com
Phoea 7753502007
Project Natra Maflartom Svd. Isgrovenment Project
Contractor  Cranie Comtruction Incoror sied
Preparec By Bucky Biown
Dwte Prepased  &/32015
Suterited By  Bucky Brown
Dute Subesiied 8732015

Lockmood HMA Pt
10500 Campon Wy
Lockwood, NV 80451
TS-380-2058

Mix Information
Mic 10 3548
Mix Name 54" HMASSZENY 4VS0BR3UM
Deaign Criterla  SSPWC J ME-2 / Mattarhom Bivd
Design Method  Marshal
Mix Class
Mix Category Ovange Book Type 2
Inteaded Use Section 2 Control Section
Traftic Desigaation
Aggregate Noesined Ste 547 (100
Mizieg Terpersture =30 °F
Compaction Tempersture 304 °F
Compaction Eont  S0-Blow

Notes

TV, = Tote Weight of Mixure
TMASE = Dry Wisight of Aggregee

if

with Bve NOOT “Marnuton Method
o e 401, 03.08 of e Shver Book
Mix Properties
TMAX  TMM%
AC Toral 48 48
AC Virgin EE] i
AC Rscyched 1.5 140
Rap Slader Ratic (REN) 03 0%
Aggregae Type Narre: Sopples % TMM%  Gravity  Grade
Aayegee Couten AQgiegets 34 AGG CRUSHED Leckweod 7.00 2845
Course Aggregete 12 AGG CRUSHED Leckweood 0.0 2641
Cosmse Aggregete 34" AGO CRUSHED Leckweod 1520 2844
Firm Aggregutn 4. CRUSHER FINES Locwood %W 252
Firm Aggregete 4. NATURAL FINES Vet %0 2528
Ure HYDRATED UNE Uit Noeth Arrmdcn 100 238
Fitm RAP T Lockmecd RAP Lockwoord 3200 273

Performarce Grede  PRAC PO 84280V Paremount 39 in 108
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Mix Properties
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Mix Properiies Gradation
Proparty it Deiign  Bpecfoatics S % Pmiaing  Specicatios
AL Contant [Py WTMM 48 4453 (TW-02+0T) 1* [28mm| 1000 100100
AL Conmeni jAbse i, Phaj L] [E ] 54° (i) 1000 +L7 f8-i0d
Bir Wolds (v} % F Y] A (12 8mem) oy
LT L] 1a7 =15 38" (0. 5mm| TEE HT OB
NFA L] TiA a5Ta (AT Berun | 40T #LT 4257
Emabsiity I &0 il B [ S8 w7
Plasts: Flow Al " &2 ) [Emm) WE w4 330
Linit W | Comparctad) [ x] a4 #18 (1.1 Emm| L]
Lisie Wi (Mlas) [ <] 545 #50 §0.8mm) Ha
EFOR | Compacted Gt FET B0 J2L42 e W1 e W
SPOR (Mac Smim) TdEE #5010 3mm)| 15
BPOR Dy, Gk P V00 (L1 Seren | an
EPOR (250 FI. ] E2O0 (T Ay B4 W-I 4484
SPOR | Agparent] T
Spugr (ESectiva Jus) Tam
Absonptios |Coiiaa) L -
Absorphics (Blesd] %
Abmasplion (Fine) L] az
Frasctiited Facas (=1} L] 108 =50
Fractired Faoas (+3) L 03
gl Limit L] <35 <35
[Pasticity isdus L] ] L]
LA A bon L 143 <iF
Boutdnms (NATS04) Contse % 23 <t
Sodrechoaris (MaZS0d) Firm L] a1 =15
w0 - .
L] s
- a
a -
P- =
£
i
- s
A .
" - i
1
. i
£ LR BRR B ! L : “h ]

.
x,
]

Serea Opsing et To Tha 48 Pt

Y W% 3
RSSO T S LY

234



GRANITE

Mix Blend

M 35430 HMAE- JENY SVEIBREILM
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Sarvai Tam! S Fomiailt Doumt T ADG 1 A00 A% A0 4 -CRUSHER #4-NATURAL HYDRATED  10° Lockwosd

CRALSHED CRiISHED CRUSHED FRMES FILES LiniE RA&F
Comia [E== [===
Trpa Pt At Fine Aggiegate  Fine Aggegale Lirrm Fine AP

Irmdude Y W Yo Yo L] o i
% 7 W 15 14 0 1 -
1° [m) W 001 1000 1000 1008 108 il 0 0 ]
S5 (10 % 00100 10000 1000 100 100 00 i i 1030
U (12 Seiel W B3 a1 100 108 0.0 030 030 o
5E° [0.5mE| % a5 THE 48 4HE 100 003 il 003 o5a
44 14 TS % 4585 407 (L} or 18 ure ol 003 o]
2 i) M7 o4 1] e Ti4 oy 0 478
WD ) W CieE] Mg o4 L] ] B4E s 0 424
E L TRRT- T T 03 os ar S5 a2 030 a4
30 (S % e a3 (2] L) A wE E 1]
a0 (DS 1222 181 a3 [E ] L) =3 500 wE pd]
0 (LS % REE] 03 o4 L] ns 380 s -1
00 [0 158w N ag 03 o4 L] RL1 a7 e 158
A [TEpm) W 54 B4 [ (K] L] 12 28 B Bl 03



236

Volumetric Charts
Mix 354830 HMASA-ZBNV AVS0BRI0N
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Batch Test Summary
Mix 35834 HMASA-ZENY SVSOERI0LM

Test Sempie 1 Samphe 2 Sample 3 Samgple 4
AL Cortert (Pt) 40 45 50 55
AC Cortert (Abmorbod Pta) % 041 042 041 04z
AL Cortart (Efectve Pie) % a8 41 a8 51
A Vikss (V) % a0 4% 25 12
VMA % el 158 134 EEE)
VA% @0 802 812 was
SPGR (Compactes, Ome) 2382 231 2404 248
PR pom— uas 1481 w06 1505
SPOR (Mex, s} 250 2485 2488 2448
Linit V4 (M) 03 1558 1547 1538 1524
Shatery 1f s 40ns w2 £
Passc Flow O1in 10 % 17 "

T T
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Gubdance Dotumen
Ouality Flaragement Asphalt Binder Blending Chart
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Asphalt Mix Submittal Report
Submittal inforrnation

Submisal Mame  Tyee 2 HALA - Secion 3 650 REBR Y
Ewoflax
Prodicnl  Giranite Comiruciion Incasorsled
Planl Lockssod HWA Plant
Conlecl S.oky Heow
Emall bucky beswsigonc com
Phofe TT-EET-200T
Project Mame  Melterham Bhed. improvemest Proc
Contracioe Gearita Gomducion Compary
Prapared By Bucky Brown
Dats Prepared S48
Submited By Bucky Brown
Cuate Siubmifed S21501%8

Lockeacd HidA Plan
10800 -85 Ext 22
Lizcowsed, MY 354
TrS-S5. T

ML Informnagon
M D e

Hiz Hams 397 HRASS-23NY £ S0ERA0LM EVD

Duiign Criteea SSPWE J ME-2 1 ST Matarhom Bled
Ouiign Method Marssal

Mix Category Orangs Book Type
interded Uhe  Section 3 Evcflax - Tal 08

Bggregets Mominal Sios 347 | T9mm)
Mixing Temparsture 535 F

GompacSon Tempaiatum 308 °F
Compaction EfaAl S0-Hows

THM = Totl Waight of Midare
THAN = Dy Wenght of Aggregets

n
par 400 03 (8 ol e Sver Boak

with HOEOT “MarisaSion Method™

Mix Propertias
THA % TN
AL Tertal 472 a8
AL Viegin %15 L1 ]
A Respeied 1.47 148
My Birdar RaSo (RE) .8 A " .
Apgregats Tyew Marm Supplies % THM % Grasity Grisda
Eagegtn Tomrsa A ggragsn AN RE CRJSHED (=== 1500 FETE
Core Aggragetn A ASE CRUSHED Lockmaed 0os 2881
S oarwa Aggragstn A A CRUSHED Lochkamod FET ) PE-TTE
Fine Aggregate 4 - CRUSHER FINES Leckeaed 1400 FLv-]
Fine Aggrageta - MATURAL FIKES e nos 58
Lirtm HYDRATED LIME Lokt Worts Amaricn 1.08 288
RAF Finm RAF 1 Lacwsod RAF Lockeacd 3300 2TA%
Binder Padtormance Grade  PAAL PO 428NN Pararmoent 318 Aam 1.088
[Mssarharm]
Additen Bider Adcitve Evollax Masdfentcs 2 % New AL
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Leeiwrredd HUS Pam
A 0800 - Beit 22
TS 2mT
GRANITE b1
Mix Properties
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Lockwood HMWA Plant

10500 |-B0 Extt 22
GRANITE e
T75-352-2927
Mix Blend
Mix  3562-3747 HMAES-ZENV 4WSOBRIDLM (Evofax)
SleveTast Spec Resutt Dusst 34" AGGE 112" AGG JEAGG #4-CRUSHER #4-MNATURAL HYDRATED 127 Lociwood
CRUSHED CRUSHED CRUSHED FINES FIMES LIME RAP
Coanse Coarse Coarse Fine g’egme me Lime Fine RAR
e Aggregate Aggregats Aggregats “
Inciude: YaE Yas YeE Yes Yes Yes Yes
% 7 0 15 14 10 1 33
17 (25mm) % 100-100 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
34 (15mm) % S0-100 0.0 100.0 100.0 100.0 1000 100.0 1000 i00.0
2T [12.5mm) % B9.3 =R 100.0 100.0 100.0 100.0 100.0 =2 k)
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A.6 Quality Control Test Results

