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Abstract

The engineering properties of asphalt mixtures change with time. Shortly after placement,
asphalt concrete (AC) layers are more susceptible to rutting. As the pavement ages, the AC layer
becomes stiffer, brittle, and thus more susceptible to cracking. Current protocols provide
guidelines for the selection of materials, the determination of the material proportions (e.g.,
aggregates and binder content), and the evaluation of the engineering properties (e.g., cracking and
rutting potentials) of any given asphalt mix design. However, these protocols do not consider the
impact of aging on the mixture. This study investigated existing and novel laboratory methods to
determine protocols that simulate the two aging states needed to design an asphalt mixture to resist
rutting and cracking and provide information on how curing affects the physical and engineering
performance of binders and mixtures. This study leveraged existing research studies and available
performance data along with a systematic test matrix to optimize the curing conditions. The wide
range of tests conducted in this study indicated that the minimum time to achieve levels of long-
term aging using an optimized laboratory protocol would be close to 24 hrs. The steady state of
aging for ranking different mixes may be adequately achieved after a period of 24 hrs (including
2 hrs of short-term aging) by aging loose mixture in a conventional laboratory oven. The efficiency
of another aging protocol using pressure to accelerate aging has been demonstrated. This method
can be used to characterize the performance of mixes more accurately under long-term aging

within a period of 24 to 48 hrs.
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Chapter 1: Introduction

Problem Statement

The engineering properties of asphalt mixtures change with time. Shortly after placement,
asphalt concrete (AC) layers become susceptible to rutting. As the pavement ages, the AC layer
becomes stiffer, brittle, and thus more vulnerable to cracking. Most highway agencies provide
guidelines for the selection of materials, the determination of the material proportions (e.g.,
aggregates and binder content), and the evaluation of the engineering properties (e.g., cracking and
rutting potentials) of any given asphalt mix design. However, those specifications do not provide
any check or guidance on the impact of aging on the mixture. This project seeks to investigate and
propose protocols to simulate realistically the short- and long-term aging states required to evaluate
the asphalt mixture resistance to rutting and cracking, respectively. Such conditioning protocols
must be valid for all types of asphalt mixes including, but not limited to mixtures that incorporate
reclaimed asphalt pavement (RAP), reclaimed asphalt shingles (RAS), recycling agents, and other

additives.

This study focuses on developing and implementing optimized, representative, and
practical laboratory aging protocols that improve the mix design process leading to the production
and placement of long-lasting, stable, and durable asphalt mixtures. The findings from this
research project are also expected to provide insight into the formation of distresses (rutting and

cracking) associated with individual asphalt mixtures.

Objectives and Scope
The main goal of this project is to deliver implementable and optimized laboratory aging
protocols that can be used to assess the engineering properties of mixtures after short- and long-

term aging. To achieve the goal of this project, the following activities had to be conducted:
1



Conduct a comprehensive literature search and gap analysis to identify weaknesses and
strengths of current practices to simulate field aging in the laboratory.

Assess the effectiveness and practicality of current short- and long-term aging protocols
for use with laboratory performance tests (e.g., Hamburg wheel-tracking, HWT, overlay
tester, OT, and indirect tension, IDT tests).

Formulate a robust and consistent analysis method, corresponding aging indices, and
acceptance limits to determine the variation in the engineering properties of different
asphalt mixtures and associated asphalt binders after simulated field aging.

Develop optimized aging protocols for laboratory- and plant-produced mixtures practically
to represent the early age rutting potential and cracking resistance after long-term aging of
different mixtures and corresponding binders more accurately.

Generate laboratory and field performance data to verify the simulated field-aging
conditions of laboratory-produced, plant-produced, and field-compacted asphalt mixtures
and concomitant asphalt binders.

Incorporate the proposed optimized laboratory aging protocols for asphalt materials into

the balanced mix design process and specifications.

Organization of Report

To address the stated goal and objectives, the report is divided into eight chapters including

the introduction. These are further categorized into three main phases:

Phase | (Documentation) consists of documenting the current state of the practice aging
protocols used by other agencies and recently developed methods related to this project.
Several approaches were formulated, and the most promising approaches were selected.