PAVEMENT RESULTS
FOR
MATTERHORN BLVD. IMPROVEMENT PROJECT
NEVADA PUBLIC WORKS PROJECT NO. PWP-WA-2015-179
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

ASPHALTIC CONCRETE HOT MIX ANALYSIS

Project Name: Matterhorn Blvd. Lab No. 1515-1520

248

Project No: 30096 Tested by: KH Date: 10/1/15

Sample Locations and Temperatures:

1515 | Lot 1: Sta 390+00 Rt., Temp=305F, Tonnage=198.88, Section 5

1616 | Lot 2: Sta. 378+00 Rt., Temp=295F Tonnage=733.44, Section 5

1617 | Lot 3: Sta. 357+00 Rt., Temp=300 F, Tonnage=1,233.45, Section 5

1518 | Lot4: Sta. 342+00 Lt., Temp=305F, Tonnage=1,659.76, Section 5

1519 | Lot5: Sta. 360+50 Lt., Temp=305F, Tonnage=2,231.82, Section 5

1520 | Lot 6: Sts. 344+00, Temp=301F, Tonnage=2,621.52, Section 5

Paving Date 9-8-15 9-8-15 9-8-15 9-8-15 9-8-15 9-8-15
Lot No. 1 2 3 4 5 6
Sample Number 1515 1516 1517 1518 1519 1520
% Bitumen by Total Weight of 4.66 4.80 4.60 4.83 5.20 544
Mix (ASTM D 6307)

Rice Specific Gravity 2475 2.325 2.484 2.476 2.466 2.465
(ASTM D-2041)

Marshall Unit Weight 145.16 144.73 145.89 145.16 145.62 147.10
(ASTM D-2726)

% Voids (ASTM D3203) 5.76 5.82 5.63 5.81 5.13 412
Marshall Stability (Lbs.) and 2937 2312 3297 2698 2267 2780
Flow (1/100 in.) (ASTM D 6927) 21 23 21 19 23 17
REMARKS:

Section 1 Design: AC Content: 5.1%, Air Voids: 4.0%, Unit Wt. (Compacted): 146.7 pcf, SPGR (Max):2.454
Section 2 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.4 pcf, SPGR (Max):2.482
Section 3 Design: AC Content: 4.5%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.0 pcf, SPGR (Max):2.477
Section 4 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.9 pcf, SPGR (Max):2.474
Section 5 Design: AC Content: 4.8%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.5 pcf, SPGR (Max):2.469

*Note: Design Specifications from Granite Construction.
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Project Name: Matterhorn Blvd. Lab No. 1521-1526

Project No: 30096 Tested by: KH Date: 10/1/15

SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

ASPHALTIC CONCRETE HOT MIX ANALYSIS

249

Sample Locations and Temperatures:

1521 | Lot7: Sta. 377+00 Rt., Temp=310F, Tonnage=197.57, Section 5

1622 | Lot 8: Sta. 315+00 Rt., Temp=300F, Tonnage=695.39, Section 5

1523 | Lot 9: Sta. 332+00 Lt., Temp=305F, Tonnage=1,111.82, Section 5

1524 | Lot 10: Sta. 309+50 Lt., Temp=300 F, Tonnage=1,650.55, Section 5

1525 | Lot 11: Sta. 297+50 Rt., Temp=305F, Tonnage=196.47, Section 4

1526 | Lot 12: Sta. 276+00 Rt., Temp=303 F, Tonnage=150.25, Section 1

Paving Date 9-9-15 9-9-15 9-9-15 9-9-15 9-10-15 | 9-10-15
Lot No. 7 8 9 10 1 12
Sample Number 1521 1522 1523 1524 1525 1526
% Bitumen by Total Weight of 5.09 5.09 4.92 4.96 4.89 5.06
Mix (ASTM D 6307)

Rice Specific Gravity 2.467 2.465 2473 2.461 2.455 2.465
ASTM D-2041)

Marshall Unit Weight 146.54 145.95 145.08 146.34 146.36 146.91
(ASTM D-2726)

% Voids (ASTM D3203) 4.56 4.87 5.74 4.46 4.21 4.25
Marshall Stability (Lbs) and| 3190 2633 2692 2823 3344 2691
Flow (1/100 in.) (ASTM D 6927) 20 18 18 16 19 16
REMARKS:

Section 1 Design: AC Content: 5.1%, Air Voids: 4.0%, Unit Wt. (Compacted): 146.7 pcf, SPGR (Max):2.454
Section 2 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.4 pcf, SPGR (Max):2.482
Section 3 Design: AC Content: 4.5%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.0 pcf, SPGR (Max):2.477
Section 4 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.9 pcf, SPGR (Max):2.474
Section 5 Design: AC Content: 4.8%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.5 pcf, SPGR (Max):2.469

*Note: Design Specifications from Granite Construction.




SUMMI T S&Esms

Project Name:

Project No:

SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

ASPHALTIC CONCRETE HOT MIX ANALYSIS

Matterhorn Bivd. Lab No. 1527-1532

250

30096 Tested by: KH Date: 10/1/15

Sample Locations and Temperatures:

1527 | Lot 13: Sta.297+00 Lt., Temp=300F, Tonnage=782.48, Section 4

1528 | Lot 14: Sta.271+00 Lt., Temp=295F, Tonnage=785.71, Section 1

1529 | Lot 15: Sta.244+50 Rt., Temp=300F, Tonnage=195.81, Section 2

1530 | Lot 16: Sta.218+00 Rt., Temp=305F, Tonnage=191.23, Section 3

1531 | Lot 17: Sta. 246+00 Lt., Temp=300 F, Tonnage=733.08, Section 2

15632 | Lot 18: Sta.221+00 Lt., Temp=285F, Tonnage=868.22, , Section 3

Paving Date 9-10-15 9-10-15 9-11-15 9-11-15 9-11-15 9-11-15
Lot No. 13 14 15 16 17 18
Sample Number 1527 1528 1529 1530 1531 1532
% Bitumen by Total Weight of 5.00 5.64 491 5.35 4.87 517
Mix (ASTM D 6307)

Rice Specific Gravity 2454 2.460 2.449 2.445 2.461 2.453
(ASTM D-2041)

Marshall Unit Weight 146.33 145.96 147.10 147.83 146.39 146.39
(ASTM D-2726)

% Voids (ASTM D3203) 419 4.67 3.50 285 443 412
Marshall Stability (Lbs.) and 3275 2460 3685 2698 3491 3370
Flow (1/100 in.) (ASTM D 6927) 17 17 19 19 21 17
REMARKS:

Section 1 Design: AC Content: 5.1%, Air Voids: 4.0%, Unit Wt. (Compacted): 146.7 pcf, SPGR (Max):2.454
Section 2 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.4 pcf, SPGR (Max):2.482
Section 3 Design: AC Content: 4.5%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.0 pcf, SPGR (Max):2.477
Section 4 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.9 pcf, SPGR (Max):2.474
Section 5 Design: AC Content: 4.8%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.5 pcf, SPGR (Max):2.469

*Note: Design Specifications from Granite Construction.
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SUMMIT ENGINEERING CORPORATION

An AASHTO Accredited Testing Facility

ASPHALTIC CONCRETE HOT MIX ANALYSIS
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Project Name: Matterhom Bivd. Lab No. 1535-1540

Project No: 30096 Tested by: KH Date: 10/1/15

Sample Locations and Temperatures:

1535 | Lot 19: Sta. 191+00 Rt., Temp=300F, Tonnage=197.37, Section 5

1536 | Lot 20: Sta.167+00 Rt., Temp=305 F, Tonnage=765.53, Section 5

1537 | Lot21 Sta.147+00 Rt., Temp=305F, Tonnage=1,202.22, Section 5

1638 | Lot22: Sta.178+50 Lt., Temp=305F, Tonnage=1,706.82, Section 5

1539 | Lot 23: Sta.154+50 Lt., Temp=300 F, Tonnage=2,245.51, Section 5

1540 | Lot24: Sta.133+00 Lt., Temp=300 F, Tonnage=196.07, Section 5

Paving Date 9-16-15 9-16-15 9-16-15 9-16-15 9-16-15 9-17-15
Lot No. 19 20 21 22 23 24
Sample Number 1535 1536 1537 1538 1539 1540
% Bitumen by Total Weight of 4.90 511 5.68 5.26 5.08 5.03
Mix (ASTM D 6307)

Rice Specific Gravity 2478 2.465 2441 2.451 2472 2.475
(ASTM D-2041)

Marshall Unit Weight 146.09 146.60 146.51 146.33 146.07 147.15
ASTM D-2726)

% Voids (ASTM D3203) 5.28 4.44 3.56 4.08 5.06 4.47
Marshall Stability (Lbs.) and| 3026 3237 2664 2145 2864 3099
Flow (1/100 in.) (ASTM D 6927) 20 17 19 19 19 16
REMARKS:

Section 1 Design: AC Content: 5.1%, Air Voids: 4.0%, Unit Wt. (Compacted): 146.7 pcf, SPGR (Max):2.454
Section 2 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.4 pcf, SPGR (Max):2.482
Section 3 Design: AC Content: 4.5%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.0 pcf, SPGR (Max):2.477
Section 4 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.9 pcf, SPGR (Max):2.474
Section 5 Design: AC Content: 4.8%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.5 pcf, SPGR (Max):2.469

*Note: Design Specifications from Granite Construction.
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

ASPHALTIC CONCRETE HOT MIX ANALYSIS

Project Name: Matterhorn Bivd. Lab No. 1541-1543

252

Project No: 30096 Tested by: KH Date: 10/1/15

Sample Locations and Temperatures:

1541 | Lot 25: Sta. 112+00 Lt., Temp=295F, Tonnage=695.86, Section 5

1542 | Lot 26: Sta.136+00 Rt., Temp=295F, Tonnage=1,199.35, Section 5

1543 | Lot 27: Sta.115+00 Rt., Temp=295F, Tonnage=1,676.05, Section 5

Paving Date 9-17-15 9-17-15 9-17-15
Lot No. 25 26 27
Sample Number 1541 1542 1543
% Bitumen by Total Weight of 5.29 5.49 5.19
Mix (ASTM D 6307)

Rice Specific Gravity 2.466 2.448 2.462
ASTM D-2041)

Marshall Unit Weight 147.97 147.58 14717
(ASTM D-2726)

% Voids (ASTM D3203) 3.59 3.14 3.96
Marshall Stability (Lbs.) and 2947 2771 2657
Flow (1/100 in.) (ASTM D 6927) 18 17 19
REMARKS:

Section 1 Design: AC Content: 5.1%, Air Voids: 4.0%, Unit Wt. (Compacted): 146.7 pcf, SPGR (Max):2.454
Section 2 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.4 pcf, SPGR (Max):2.482
Section 3 Design: AC Content: 4.5%, Air Voids: 4.0%, Unit Wt. (Compacted): 148.0 pcf, SPGR (Max):2.477
Section 4 Design: AC Content: 4.6%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.9 pcf, SPGR (Max):2.474
Section 5 Design: AC Content: 4.8%, Air Voids: 4.0%, Unit Wt. (Compacted): 147.5 pcf, SPGR (Max):2.469

*Note: Design Specifications from Granite Construction.
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SECTION 2:

Asphaltic Concrete Hot Mix Sample Gradation Report
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SUMMIT ENGINEERING CORPORATION

SIEVE ANALYSIS
(ASTM C 136)
Job Name Matterhorn Blvd Lab No. 1515-1520
Job No. 30096 Date 10-1-2015
Sample Description TYPE 2 AC Technician KH/GM
Material Source GRANITE LOCKWOOD HOT PLANT
Sieve Size SAMPLE NUMBER: COMBINED % PASSING Specifications
1515 1516 1517 1518 1518 1520
3n
on
%"
" 100 100 100 100 100 100 100
e 100 100 100 100 100 100 90-100
" 87 89 89 91 90 94
38" 74 75 75 78 78 81 63-85
#4 50 48 47 53 51 54 45-65
#8 34 33 33 36 36 37
#10 32 31 31 34 33 34 3044
#16 25 25 25 27 27 28
#30 20 20 20 21 21 22
#40 17 17 17 17 18 18 12-22
#50 13 13 13 14 14 15
#100 8 8 8 9 9 9
#200 5.8 6.0 6.0 6.0 6.1 6.1 3-8

REMARKS:
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SUMMIT ENGINEERING CORPORATION

SIEVE ANALYSIS
(ASTM C 136)
Job Name Matterhorn Bivd Lab No. 1521-1526
Job No. 30096 Date 10-1-2015
Sample Description TYPE 2 AC Technician KH/GM
Material Source GRANITE LOCKWOOD HOT PLANT -
Sieve Size SAMPLE NUMBER: COMBINED % PASSING Specifications
1521 1522 1523 1524 1525 1526
3"
o
1%"
q 100 100 100 100 100 100 100
o 100 100 100 100 100 100 90-100
s 90 88 92 91 91 90
a/g" 79 76 79 78 76 75 63-85
#4 54 51 54 51 51 49 45-65
#8 37 37 38 35 36 34
#10 34 34 36 33 34 31 30-44
#16 27 28 29 26 28 25
#0 21 21 23 21 22 20
#40 18 18 19 17 19 16 12-22
#50 14 14 15 14 15 13
#100 9 9 9 9 9 8
#200 6.1 6.0 6.5 6.0 6.3 53 3-8

REMARKS:
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SUMMIT ENGINEERING CORPORATION

SIEVE ANALYSIS
(ASTM C 136)
Job Name Matterhorn Blvd Lab No. 1527-1532
Job No. 30096 Date 10-1-2015
Sample Description TYPE2AC Technician KH/GM
Material Source ~ GRANITE LOCKWOOD HOT PLANT -
Sieve Size SAMPLE NUMBER: COMBINED % PASSING Specifications
1527 1528 1529 1530 1531 1532
an
o
1%"
i 100 100 100 100 100 100 100
Y 100 100 100 100 100 100 90-100
n 91 92 89 91 89 90
/8" 79 79 75 82 75 79 63-85
#4 54 53 50 57 51 55 45-65
#8 38 37 36 41 36 39
#10 36 34 34 39 34 37 3044
#16 29 27 28 32 28 30
#30 23 21 22 24 22 23
#40 19 17 18 20 18 19 1222
#50 15 13 14 16 14 15
#100 10 8 8 9 8 10
#200 6.7 53 5.0 5.2 49 6.9 3-8

REMARKS:
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SUMMIT ENGINEERING CORPORATION
SIEVE ANALYSIS
(ASTM C 136)
Job Name Matterhorn Blvd Lab No. 1535-1540
Job No. 30096 Date 10-1-2015
Sample Description TYPE 2 AC Technician KH/GM

Material Source

GRANITE LOCKWOOD HOT PLANT

Sieve Size SAMPLE NUMBER: COMBINED % PASSING Specifications

15635 1536 1537 1538 1539 1540

2

s

%"

= 100 100 100 100 100 100 100

- 100 100 100 100 100 100 90-100

. 86 89 91 88 91 90

P 73 76 78 78 75 77 63-85

. 47 50 54 54 50 49 45-65

P 33 35 38 38 35 33

#10 31 33 35 35 32 31 3044

#16 25 27 28 28 26 25

30 19 21 21 22 20 20

a0 16 22 17 18 17 17 1222

50 13 14 13 14 14 13

#100 8 9 8 9 9 9

200 5.5 6.1 5.8 6.3 59 6.4 38

REMARKS:
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Job Name
Job No.

Sample Description

Material Source

Matterhorn Blvd

SUMMIT ENGINEERING CORPORATION

SIEVE ANALYSIS
(ASTM C 136)

30096

TYPE2AC

Technician

GRANITE LOCKWOOD HOT PLANT

Lab No.

258

Sieve Size SAMPLE NUMBER: COMBINED % PASSING Specifications
1541 1542 1543

2
-
1%
- 100 100 100 100
Y 100 100 100 90-100
e o1 94 93

P 78 82 81 63-85
" 52 56 55 4565
. 35 39 38

—— 33 36 35 3044
#6 27 29 28

#30 21 22 21

#40 17 18 18 12-22
0 14 15 14

#100 9 9 9

p— 63 6.4 6.4 3-8

REMARKS:
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SECTION 3:

Mat and Joint Core Relative Compaction Report
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH
" Lot Number 1 1 1 2 2
Sampie Number A B C A B
Thickness (in.) Total 3.179 3.222 3.405 3.492 3.467
Lift _Top
Lift _Bottom
Specific Gravity 2349 | 2352 | 2.298 2335 | 2.342
Average Rice Specific Gravity 2.475 2475 2475 | 2469 2.469
% Compaction (Rice) 94.9 95.0 92.8 94.6 94.9
Average Marshall Unit Weight (PCF) | 145.16 | 145.16 | 145.16 | 144.73 | 144.73
% Compaction {Marshall) 98.5 1004 100.7
Lot 1 Average % Rice Compaction = 94.2 % Marshall Compaction = 100.0
Lot 2 Average % Rice Compaction = 95.0 % Marshall Compaction = 100.8

1A West Bound Tupelo St. @ Sta. 392+00
1B West Bound Tupelo St. @ Sta. 388+00
1C East Bound Tupelo St. @ Sta. 391+00

2A  East Bound Tupelo St. @ Sta. 285+00
2B South Bound Matterhorn Bivd. @ Sta. 378+00
2C  South Bound Matterhorn Blvd. @ Sta. 371+00
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Project Name
Project Number

Location

" Lot Number

SUMMIT ENGINEERING CORPORATION

An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC

MATTERHORN BLVD.

30096

See below

CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Date
Lab No.

10-18-15

261

1535

Tested By KH

3 3 3

Sample Number A B C
Thickness (in.) Total 3.245 3.560 3.684

Lift_Top

Lift _Bottom
Specific Gravity 2.341 2346 | 2.329 | 2.341 2.325 2.299
Average Rice Specific Gravity 2.484 2484 | 2484 (2476 2.476 2476
% Compaction (Rice) 94.2 944 94.8 94.5 93.9 92.9

Average Marshall Unit Weight (PCF)

% Compaction (Marshall)

Lot 3 Average % Rice Compaction =
Lot 4 Average % Rice Compaction =

3A  South Bound Matterhorn Bivd. @ Sta. 366+00
3B  South Bound Matterhorn Bivd. @ Sta. 358+00
3C South Bound Matterhorn Blvd. @ Sta. 351+00

4A  South Bound Matterhomn Bivd. @ Sta. 346+00
4B  North Bound Matterhorn Bivd. @ Sta. 381+00
4C North Bound Matterhorn Bivd. @ Sta. 373+00

94.5
93.8

% Marshall Compaction =
% Marshall Compaction =

99.8
99.6
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name

MATTERHORN BLVD.

Project Number 30096

Date 10-19-15
Lab No.