The primary outcome of this phase was identifying the candidate-aging protocols with an



accompanying experiment design plan to address the technical objectives described in the

problem statement. This phase consists of the following tasks:

Chapter 2 - Comprehensive Documentation of Current Practices and Specifications
Chapter 3 - Preliminary Assessment of Existing Laboratory Aging Protocols on Asphalt
Performance Using Available Data

Chapter 4 - Development of Experiment Design

e Phase Il (Evaluation) involved conducting an initial experimental evaluation of the
candidate laboratory aging protocols to assess their effectiveness in simulating the field-
aging behavior of asphalt concrete and binders during the production, placement, and
service life of a pavement. A laboratory-validated version of the aging protocol was
selected to further evaluate the influence of mix design variables on the aging and

performance of asphalt mixtures. This phase included the following tasks:

Chapter 5 - Initial Evaluation of Aging Potential of Asphalt Concrete with Laboratory
Aging Protocols
Chapter 6 - Extended Evaluation of Aging Potential of Asphalt Concrete with Refined

Laboratory Aging Protocols

e Phase Il (Verification and Validation) focused on the validation of the recommended
laboratory aging protocols based on additional laboratory and field performance data. The
findings from this phase were used to make any adjustments or refinements to the

recommendations from Phase Il. This phase included:

Chapter 7 - Verification of Preliminary Laboratory Aging Protocols

Chapter 8 — Conclusions and Recommendations



Chapter 2: Literature Review

Aging is considered a major environmental effect that drives changes in the engineering
properties of asphalt mixtures during the design, production, placement, and service life of the
flexible pavement. The aging of asphalt mixtures causes the material to stiffen over time and to
become more brittle which contributes to durability problems such as cracking of the AC layer.
One of the main goals of evaluating the engineering properties of an asphalt mixture is to screen
for crack- and rut-susceptible mixtures. To do so accurately, one needs representative laboratory
aging protocols that can produce specimens of asphalt mixtures simulating the two critical aging

states, freshly placed, and long-term aged asphalt mixture.

Current mix design processes usually require characterizing the engineering properties of
an asphalt mixture using specimens conditioned with short-term oven aging (STOA) protocols.
These specimens are typically oven cured for 2 hrs at a specified compaction temperature related
to the performance grade (PG) of the binder. In the early aging state, asphalt mixtures are more
susceptible to rutting. As the pavement ages, the asphalt concrete layer becomes stiffer and more
prone to cracking. Thus, the current aging protocols to simulate the field-aging behavior of asphalt

mixtures do not accurately reflect their expected long-term cracking performance.

Long-term oven aging (LTOA) protocols have been implemented mainly to predict the
effects of aging on the engineering properties of asphalt mixtures over time. Per AASHTO R 30,
the standard practice to simulate the field aging of an asphalt mixture consists of curing compacted
laboratory specimens for five days at 185°F (85°C). Even though several studies have demonstrated
LTOA protocols could produce relatively consistent results with the same degree of aging that
would take place in situ, it is impractical to vary laboratory-curing conditions for asphalt mixtures

several times before molding specimens for performance testing. The implementation of optimized
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laboratory curing protocols is paramount to prevent early age rutting and particularly long-term

cracking susceptibility during the mix design process.

In the last several years, the Texas Department of Transportation (TXDOT) has funded
several studies to investigate the engineering properties of a wide range of asphalt mixtures, the
effectiveness of performance test methods, and the implementation of sustainable measures such
as incorporating recycled materials, warm-mix asphalt technologies, and recycling agents. These
studies also focused on the development of a performance measure to evaluate asphalt mixtures,
which is necessary to develop a framework to implement the concept of “balanced mix design” or
more accurately performance-based mix design. Similarly, other State Highway Agencies (SHA)
and national agencies have performed studies to develop and evaluate laboratory-aging methods

to reflect more accurately the aging that occurs in the field.

A common observation among many of the reports has to do with dissimilarities between
the results of laboratory-mixed laboratory-compacted (LMLC) and plant-mixed lab-compacted
(PMLC) specimens. The difference is associated with the aging state of PMLC because specimens
undergo a period of short-term aging in the plant. To prepare PMLC specimens, the mixture must
go through another aging process in the laboratory. On the other hand, LMLC specimens go
through the mixing and compaction process in the laboratory without initial aging. A rigorous
comparative analysis of the results between comparable PMLC and LMLC specimens is necessary

to bridge the gap.