262

15635

Location See below Tested By KH
Lot Number 5 5 5
Sample Number A B C
Thickness (in.) Total 3.421 3.540 | 3.890
Lift _Top
Lift _Bottom
Specific Gravity 2304 | 2322 | 2312 | 2329 | 2.298 2.349
Average Rice Specific Gravity 2466 | 2466 | 2466 |2.465 2.465 2.465
% Compaction (Rice) 934 94.1 93.8 94.5 93.2 95.3
Average Marshall Unit Weight (PCF) | 145.62 | 145.62 | 145.62 | 147.10 | 147.10 | 147.10
% Compaction (Marshall) 98.5 99.2 98.8 98.5 97.2 99.4
Lot 5 Average % Rice Compaction = 93.7 % Marshall Compaction = 98.8
Lot 6 Average % Rice Compaction = 94.3 % Marshall Compaction = 98.4
S5A  North Bound Matterhorn Bivd. @ Sta. 365+00
5B  North Bound Matterhorn Blvd. @ Sta. 360+00
5C  North Bound Matterhom Bivd. @ Sta. 355+00
6A  North Bound Matterhorn Bivd. @ Sta. 351+00

6B  North Bound Matterhorn Bivd. @ Sta. 348+00
6C  North Bound Matterhorn Blvd. @ Sta. 345+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity
RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)
Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH
Lot Number 7 7 8 8 8
Sample Number A B C A B C
Thickness (in.) Total 39156 | 3.078 | 3.131 3.266 3.336 3.283
Lift _Top
Lift _Bottom
Specific Gravity 2.37
Average Rice Specific Gravity 2.467
% Compaction (Rice) 96.1
Average Marshall Unit Weight (PCF) | 146.54
% Compaction (Marshall)

Lot
Lot

7A
7C
8A

8C

96.6
96.3

7 Average % Rice Compaction =
8 Average % Rice Compaction =

South Bound Matterhorn Blvd. @ Sta. 338+00
South Bound Matterhorn Blvd. @ Sta. 333+00
South Bound Matterhorn Bivd. @ Sta. 328+00

South Bound Matterhorn Bivd. @ Sta. 318+00
South Bound Matterhorn Bivd. @ Sta. 313+00
South Bound Matterhorn Bivd. @ Sta. 308+00

101.2
101.1

% Marshall Compaction =
% Marshall Compaction =
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES

(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD.
Project Number 30096

Location See below

Lot Number

Date 10-19-15
Lab No. 1535
Tested By KH

Sample Number

Thickness (in.) Total
Lift _Top
Lift _Bottom

Specific Gravity

Average Rice Specific Gravity

% Compaction (Rice)

Average Marshall Unit Weight (PCF)

% Compaction (Marshall)

Lot 9 Average % Rice Compaction = 94.0
Lot 10 Average % Rice Compaction = 94.9

9A  North Bound Matterhorn Blvd. @ Sta. 338+00
9B  North Bound Matterhorn Bivd. @ Sta. 328+00
9C  North Bound Matterhorn Bivd. @ Sta. 318+00

10A  North Bound Matterhorn Blvd. @ Sta. 313+00
10B  North Bound Matterhorn Blvd. @ Sta. 310+00
10C North Bound Matterhorn Blvd. @ Sta. 307+00

% Marshall Compaction = 99.5
% Marshall Compaction = 99.4
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot
Lot

11A
11C
12A

12B
12C

Lot Number 1" 11 11 12 12 12
Sample Number A B C A B C
Thickness (in.) Total 2234 | 3143 | 3269 | 3620 | 3.021 3.089
Lift _Top
Lift _Bottom
Specific Gravity 2362 | 2.370 | 2.353 | 2.354 | 2.380 2.342
Average Rice Specific Gravity 2.455 2.455 2455 | 2.465 2.465 2.465
% Compaction (Rice)
Average Marshall Unit Weight (PCF)
% Compaction (Marshall)

11 Average % Rice Compaction = 96.2 % Marshall Compaction = 1004
12 Average % Rice Compaction = 95.7 % Marshall Compaction = 99.9

South Bound Matterhorn Bivd. @ Sta. 300+00
South Bound Matterhorn Blvd. @ Sta. 292+00
South Bound Matterhormn Blvd. @ Sta. 284+00

South Bound Matterhorn Bivd. @ Sta. 273+00
South Bound Matterhorn Bivd. @ Sta. 265+00
South Bound Matterhorn Bivd. @ Sta. 257+00



SUMMIT &&538%

266

SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES

(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD.
Project Number 30096

Location See below

Lot Number 13 13

Date 10-19-15
Lab No. 1535
Tested By KH

13 14 14 14

Sample Number A B

] A B C

Thickness (in.) Total 3.520 3.174 3.135 3.220 3.197 3.208

Lift_Top
Lift _Bottom

Specific Gravity 2.343 | 2.356

Average Rice Specific Gravity 2.454 2.454

% Compaction (Rice) 95.5 96.0

Average Marshall Unit Weight (PCF) | 146.33 | 146.33

% Compaction (Marshall) 99.7 100.2

Lot
Lot

13A
13B
13C

14A
14B
14C

13 Average % Rice Compaction = 95.7
14 Average % Rice Compaction = 94.8

North Bound Matterhorn Bivd. @ Sta. 300+00
North Bound Matterhorn Bivd. @ Sta. 292+00
North Bound Matterhorn Bivd. @ Sta. 284+00

North Bound Matterhorn Bivd. @ Sta. 273+00
North Bound Matterhorn Bivd. @ Sta. 265+00
North Bound Matterhorn Bivd. @ Sta. 257+00

% Marshall Compaction = 99.9
% Marshall Compaction = 99.5
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot Number 15 15 15 16 16 16 |

Sample Number A B Cc A B C
Thickness (in.) Total 3174 | 3.800 | 2954 | 2800 | 3.892 3.064

Lift_Top
Lift _Bottom
Specific Gravity 2374 | 2305 | 2.360 | 2.347 | 2.284 2.331
Average Rice Specific Gravity 2.449 2449 | 2449 (2445 2.445 2.445
% Compaction (Rice) 96.9 94.1 96.3 96.0 93.4 95.3

Average Marshall Unit Weight (PCF) | 147.10 | 147.10 | 147.10 | 147.83 | 147.83 | 147.83
% Compaction (Marshall) 99.9 98.8 96.2 98.1

Lot 15 Average % Rice Compaction = 95.8 % Marshall Compaction = 99.3
Lot 16 Average % Rice Compaction = 94.9 % Marshall Compaction = 97.7

15A  South Bound Matterhorn Bivd. @ Sta. 248+00
156B  South Bound Matterhom Bivd. @ Sta. 238+00
15C  South Bound Matterhorn Blvd. @ Sta. 228+00

16A  South Bound Matterhorn Blvd. @ Sta. 222+00
16B  South Bound Matterhorn Blvd. @ Sta. 212+00
16C - South Bound Matterhorn Bivd. @ Sta. 202+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES

(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD.
Project Number 30096

Location See below

Lot Number

Date 10-19-15
Lab No. 1535
Tested By KH

Sample Number

Thickness (in.) _ Total

Lift _Top
Lift Bottom

Specific Gravity

Average Rice Specific Gravity

% Compaction (Rice)

Average Marshall Unit Weight (PCF)

% Compaction (Marshall)

Lot
Lot

17A
17B
17C

18A
18B
18C

17 Average % Rice Compaction = 94.6
18 Average % Rice Compaction = 93.8

North Bound Matterhom Bivd. @ Sta. 248+00
North Bound Matterhorn Blvd. @ Sta. 241+00
North Bound Matterhorn Bivd. @ Sta. 235+00

North Bound Matterhorn Bivd. @ Sta. 222+00
North Bound Matterhorn Bivd. @ Sta. 212+00
North Bound Matterhorn Bivd. @ Sta. 202+00

% Marshall Compaction = 99.0
% Marshall Compaction = 98.0
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility
RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)
Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH
Lot Number 19 19 19 20
Sample Number A B C A
Thickness (in.) Total 3.277 3.297 3.150 3.240
Lift_Top
Lift_Bottom

Specific Gravity 2.357 2.343 | 2.344 2.345
Average Rice Specific Gravity 2478 | 2478 2478 | 2.465
% Compaction (Rice) 95.1 94.6 94.6 95.1
Average Marshall Unit Weight (PCF) | 146.09 | 146.09 | 146.09 | 146.60

|| % Compaction (Marshall) 100.4 99.8 99.9 99.6

————
Lot 19 Average % Rice Compaction = 94.8 % Marshall Compaction = 100.0
Lot 20 Average % Rice Compaction = 94.7 % Marshall Compaction = 99.1

18A  South Bound Matterhorn Bivd. @ Sta. 194+00
19B  South Bound Matterhomn Bivd. @ Sta. 198+00
19C South Bound Matterhorn Bivd. @ Sta. 182+00

20A  South Bound Matterhorn Bivd. @ Sta. 174+00
20B  South Bound Matterhorn Blvd. @ Sta. 168+00
20C South Bound Matterhorn Bivd. @ Sta. 158+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility
RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)
Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH
Lot Number 22 22 22 |
Sample Number A B C A B Cc
Thickness (in.) Total 3.220 3.070 | 3.389 3.326 | 3.294 3.333
Lift _Top
Lift _Bottom

Specific Gravity 2.353 | 2.308 | 2330 | 2.297 | 2.348 2.301
Average Rice Specific Gravity 2.441 2.441 2441 | 2451 2.451 2.451
% Compaction (Rice) 96.4 94.6 95.5 93.7 95.8 93.9
Average Marshall Unit Weight (PCF) | 146.51 | 146.51 | 146.51 | 146.33 | 146.33 | 146.33
% Compaction (Marshall) 98.0 99.0 97.7 99.9 979