Laboratory Aging Protocols and Engineering Behavior of Asphalt Binders

Extraneous factors, such as temperature, pavement thickness, air void content and
distribution, dictate the spatial distribution and extent of aging in an asphalt mixture. However, it
is ultimately the aging of the asphalt binder that dictates the change in the performance
characteristics of the asphalt mixture. Consequently, any investigation on aging requires a focus

on the aging characteristics of the asphalt binder.

The national standard specification to determine the PG of an asphalt binder, AASHTO
M320, includes short- and long-term laboratory conditioning procedures to simulate the aging that
occurs in asphalt binders during production and over the service life of the pavement. The
conditioning procedures used in AASHTO M320 are (1) the Rolling Thin Film Oven Test (RTFO,
AASHTO T240) for short-term aging and (2) the Pressure Aging Vessel (PAV, AASHTO R28)
for long-term aging. These procedures were developed during the Strategic Highway Research
Program (SHRP) based on previous experience and limited validation studies using mostly

unmodified asphalt binders recovered from in-service pavements.

Bell (1989) documented several laboratory short-term protocols for asphalt binders and
mixes, including the Thin-Film Oven Test (TFOT), the RTFO, the Stirred Air-Flow Test (SAFT),
and the German Rolling-Flask Test (GRF). The RTFO exposes an asphalt binder film to
continuous heat and airflow to induce oxidative aging and it is the most commonly used method
to simulate short-term aging. Airey and Brown (1998) indicated that the RTFO conditions were
not identical to the aging conditions induced during actual mixing but had shown a good
correlation to the aging conditions observed in the conventional batch mixes. Bahia et al. (2001)
concluded that RTFO did not adequately simulate the aging of modified asphalt binders, even

though it might be satisfactory for neat binders. Anderson and Bonaquist (2012) evaluated the



existing asphalt binder technologies to identify potential modifications for improving the short-
term aging protocols. They recommended SAFT and the modified German rotating flask (MGRF,

Glover et al., 2001; Robertson et al., 2001).

Numerous studies have used pressurized air or oxygen to accelerate aging in the laboratory,
specifically for the performance characterization of asphalt binders. Bahia and Anderson (1995)
indicated that the use of high pressure was desirable to simulate accelerated long-term aging in
asphalt binders because (1) volatile loss was minimized, (2) aging could be accomplished without
high temperatures, (3) large sample sizes could be accommodated, (4) field climate conditions
could be approximated, and (5) laboratory use was practical. The pressure-aging vessel (PAV,
AASHTO R 28), which is believed to simulate about four to ten years of aging, is the long-term
aging test currently specified in the Superpave specifications. Kandhal and Wenger (1975)
concluded that the stiffness of field cores reached an asymptotic value within 10 years of service.
Mallick and Brown (2004) evaluated field cores extracted at different service lives. They stated

that the PAV method could successfully simulate the long-term aging of the asphalt binder.

Short-Term Aging of Asphalt Concrete Mixtures

Asphalt mixture production temperatures are optimized to ensure complete drying of
mineral aggregates, proper coating and bonding of the aggregate-binder system, and adequate
workability and compactability for handling and compaction (Newcomb et al., 2015). The
production and placement of mixtures require conditioning temperatures that range from 220°F
(104°C) to 325°F (163°C) (Kuennen 2004; Newcomb 2005). Most highway agencies already have
short-term aging procedures to simulate the aging and asphalt absorption of an asphalt mixture as

it is produced in a plant and transported to the site. The effectiveness of the short-term aging



process to simulate the mixing, production and placement process for asphalt mixtures is important

to estimate accurately the mixture’s durability and stability.

The standard practice for asphalt mix design in the laboratory is to simulate the aging and
binder absorption that occurs during production and construction by conditioning loose mixes
before compaction for a specified time and temperature. The recommended procedure in AASHTO
R 30 for preparing specimens for volumetric analysis is 2 hrs at the compaction temperature.
Newcomb et al. (2015) recommended the following basic changes to the AASHTO R 30 short-
term aging protocol: 1) fixing the compaction temperatures for warm mix asphalt (WMA\) at 240°F
(116°C) and hot mix asphalt (HMA) at 275°F (135°C) and 2) conditioning the sample for 2 hrs at
the compaction temperature regardless of whether the specimens are being prepared for volumetric
analyses or performance testing. These conclusions were drawn by comparing volumetric
parameters (i.e., theoretical maximum specific gravity and binder absorption), dynamic modulus
and resilient modulus, and HWT test results from lab-produced specimens to plant-produced

specimens.

Table 2.1 presents a summary of some of the studies conducted to investigate the influence
of short-term aging conditions (temperature and time) on HMA and WMA production. In general,
lower curing temperatures are proposed for WMA mixtures than those normally specified for

HMA. For HMA mixtures, 2 hrs of curing is the common recommendation.



Table 2.1 Summary of Laboratory Short-Term Aging Protocols for Asphalt Mixtures

Reference STOA Conditions Key Findings
Aschenbrener and | - 2 hrs at compaction - Reheating influenced HWT test
Far (1994) temperature results

Rashwan and
Williams (2011)

- 2 hrs at 302°F (150°C) for
HMA

-2 and 4 hrs at 230°F (110°C)

for WMA

- Dynamic modulus and flow
number tests results were higher for
HMA with higher temperature and
mixtures with RAP

Bonaquist (2011)

- 2 and 4 hrs at compaction
temperature

- Aggregate absorption and IDT test
results comparable to field cores

- Recommend 2 hrs at compaction

temperature for WMA and a longer

aging period for rutting and moisture

susceptibility

Clements et al.
(2012)

- 0.5, 2, 4, and 8 hrs at 275°F
(135°C) for HMA

- 0.5, 2, 4, and 8 hrs at 237°F

(114°C) for WMA

- Similar DCT test results for HMA
and WMA

- Reduced dynamic modulus and

flow number and increased rutting

for WMA on HMA

Estakhri (2012)

- 2 hrs at 275°F (135°C)
- 4 hrs at 275°F (135°C)

- Equivalent HWT test results for
WMA and HMA

- Aging time and temperature effect

on HWT and overlay tester results

Epps Martin et al.
(2014)

- 2 and 4 hrs at compaction

temperature at 275°F (135°C)
- 2 hrs at compaction
temperature + 16 hrs at 140°F
(60°C) + 2 hrs at compaction
temperature

- Recommend 2 hrs at 275°F
(135°C) for HMA and 2 hrs at 240°F
(116°C) for WMA

Newcomb et al. (2015) proposed changes to the AASHTO R 30 protocol for conditioning

HMA and WMA. Newcomb et al. considered aging that occurred during the production,

construction, and in-service life of the pavement. Although Newcomb et al. focused on short-term

laboratory aging to better simulate field behavior during mixing, transportation, and placement of

asphalt mixtures, the long-term aging effect was also considered to reflect 1-3 years of in-service

life of the pavement.




Newcomb et al. (2015) addressed the aging patterns of LMLC specimens with raw
materials, plant-mixed plant-compacted (PMPC) specimens, and field cores. Three performance
tests, namely the resilient modulus, HWT and dynamic modulus tests were used to evaluate the
effects of short- and long-term aging stages. They determined that the resilient modulus test was
sensitive to assessing aging progression. In addition, the resilient modulus test was used to
compare the stiffness of LMLC and PMPC cores. Binder was extracted and recovered from each
field core to assess aging. Specimens were evaluated using the dynamic shear rheometer (DSR)
and Fourier transform infrared spectroscopy (FTIR) devices. Newcomb et al. (2015) validated that
the STOA protocol for LMLC and PMPC specimens yielded similar aging processes between the

two.

Newcomb et al. (2015) focused on the impacts associated with climate, type of aggregate
(including aggregate absorption), asphalt type and source, RAP/RAS content, type of plant and the
temperature(s) volumetric and performance parameters of asphalt mixtures after the short-term
conditioning. They found that the factors affecting the performance of asphalt mixtures were the
type and proportion of recycled material, aggregate absorption, and asphalt source. They observed
that the mixtures that included RAP and RAS in the asphalt mixture exhibited significantly higher
stiffness. Conversely, they indicated that the stiffness of a material with high aggregate absorption

would be lower. They determined that many more parameters affected long-term aging.