Lot 21 Average % Rice Compaction = 95.5 % Marshall Compaction = 99.0

Lot 22 Average % Rice Compaction = 94.5 % Marshall Compaction = 98.5

21A  South Bound Matterhorn Bivd. @ Sta. 148+00

21B  North Bound Matterhorn Bivd. @ Sta. 194+00

21C  North Bound Matterhom Bivd. @ Sta. 188+00

22A  North Bound Matterhorn Bivd. @ Sta. 184+00

22B North Bound Matterhorn Bivd. @ Sta. 178+00

22C North Bound Matterhorn Bivd. @ Sta. 168+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility
RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot Number 23 23 23 24 24
Sample Number A B o] A B
Thickness (in.) Total 3177 | 3274 | 3312 | 3.272 | 2.993
Lift_Top
Lift _Bottom
Specific Gravity 2324 | 2347 | 2.288 | 2295 | 2.360
Average Rice Specific Gravity 2472 2472 2472 | 2475 2.475
% Compaction (Rice) 94.0 94.9 92.6 927 95.4
Average Marshall Unit Weight (PCF) | 146.07 | 146.07 | 146.07 | 147.15 | 147.15
% Compaction (Marshall)

Lot 23 Average % Rice Compaction = 93.8 % Marshall Compaction = 98.8
Lot 24 Average % Rice Compaction = 94.1 % Marshall Compaction = 98.5

23A  North Bound Matterhorn Bivd. @ Sta. 158+00
23B  North Bound Matterhorn Bivd. @ Sta. 154+00
23C  North Bound Matterhorn Bivd. @ Sta. 148+00

24A  North Bound Matterhorn Bivd. @ Sta. 128+00
24B  North Bound Matterhomn Blvd. @ Sta. 132+00
24C North Bound Matterhorn Bivd. @ Sta. 138+00
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SUMMIT ENGINEERING CORPORATION

An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC

CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD.
Project Number 30096

Location See below

272

Date 10-19-15

Lab No.

1535

Tested By KH

Lot
Lot

25A
258
25C

26A
26B
26C

25 Average % Rice Compaction = 94.3
26 Average % Rice Compaction = 95.4

North Bound Matterhorn Bivd. @ Sta. 104+00
North Bound Matterhomn Bivd. @ Sta. 108+00
North Bound Matterhorn Bivd. @ Sta. 118+00

South Bound Matterhomn Bivd. @ Sta. 128+00
South Bound Matterhorn Bivd. @ Sta. 134+00
South Bound Matterhorn Bivd. @ Sta. 138+00

Lot Number 25 25 26 26
Sample Number A B C A B
Thickness (in.) Total 3.067 | 3.167 | 3.555 | 3.291 3.130
Lift _Top
Lift _Bottom
Specific Gravity 2365 | 2.329 | 2285 | 2.349 | 2.346
Average Rice Specific Gravity 2.466 2466 | 2466 |2448 2.448
% Compaction (Rice) 95.9 944 927 | 96.0 95.8
Average Marshall Unit Weight (PCF) | 147.97 | 147.97 | 147.97 | 147.58 | 147.58
% Compaction (Marshall) 99.5 98.0 96.1 99.1 98.9

% Marshall Compaction = 97.9
% Marshall Compaction = 98.5
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredifed Testing Facility
RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot Number 27 27 27 "
Sample Number A B Cc
Thickness (in.) Total 3.110 | 3.430 | 3.185
Lift _Top
Lift _Bottom
Specific Gravity 2335 | 2.310 | 2.360
Average Rice Specific Gravity 2.462 2.462 2.462
% Compaction (Rice) 94.8 93.8 95.9
Average Marshall Unit Weight (PCF) | 147.17 | 147.17 | 147.17 |
% Compaction (Marshall) 99.8

Lot 27 Average % Rice Compaction = 94.8 % Marshall Compaction = 98.8

27A  South Bound Matterhorn Blvd. @ Sta. 108+00
27B  South Bound Matterhorn Blvd. @ Sta. 114+00
27C  South Bound Matterhorn Blvd. @ Sta. 118+00
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Project Name
Project Number

Location

Lot Number

SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

MATTERHORN BLVD. Date 10-19-15
30096 Lab No. 1535
See below Tested By KH

Sample Number

Thickness (in.)

Lift_Top
Lift _Bottom

Total

Specific Gravity

Average Rice Specific Gravity

% Compaction (Rice)

Average Marshall Unit Weight (PCF)

% Compaction (Marshall)

JC1: % Voids = 8.7
JC2: % Voids = 10.1
JC3: % Voids = 9.9
JC4: % Voids = 6.7
JCS: % Voids = 10.5
JC6: % Voids = 9.7
LOCATIONS:

JC1  South Bound Matterhorn Blvd. @ Sta. 108+00
JC2  South Bound Matterhorn Bivd. @ Sta. 118+00
JC3  South Bound Matterhorn Bivd. @ Sta. 128+00
JC4  South Bound Matterhorn Bivd. @ Sta. 138+00
JC5  South Bound Matterhorn Bivd. @ Sta. 148+00
JC6  North Bound Matterhorn Bivd. @ Sta. 158+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot Number

Sample Number JC7

Thickness (in.) Total 2.996
Lift _Top
Lift _Bottom
Specific Gravity 2.236
Average Rice Specific Gravity 2451 | 2451 | 2441 | 2453 2.445 2.445
% Compaction (Rice) 91.2 91.8 93.0 95.3 92.6 93.7

Average Marshall Unit Weight (PCF) | 146.33 | 146.33 | 146.51 | 146.39 | 147.83 | 147.83

I % Compaction (Marshall) 95.1 95.7 96.5 99.4 954 96.5

JC7: % Voids = 8.8

JC8: % Voids = 8.2

JCo: % Voids = 7.0

JC10: % Voids = 47

JC11: % Voids = 74

JC12: % Voids = 6.3

LOCATIONS:

JC7 North Bound Matterhorn Bivd. @ Sta. 168+00
JC8 North Bound Matterhorn Bivd. @ Sta. 178+00
Jco North Bound Matterhorn Bivd. @ Sta. 188+00
JC10  South Bound Matterhorn Bivd. @ Sta. 198+00
JC1 North Bound Matterhorn Bivd. @ Sta. 208+00
JC12  North Bound Matterhorn Blvd. @ Sta. 218+00
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Project Name
Project Number

Location

Lot Number

SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

MATTERHORN BLVD. Date 10-19-15
30096 Lab No. 1535
See below Tested By KH

Sample Number

Thickness (in.)

Lift_Top
Lift _Bottom

Total

Specific Gravity

Average Rice Specific Gravity

% Compaction (Rice)

Average Marshall Unit Weight (PCF)

% Compaction (Marshall)

JC13: % Voids = 9.6
JC14: % Voids = 7.8
JC15: % Voids = 5.0
JC16: % Voids = 6.7
JC17: % Voids = 6.2
JC18: % Voids = 5.3
LOCATIONS:

JC13  North Bound Matterhorn Bivd. @ Sta. 228+00
JC14  North Bound Matterhorn Bivd. @ Sta. 238+00
JC15  North Bound Matterhomn Blivd. @ Sta. 248+00
JC16  North Bound Matterhorn Bivd. @ Sta. 258+00
JC17  North Bound Matterhorn Bivd. @ Sta. 268+00
JC18  North Bound Matterhorn Bivd. @ Sta. 278+00
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SUMMIT ENGINEERING CORPORATION
An AASHTO Accredited Testing Facllity

RELATIVE COMPACTION ASPHALTIC
CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD. Date 10-19-15
Project Number 30096 Lab No. 1535
Location See below Tested By KH

Lot Number 11 11 8
Sample Number JC19 Jc20 Jc21
Thickness (in.) Total 3.130 2.089 3.133
Lift_Top
Lift _Bottom
Specific Gravity 2.260 | 2.288 | 2.306
Average Rice Specific Gravity 2.455 2.455 2.465
% Compaction (Rice) 92.1 93.2 93.5
Average Marshall Unit Weight (PCF) | 146.36 | 146.36 | 145.95 | 145.95 | 146.54 | 146.54
% Compaction (Marshall)

JC19: % Voids = 7.9
JC20: % Voids = 6.8
JC21: % Voids = 6.5
JC22: % Voids = 5.5
JC23: % Voids = 5.8
JC24: % Voids = 55
LOCATIONS:

JC19  North Bound Matterhorn Bivd. @ Sta. 288+00
JC20  North Bound Matterhorn Bivd. @ Sta. 298+00
JC21  North Bound Matterhorn Bivd. @ Sta. 308+00
JC22  North Bound Matterhorn Bivd. @ Sta. 318+00
JC23  North Bound Matterhorn Bivd. @ Sta. 328+00
JC24  North Bound Matterhorn Bivd. @ Sta. 338+00
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SUMMIT ENGINEERING CORPORATION

An AASHTO Accredited Testing Facility

RELATIVE COMPACTION ASPHALTIC

CONCRETE CORE SAMPLES
(ASTM D-2041, D-2726)

Project Name MATTERHORN BLVD.
Project Number 30096

Location See below

Date 10-19-15

Lab No.
Tested By KH

1535

JC25: % Voids = 7.0
JC26: % Voids = 7.9
JC27: % Voids = 6.3
JC28: % Voids = 6.1
JC29: % Voids = 6.0
LOCATIONS:

JC25  North Bound Matterhorn Bivd. @ Sta. 348+00
JC26  North Bound Matterhomn Bivd. @ Sta. 358+00
JC27  North Bound Matterhom Bivd. @ Sta. 368+00
JC28  North Bound Matterhorn Bivd. @ Sta. 378+00
JC29  West Bound Matterhorn Blvd. @ Sta. 388+00

98.7 97.6 99.5

Lot Number 2 1
Sample Number JC25 JC26 Jca27 Jc28 Jc29
Thickness (in.) Total 3.150 | 2270 | 3.150 | 2.940 | 3.375
Lift _Top
Lift _Bottom
Specific Gravity 2302 | 2.287 | 2314 | 2319 | 2327
Average Rice Specific Gravity 2.476 2.484 2469 | 2469 2.475
% Compaction (Rice) 93.0 92.1 93.8 93.9 94.0
Average Marshall Unit Weight (PCF) | 145.16 | 145.89 | 144.73 | 144.73 | 145.16
% Compaction (Marshall) 99.7 99.8
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SECTION 4:

Asphaltic Concrete Core Thickness
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ENGINEERING
CORPORATION

Engincering The West Since 1978.

5405 Mae Anne Ave.
Reno, Nevada 89523

Phone (775)747-8550 Fax (775) 747-8559

280

Asphaltic Concrete Core Thickness

JOB NAME: Matterhorn Blvd. LAB NO.: 1534
JOB NUMBER: 30096 TESTED BY: KH DATE: 9/15/2015
CORE A COREB COREC AVERAGE LOT
JOINT CORE JOINT CORE JOINT CORE
LOT NUMBER|THICKNESS | THICKNESS | THICKNESS THICKNESS (1) | THICKNESS (2) | THICKNESS (3) THICKNESS
(IN) (IN) (IN) (IN.)
LOT1 3.179 3.222 3.405 JC29 | 3.375 3.3
LOT 2 3.492 3.467 3.033 JC28 | 2940 | JC27 | 3.150 3.2
LOT3 3.245 3.560 3.684 JC26 | 3.270 3.4
LOT 4 3.149 3.140 3.400 JC25 | 3.150 3.2
LOTS5 3.421 3.540 3.890 3.6
LOT 6 3.293 3.508 3.432 3.4
LOT 7 2.915 3.078 3.131 JC23 | 2.922 | JC24 2.712 3.0
LOT 8 3.266 3.336 3.283 JC21 | 3.133 | JC22 2.895 3.2
LOT9 2.849 3.159 2.400 2.8
LOT 10 3.174 2.828 3.258 3.1
LOT 11 3.235 3.143 3.269 JC20 | 3.089 | JC19 3.130 3.2
LOT 12 3.620 3.021 3.089 JC17 | 2.905 | JC18 3.253 JC16 2.844 3.1
LOT 13 3.520 3.174 3.135 3.3
LOT 14 3.220 3.197 3.208 3.2
LOT 15 3.174 3.800 3.954 JC14 | 2.886 | JC15 2.905 JC13 2.87 3.3
LOT 16 2.800 3.829 3.064 JC11 3.105 | JC12 2.929 3.1
LOT 17 3.135 3.222 3.355 3.2
LOT 18 3.010 2.865 3.058 JC10 | 2.745 2.9
LOT 19 3.277 3.297 3.150 3.2
LOT 20 3.240 3.507 3.384 3.4
LOT 21 3.220 3.070 3.389 JC9 3.270 3.2
LOT 22 3.326 3.245 3.333 JC7 2.996 JC8 3.084 3.2
LOT 23 3.177 3.274 3.312 JC6 3.24 3.3
LOT 24 3.470 2.993 3.272 3.2
LOT 25 3.067 3.167 3.355 3.2
LOT 26 3.291 3.130 3.212 JC3 3.108 | JC4 3.330 3.2
LOT 27 3.110 3.430 3.185 JC1 2.892 | JC2 2.930 JC5 2.934 3.1

*Did not meet the required thickness. Mitigation will be required.
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L Additional Asphaltic Concrete Core Thickness
JOB NAME: Matterhorn Blvd. LABNO.: _ 1534
DATE: 9/15/2015
JOB NUMBER: 30096 TESTED BY: KH
CORE REQUIRED
COREID |THICKNESS| THICKNESS
(IN) (IN)
1V 34 35
W 3.4 35
1X 35 35
1Y 3.3 3.5
1Z 3.4 35
2V 3.7 35
2w 3.8 35
2X 35 35
2Y 35 35
2z 33 35
4V 3.4 35
aw 3.4 35
4X 3.6 35
ay 3.6 35
4z 3.6 35
9V 3.2 3.0
W 3.1 3.0
9X 3.1 3.0
9y 3.3 3.0
9Z 31 30
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Longitudinal Joint — Data/Calculation Sheets




MATTERHORN BLVD. IMPROVEMENT PROJECT
Longitudinal Joint - Data/Calculation Sheet

283

Joint Mean Joint Core In-Place | Individ.
Joint Lot Type Nuclear Gauge Test Density Core Marshall Air Factor
ID # (Hot/ (MJD) Location Density | Voids
Cold) [ station [ Left (L) [Right(R)| MJD-L | MJD-R (Ibfeuft) | (%) Fi(%)
104+00| 1395 | 144.8
106+00 | 139.3 | 144.3
Jc1] 27 HOT [108+00| 142.6 | 148.3 [ 140.4 | 145.4 | 108+00[(L) | 140.0 9% | 0%
110+00 [ 139.8 | 142.8
112400 141.0 | 147.0
114+00] 140.8 | 150.6
116+00| 142.8 | 150.4
Jc-2| 27 HOT |118+00| 138.4 | 150.4 | 140.6 | 150.3 [ 118+00[(L) | 137.8 10% | 0%
120+00| 140.7 [ 151.1
122+00| 140.2 | 148.9
124400 | 141.0 | 1456
126+00 | 144.7 | 146.3
JC-3] 26 HOT [128+00| 138.3 | 147.2 | 140.6 | 147.0 [ 128+00[(L) | 137.3 10% | 0%
130+00| 137.7 | 146.6
132400 141.3 [ 149.3
134+00] 139.3 | 1455
136+00 | 140.6 | 148.8
Jc-4| 26 HOT |138+00]| 138.6 | 148.0 | 138.9 | 147.9 [ 138+00](L) | 142.1 7% | 5%
140+00 | 1424 | 147.3
142+00 | 133.5 | 149.8
144400 147.9 [ 141.4
146+00| 144.8 | 127.4
JC-5] 27 HOT |148+00| 143.5 | 136.5 | 144.1 | 134.7 | 148+00](R) | 137.2 1% | 5%
150+00 | 142.7 | 134.0
152+00| 141.7 | 1343
154400 | 142.7 | 139.6
156+00| 148.8 | 132.4
JC6] 23 HOT [158+00| 149.5 | 137.7 | 146.9 | 137.8 | 158+00[(R) | 1389 | 10% | 5%
160+00| 144.9 | 140.6
162400 | 148.4 | 1385
164+00 [ 145.7 | 135.2
166+00| 141.8 | 136.6
JC-7] 22 HOT |168+00| 147.4 | 38.6 | 144.8 | 117.2 | 168+00[(R) | 1392 | 9% | 0%
170+00| 141.6 | 1375
172+00| 147.4 | 138.3
174+00| 1457 | 135.4
176+00| 145.4 | 137.7
Jc-8] 22 HOT |178+00| 148.4 | 138.0 | 1458 | 137.4 | 178+00[(R) [ 1401 | 8% | 0%
180+00| 147.6 | 138.8
182+00 | 142.0 | 137.1
184+00| 145.2 | 1391
186+00 | 143.8 | 138.3
Jco[ 21 HOT |188+00| 143.8 | 137.7 | 144.0 | 138.4 [ 188+00[(R) [ 1413 | 7% | 5%

190+00| 143.1 | 137.7

192+00| 144.1 | 139.1

JA\WPDATA\LAB\30095 - Matterhorn Road\Asphalt Results\SUMMARIES\30095 Matterhorn Blvd. - Longitudinal Joint BoniRsétaret : 09/11/08, 1/4




MATTERHORN BLVD. IMPROVEMENT PROJECT
Longitudinal Joint - Data/Calculation Sheet

284

Joint Mean Joint Core In-Place | Individ.
Joint Lot Type Nuclear Gauge Test Density Core Marshall Air Factor
ID # (Hot/ (MJD) Location Density | Voids
Cold) | station [ Lett (L) [Right(R)| MJD-L | MJD-R (lbfeuft) | (%) Fi(%)
194400 1421 [ 137.7
196+00 | 143.4 | 139.2
JC-10] 18 HOT |198+00| 136.6 | 147.4 | 142.3 | 141.5 | 198+00[(R) | 1455 | 5% 5%
200+00| 144.2 | 138.3
202+00 | 145.4 | 144.7
204+00| 144.4 | 140.1
206+00| 1435 | 138.6
JC-11] 16 HOT |208+00| 145.6 | 140.5 | 1452 | 139.5 | 208+00[(R) | 1410 | 7% 5%
210+00| 148.2 | 140.9
212+00 | 1444 | 1375
214+00[ 146.3 | 141.2
216+00{ 142.7 [ 139.8
JC-12] 16 HOT [218+00| 144.0 | 143.1 | 1443 | 141.2 | 218+00[(R) [ 1427 | 6% 5%
220+00| 1432 | 141.4
222+00| 1455 | 140.3
224+00| 143.3 [ 138.2
226+00| 140.6 | 139.6
JC-13] 15 HOT |228+00| 142.8 | 136.6 | 142.8 | 138.5 [ 228+00[(R) | 137.70 | 10% 0%
230+00| 143.7 | 138.2
232+00| 143.7 | 140.1
234+00| 144.6 | 141.0
236+00| 145.4 | 139.3
JC-14] 15 HOT |238+00| 145.7 | 139.4 | 145.7 | 139.4 | 238+00[(R) [ 14050 | 8% 0%
240+00] 146.7 | 139.8
242+00| 146.1 | 137.5
244400 145.9 | 138.2
246+00| 146.8 | 138.3
Jc-15) 15 HOT [248+00| 141.6 | 143.2 | 145.0 | 141.1 | 248+00[(R) | 144.80 [ 5% 5%
250+00 | 146.0 | 141.6
252+00| 144.8 | 144.0
254+00 | 145.3 | 139.6
256+00] 146.8 | 141.6
Jc-16] 12 HOT [258+00| 146.4 | 139.6 | 144.9 [ 141.2 | 258+00[(R) | 14320 | 7% 5%
260+00| 143.8 | 142.8
262+00| 142.4 | 142.3
264+00 [ 143.7 | 138.3
266+00| 146.6 | 140.8
JC17[ 12 HOT [268+00| 145.5 | 138.8 | 1454 [ 140.2 | 268+00[(R) | 143.80 | 6% 5%
270+00| 145.7 | 140.1
272400 145.3 [ 142.8
274+00| 147.0 | 139.0
276+00| 1425 | 143.3
Jc-18] 12 HOT |278+00[ 143.9 | 1455 | 144.2 | 141.5 [ 278+00[(R) | 145.30 | 5% 5%