Newcomb et al. (2015) conducted the study in two phases. Phase | consisted of verification
of asphalt mixtures volumetric mix design, performance test, and analysis of factors affecting
short-term aging. The volumetric mix design involved quantifying the theoretical maximum
specific gravity, percent of absorbed binder, percent of effective binder, and effective binder film

thickness of LMLC and PMPC specimens. They found a good correlation between the volumetric
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properties extracted from LMLC and PMPC specimens except for one section with highly
absorptive aggregates. They also reported that since the lab and plant mixtures from the same
source did not have the same absorption rate, their theoretical maximum specific gravity and

percent of absorbed binder differed.

The performance test results from comparable LMLC and PMPC specimens yielded
reasonable correlations. However, the performance test results from LMLC specimens and field
cores were poorly correlated. The field cores generally provided higher rutting resistance.
Newcomb et al. (2015) explained the difficulty of fitting the field cores into the HWTD molds as
one possible factor for the lack of correlation. They reported a good relationship between the level

of binder oxidation and binder stiffness.

Newcomb et al. (2015) proposed an AASHTO practice for conducting plant-aging studies
that provide detailed instructions on how to prepare LMLC or PMPC specimens. Figure 2.1
illustrates the recommended flowchart for conducting short-term aging on asphalt mixtures. From
Phase | of this study, they determined that the sources of binder, aggregate absorption and the
inclusion of recycled materials affected the stiffness and rutting potential of short-term aged AC
mixtures. However, regardless of plant type or production temperature, no significant effect was

observed on short-term aged AC mixtures.

Phase 1l consisted of quantifying field aging and the correlation of field aging to LTOA
protocol. Newcomb et al. (2015) proposed cumulative degree-days (CDD) as a field metric that
captures field aging by considering climate and time. Field aging is quantified by the property ratio
of an AC mixture from the sampling time to the original state (during construction). CDD can be

estimated from Equation 2.1 by accounting for different dates of construction and climatic zones.

CDD = Y(Tinax — Thase) (2.1)
11



where Tmax IS the daily maximum temperature (°F) and Thase IS recommended as the base

temperature of 32°F (0°C).

AC mixtures with a higher property ratio go through a higher rate of aging during the given
period. They concluded that warmer climatic zones are more susceptible to aging and have higher

CDD values. Conversely, cooler climatic zones experience lower levels of aging and CDD values.

| Experiment Design ‘

Planning

Execution

LMLC Samples PMPC Samples

Monitor Construction

l

Sample Stockpiles

and Tanks Conditions
¢ Obtain Samples
Fabricate Samples
IAW AASHTO M 323 —
Use NCHRP 9-49/9-52 STOA Compact at or near
l Plant
v
Volumetric and Volumetric and
Performance Performance
Testing Testing

Data Analysis

Figure 2.1 Short-Term Aging Flow Chart for Asphalt Mixtures (Newcomb et al., 2015)

Newcomb et al. (2015) evaluated LTOA similarly to STOA by analyzing production
temperature, plant type, recycled material, and aggregate absorption parameters. They determined
that including recycled material and the aggregate absorption and the inclusion of recycled
materials affected the stiffness of long-term aged AC mixtures. Similar to STOA, no significant
effect was observed on short-term aged AC mixtures regardless of plant type or production

temperature. A significant increase in stiffness and rutting potential was reported for LTOA
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specimens with high absorption. They concluded that AASHTO R 30 long-term aging protocol
reflected the first 1 to 3 years of in-service life of the pavement. Newcomb et al. (2015) validated
the findings from Epps Martin et al. (2014) with similar behavior resulting from the LTOA
protocols.
Long-Term Aging of Asphalt Concrete Mixtures

The issue of aging of asphalt binder has been recognized and investigated for almost a
century (Hubbard and Reeve, 1913; Thurston and Knowles, 1936; and Van Oort, 1956). These
previous studies confirmed that oxidation is responsible for changes in asphalt properties due to
exposure to outdoor weathering. Subsequent studies have been conducted to develop aging
protocols that can be implemented to condition laboratory specimens for performance
characterization. Table 2.2 shows a summary of some of the relevant studies on the LTOA
properties of asphalt mixtures. Two main aspects have been considered during the development
and implementation of laboratory aging protocols: (1) state of material during aging (compacted
specimen vs. loose mix) and (2) pressure level (oven aging vs. pressurized aging). These factors

are discussed in more detail in the following sections.