280+00| 146.8 | 139.8

282+00 | 140.7 | 139.9

JAWPDATA\LAB\30095 - Matterhorn Road\Asphalt Results\SUMMARIES\30095 Matterhorn Bivd. - Longitudinal Joint BoniRréjieet! : 09/11/08, 2/4




MATTERHORN BLVD. IMPROVEMENT PROJECT
Longitudinal Joint - Data/Calculation Sheet

285

Joint Mean Joint Core In-Place | Individ.
Joint Lot Type Nuclear Gauge Test Density Core Marshall Air Factor
ID # (Hot/ (MJD) Location Density | Voids
Cold} | station | Left (L) [Right(R)] MJD-L | MJD-R (lbleuft) | (%) Fi(%)
284+00| 145.6 | 140.0
286+00| 1455 | 143.3
Je-19 11 HOT [288+00| 146.1 | 141.2 | 1456 | 141.2 | 288+00[(R) | 140.70 | 8% | 0%
290+00 | 142.8 | 137.8
292+00| 147.9 | 143.7
294+00 | 144.4 [ 141.7
296+00| 141.3 [ 140.6
Jc-20] 11 HOT [298+00] 144.0 | 142.0 | 1444 | 141.0 | 298+0C|(R) | 14240 | 7% | 5%
300+00| 145.7 | 139.6
302+00 | 146.7 | 141.2
304+00 [ 147.3 | 137.3
306+00 | 148.6 | 145.9
Jc21] 8 HOT |308+00| 148.0 | 1425 | 147.3 | 1415 [ 308+00[(R) [ 14350 | 7% | 5%
310+00| 145.9 | 138.3
312400 146.7 [ 143.7
314+00| 147.7 | 138.8
316+00( 148.3 | 140.7
JC-22] 8 HOT |318+00| 147.4 | 1436 | 147.9 | 142.8 | 318+00[(R) | 14595 | 6% | 5%
320+00| 149.1 | 1444
322400 | 146.9 | 146.4
324+00| 148.2 | 145.4
326+00] 1486 | 1434
JC-23] 7 HOT [328+00| 145.8 | 145.3 | 1471 | 144.8 | 328+00[(R) [ 14460 [ 6% | 5%
330+00| 149.6 | 145.6
332400 143.1 [ 144.2
334+00 | 140.7 | 137.3
336+00 [ 147.8 | 142.6
JC-24] 7 HOT [338+00| 149.8 | 141.9 | 145.1 | 1422 [ 338+00[(R) [ 145.10 | 6% | 5%
340400 140.4 | 145.8
342+00| 146.9 | 1435
344+00| 149.9 | 137.2 * Did not meet required AC thickness
346+00| 148.8 | 139.5
JC-25] 4 HOT |348+00] 149.8 | 141.8 | 148.4 | 140.8 | 348+00[(R) [ 14330 [ 7% | 0%
350400 1484 | 1424
352+00 | 145.2 | 143.3
354+00[ 146.3 | 142.3
356+00]| 146.6 | 140.9
JC-26] 3 HOT |358+00| 145.7 | 140.5 | 146.7 | 1415 [ 358+00[(R) [ 14230 [ 8% | 0%
360+00| 148.7 | 140.4
362400 146.4 [ 143.4
364+00| 146.2 | 139.1 * Did not meet required AC thickness
366+00| 145.2 | 137.3
JC-27] 2 HOT |368+00| 147.4 | 140.8 | 1471 | 140.6 | 368+00J(R) [ 14400 [ 6% | 0%
370400 | 149.2 | 144.0
372+00] 147.6 | 142.0
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MATTERHORN BLVD. IMPROVEMENT PROJECT
Longitudinal Joint - Data/Calculation Sheet

286

Joint Mean Joint Core | In-Place | Individ.
Joint Lot Type Nuclear Gauge Test Density Core Marshall Air Factor
ID # {Hot/ (MJD) Location Density | Voids
Cold) [ station [ Left (L) [Right(R)] MJD-L | MJD-R (Ibfeuft) | (%) Fi(%)
374+00| 145.8 | 138.9 * Did not meet required AC thickness
376+00 | 148.8 140.7
JC-28] 2 HOT |378+00| 146.7 | 139.5 | 146.1 | 140.0 | 378+00[(R) [ 14430 | 6% | 0%
380+00| 143.2 | 139.8
382+00| 145.8 140.9
384+00| 1428 | 143.2 * Did not meet required AC thickness
386+00 | 142.1 143.4
JC-29| 1 HOT |388+00| 143.6 | 144.0 | 143.7 | 143.9 | 388+00[(L) | 14480 | 6% | 0%
390+00| 146.4 145.0
Joints Passing 19
Joints Failing 1
Joints Not Qualified 4
Net Joints for Bonus 14
Total number of longitudinal joint segments, N 29
Project Bonus/Penalty Factor 48%
Unit Bid Price (Joint Bonus) $ 37,610.10
Project Longitudinal Joints Bonus/Penalty $ 18,156.55

JAWPDATA\LAB\30095 - Matterhorn Road\Asphalt Results\SUMMARIES\30095 Matterharn Bivd. - Longitudinal Joint Bon@&ezeti : 09/11/08, 4/4



287

APPENDIX B

OXIDATION KINETIC RESULTS
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Figure 10. 1. Oxidation of Base 64-22 after 60, 85, and 100°C Oven Aging
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Figure 10. 2. Oxidation of Base 64-22 w/T1 @ TX FLD after 60, 85, and 100°C
Oven Aging
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Figure 10. 4. Oxidation of Base 64-28 after 60, 85, and 100°C Oven Aging



290

2 , ,
L 18 ,
S 16 /
S 14 : K ABase w/Tl @ TX
X 5 be FLD (64-28 /
g 12 A = 2.65%) 60C
og 1 4 7 _ ©Basew/T1@ TX
SS08 /S ___--="" FLD(64-28/
I R ==—=—=-= 2.65%)_85C
S iy e 0 Base W/T1 @ TX
o 04 Wy e FLD (64-28 /
S 02 %Q T 2.65%)_100C

0 7

0 50 100 150 200

Aging Duration (day)
Figure 10. 5. Oxidation of Base 64-28 w/T1 @ TX FLD after 60, 85, and 100°C

Oven Aging
2 = — » Recycled w/T1 @
. 18 = OPT (64-28 /
g 16 2 12.5% / 0.25 TX
S 14 S RAP, 0.25 TX
¥ 1 s T TOAS)_60C
S / S o o Recycled w/T1 @
Sz 1 o4 OPT (64-28 /
<508 4/ 12.5% /0.25 TX
R oo0s LA RAP, 0.25 TX
< 0 TOAS) 85C
S 04 |1 0 Recycled w/T1 @
(&j’ 0.2 i~ OPT (64-28 /
0 & 12.5% /0.25 TX
0 50 100 150 200 RAP, 0.25 TX
Aging Duration (day) TOAS)_100C

Figure 10. 6. Recycled w/T1 @ OPT (Base 64-28) after 60, 85, and 100°C Oven
Aging
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Figure 10. 8. Oxidation of Recycled w/A1 @ OPT (Base 64-28) after 60, 85, and
100°C Oven Aging
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Figure 10. 9. Oxidation of Base 64-28P after 60, 85, and 100°C Oven Aging
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Figure 10. 10. Oxidation of Base 64-28P w/T1 @ TX FLD after 60, 85, and 100°C
Oven Aging
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Figure 10. 11. Oxidation of Recycled w/T1 @ OPT (Base 64-28P) after 60, 85, and
100°C Oven Aging
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Figure 10. 12. Hardening Susceptibility — LSV at 60°C for PG 64-22 Base Binder
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Figure 10. 13. Hardening Susceptibility — LSV at 60°C for PG 64-28 Base Binder
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Figure 10. 14. Hardening Susceptibility — LSV at 60°C for PG 64-28P Base Binder
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APPENDIX C

CA PREDICTION RESULTS
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- - —Recycled w/T1 @ FLD (64-22/ TX RAP, TX MWAS)

Figure 11. 1. Carbonyl Area Prediction in Asphalt Mixture Surface Layer for
Base 64-22 Binder Blends in TX, Tyler
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Figure 11. 2. Carbonyl Area Prediction in Asphalt Mixture Surface Layer for
Base 64-28P Binder Blends in NV, Reno



298
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Figure 11. 3. Carbonyl Area Prediction in Asphalt Mixture Surface Layer for
Base 64-28 Binder Blends in NH, Durham
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APPENDIX D

STEP BY STEP PROCEDURE OF TEMPERATURE

PROFILE PREDICTION USING TEMPS SOFTWARE
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New Project *

&  Project Name: |Heﬂu Temperature Prediction |

~
P Operator(s). |Sam Poumoman |

@  tocoin [UNR |

28] Date: | Thursday . Apd 62017 @~ |

g Description: ‘

Stat [

Figure 12. 1. Step (1) General Project Information

File Run Help

Materials
Input —
Ej/ tr Tpe [ ii P e - A L4
@ ~
' R \=teals \dertfier Color: |Gray “l@ 2 .
Material Type Idertifier Color ~ Specific Heat Capacity (J/kg’K):  Conductivity (W/mK): Density kg/m?): | Desc
_ 1
m Climatic Data Speciic Heat Capaciy (kg™ 80| @ e Back &0 ! 250
b |Cemert Concrete Base Brown 230 1 2001
— 1Subgrade Soil Gi 800 0178 1700
e Concuctivity (W/mK) v @ [t il ]
< Surface Characteristics
Densiy fcg/m). 0] @

Pavement Structure

e ey
% Mesh Generator
L

Figure 12. 2. Step (2) Material Properties Input
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Ciimatic Data

X

o L]
', Materials |_csv |

& Climatic Data Climatic Data Sources
Hor :
: 1. National Climate Data Canter
Suface Chamcteritics . (s
! Hourly temperature data can be found at
! T
+7 Pavement Sncture : L

2 : 2. National Solar Radiation Data
SEEY Mesh Generator Base (NSRDB)

bia'd

Horly airtemperature, houry salar radiation
and houry wind speed data can be found
at:

hitp://irede.nrel.qov/sclar/old data/nsrdb,/
3. Long Term Pavement
Performance (LTPP)

Houry air temperature data can be found
at.

http:/#www infopave com/”

e Run  Mep
= 80O
=~ % T#_ _ _Yex _ Doy _ Monh_ _How _ArTempertue (C)_ Wind Speed ) _ Sobr Radaton (/) |

R -
a m PR S (IR SR | s s o e e L]
R S T V| ’ 2 o 1 Nt Ottt Corter
Stace Orwmctenscs ‘. a3 . 3 ' 3 o o)
S T ST S ] s 2 0 oty e g conte i
R I T ' o 0
Pavevert Suctise ? 00 3 . . £l 1 ) ek rosaael
R T R s : P
. s am 3 4 0 3 e 2 Mot S dhton Ot
B oo ® H 3Ty s 2 " [Sea gy
P noae 3 s o H ) =
R B R R s 2 = oot lordtorrg
O N Y S H i @ H
woome 3 4 om s 3 &
" 0% 3 . " s Ry "R/ rek sew g vl e QA TR
CY T S T TR : ‘ m
A S TR : > % 2 Long Term Pavemrt
" 00 3 ‘ ” 7 3 “ Perdormance (LTPP)
TR T LIS 2 1 s o s 2ot
» w3 4 0w 7 3 o «
ol 2 % % et : 2 s o were piopece con/
2 a3« 1 . H o o
- e s Terpenre
Tiow e
|
| cren ‘
| Smtde [ty don 33000 G "
| Gt [ Tosedey _ Febrawy 282006 @+
| |
. B - | |
Mewnr ]
P o ] sl - =
2
T {
<
20020101 - 00:00 20040101 0000 2006/01)01 - 0000
oue

Figure 12. 4. Example of Historical Climatic Data Input




File Run Help

90

'; Materials

e p—

¢% e
.mmm
i

$2 0
S Mesh Generstor

Y

o
{®) CY. Glovers Suggested Values (May 2010)
i

¢ L

. N
+: Pavemert Structure

’
" Mesh Generator

R

Surface Characteristics

Parameter:

Winter Value: 2] @
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B w8

a January February May August  September  Ocl
6 Abedo 0 0 0 0
| @ Emissivity 0 0 0 0
Emesvty [ 0003 @ Apsopton 0 0 0 0
Absomtion s @
Figure 12. 5. Step (4) Surface Characteristic Input
Pavement Structure
* Layer Name + Add ‘ Insert
i enal e rade Soil -
e Mol Tive: | Suborade Sl & Layer Name Start Depth () Description Idef
== e 8 |x o B
! Cement Cencre... 00762 Bre
Subgrade Soil 02282 Grd

Pavement Section

Pavement Suriace

Subgrade Sol

Cement Concrete

Figure 12. 6. Step (5) Pavement Structure Input
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File Run

Pavement Structure
Input

A T —
o Materals T
] Spacing {m): i @
4@ e Generate Mesh

Suface Charactenistics

Pavemert Structure Node View

;) \‘
&( Mesh Generator
R

+&

Pavement Sutace

Cement Concrete B

Subgrade Soi

Figure 12. 7. Step (6) Mesh Generator Input

File Run  Help

Pavement Stucture
E is
@

o e 8
o Materials i
HE e &

Climatic Data
Generate Mesh

Surface Charactenistics

Pavement Structure Node View

*+@®

Mesh Generator

Pavement Surtace

Cement Concrete B

Subgrade Sail

Figure 12. 8. Step (7) Running the Program
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Pavement Tempemture Profie XAuis Values

—z-tli= Select the depths for viewing temperature:

| Seeata | Desclect Al

i

Date  Monday . Aprl 32000

Time 00:00 57

Tomperature (‘G|

N
'R

Start Date Monday . Apiil 3,2000 B~

End Date  Tuesday . Febuary 28, 2006 [E~

nn

!!
G| G

Maxdmum

O Ao

+

, ; |

Chart Options

[ Show Tite

2002101010000 2040701-0000 2080101-0000 £ Shaw Legend
T Myl ] Show Coordinates

Figure 12. 9. Example Output for Hourly Pavement Temperature Prediction
(\Various depths could be added.)

Pavemert Tamoeture Dutrtston
Tima Pantod o1 Hgn Pavamart Tamoaatias At

SatDue [ Mongay . Aot 1200 (Jv| EndDme | Tussday . Febnary 282006 G~ |
Time Penod for Low Pavemert Tempara.se Anayss
SwtOute [(Mondsy . Joi 32000 [+ | EndDue [ Tomdsy . Febnay 282006 @~ |

[ T T T — 1 ot Dt o Ot

Rehabdty: 5003 % 1 ]

Average 7-Day Manimunn Pavement Temperature

Stert Ot vam
End Date 220208
Decth 2-001m
Rakabity (%) L)

Mean Tempacsturs () s
Tempentn Sandad evaton (C) 1334

Temperstse = Seected lskablty (T) 2185

Mirumam Pavement Temperature

Stant Date v
£ Date 22206
Dot £e001m
Reisbity (%) 0

Mean Tempersture (T) (]
Temperee Standard Devaton (C) 1031
Terpuuen at Seected Retalty (T) 875

T
0 a2 ¥4 652 ™

L6t 404 4L 2L 2L 16110 Lodft o52-L o58-L ot L o701 - 761 82
Temperature (C)

Figure 12. 10. Example Output for Hourly Pavement Temperature Prediction
Statistical Analysis



A B C D E F G H | J K
1y |Date-Time 12=0.0lm z=0.02m z=0.03m z=0.04m_z=0.05m z=0.06m z=0.07m z=0.lm z=0.12m_z=0.14m i
219/1/1996-0:00 10.53 10.46 10.39 10.33 10.26 10.19 10.12 9.94 9.8 9.66
3119/1/1996-1:00 9.19 9.41 9.56 9.67 9.75 9.79 9.81 9.78 9.71 9.61
41 19/1/1996-2:00 8.39 8.65 8.87 9.05 9.19 9.3 9.38 9.5 9.52 9.49
51 9/1/1996-3:00 7.97 8.2 8.41 8.59 8.75 8.88 8.99 9.2 9.29 9.32
61 9/1/1996-4:00 7.49 7.74 7.97 8.16 8.34 8.49 8.62 8.89 9.04 9.12
7' 19/1/1996-5:00 6.94 7.22 7.48 7.7 7.9 8.08 8.23 8.57 8.77 8.9
8] 9/1/1996-6:00 6.6 6.86 7.11 7.33 7.54 7.72 7.88 8.26 8.5 8.68
91 9/1/1996-7:00 71 7.19 7.29 7.41 7.53 7.65 7.77 8.09 8.31 8.49
1 9/1/1996-8:00 9.53 9.12 8.81 8.6 8.45 8.36 8.31 8.31 8.38 8.47
11 9/1/1996-9:00 14.15 12,99 12.05 11.29 10.69 10.22 9.85 9.22 8.93 8.78
1a 9/1/1996-10:00 19.93 18.06 16.48 15.15 14.04 13.12 12.38 10.88 10.06 9.54
13 9/1/1996-11:00] 26.1 23.65 21.52 19.69 18.11 16.77 15.64 13.2 11.77 10.76
14 9/1/1996-12:00, 31.42 2871 26.29 24.14 22.25 20.6 19.17 15.92 13.88 12.37
19 19/1/1996-13:001 35.44 32.73 30.25 28 25.97 24.16 22.55 18.71 16.18 14.22
164 |9/1/1996-14:00) 38.16 35.62 33.25 31.05 29.02 27.17 25.49 21.34 18.45 16.15
171 9/1/1996-15:00, 39 36.88 34.84 32.88 31.04 29.3 27.7 23.52 20.5 17.99
14 9/1/1996-16:00k 38.64 36.97 3531 33.68 32.09 30.56 29.11 25.17 22.17 19.6
19 9/1/1996-17:00 36.81 3571 34.54 33.33 32.09 30.86 29.64 26.16 23.36 20.87
Zd_ﬂUJ,gsﬁ—_‘lsm‘ 33.72 33.24 32.62 31.88 31.07 30.2 29.28 26.45 24.01 21.74

Figure 12. 11. Exported Data from TEMPS
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