Kim et al. (2018) deliberated on the long-term aging of asphalt mixtures to improve
AASHTO R 30 protocols. They indicated that one of the biggest shortcomings of AASHTO R 30
was that only one temperature was used to simulate the various range of effects associated with
different climatic zones. Kim et al. analyzed the effect of aging between loose mixtures and
compacted specimens, performed a sensitivity analysis on the effects of the curing temperature,
compared results from the oven aging against pressure aging, and observed the effects associated
with the depth of the HMA or WMA layers, to propose a replacement of current long-term aging

protocols. Asphalt mixture performance testing included the dynamic modulus tests. All HMA
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asphalt mixtures were STOA for 4 hrs at 275°F (135°C) while WMA underwent STOA for 2 hrs
at 243°F (117°C). They selected long-term aging curing temperatures of 203°F (95°C) and 275°F

(135°C) for a wide range of curing times that were dependent on the aging index properties (AlIP)

of field cores to match aging levels.

Table 2.2. Summary of Laboratory Long-Term Aging Protocols for Asphalt Mixtures

Compacted specimens

Reference LTOA Conditions Key Findings
. - Increased mixture’s dynamic complex
Morian et al. I;tagoigg:l)ng (3, 6.and 9 months modulus after LTOA
(2011) - Binder source influenced the aging rate

- Aggregate source had no major effect

Tarbox and Sias
Daniel (2012)

Lab aging of 2, 4 and 8 days
at 85°C

Compacted specimens from
plant-produced mixtures

- Increased stiffness with LTOA
regardless of mix characteristics

- RAP mixes stiffen less than virgin
mixes

Azari and
Mohseni (2013)

Lab aging of 2, 5 or/and 9
days at 85°C
Compacted specimens

- Increased resistance to permanent
deformation with LTOA

- Relationship between results from
STOA and LTOA protocols

Safaei et al.
(2014)

Lab aging of 2 and 8 days at
85°C
Compacted specimens

- Good agreement between asphalt binder
and mixture results

- At extended LTOA, fatigue
performance is negligible

- HMA vyields a higher modulus than
WMA

Epps Martin et
al. (2014)

Lab aging of 1 to 16 weeks at
60°C and 5 days for 85°C
Compacted specimens

- Increased stiffness with higher
temperatures and times for LTOA

- After an extended aging time, WMA
and HMA exhibit similar performance

Newcomb et al.
(2015)

Lab aging of 5 days at 85°C
and 2 weeks at 60°C
Compacted specimens

- Mixture aging is more sensitive to aging
temperature than to aging time

Rad et al. (2017)

Lab aging at 95°C and 135°C
Loose mixtures

- Unaffected relationship between binder
chemistry and rheology with 95°C

- Using 135°C decreases dynamic
modulus and fatigue resistance

Kim et al. (2018)

Lab aging at 95°C and 135°C

- Compacted specimens and

loose mixture
Draft oven and PAV

- Current AASHTO R 30 practices induce
an aging gradient

- Loose mix state expedites aging

- Loose mix aging at 95°C is
recommended for LTOA
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Kim et al. (2018) reported that the aging of a loose mixture resulted in faster and more
uniform aging when compared to compacted specimens. Increasing the curing temperature
reduced the time needed for oven-curing the material. However, if the curing temperature exceeded
212°F (100°C) abnormal chemical reactions may occur that otherwise would not occur while the
pavement is in service. A map of the US considering various climatic zones at specified depths (6
mm, 20mm and 50 mm) below the pavement surface and time of aging (4, 8 and 16 years) was

proposed as part of the new AASHTO R 30 modification.

Similar to CDD proposed by Newcomb et al. (2015), Kim et al. developed the climatic
aging index (CAI). They reported that the advantages of CAl over CDD were that CAIl used
pavement temperature as opposed to using air temperature and that CAl could estimate pavement
temperature (hourly) at different depths. Equation 2.2 is used to determine the time required for

oven curing to match field aging.

—Eg
RxTi

CAI = YN, [D x A x exp (—=)/24] (2.2)

where D is the depth correction factor, A is the frequency factor, Ea is the activation energy
(kJ/mol), R is the universal gas constant (kJ/mol-K) and T is the pavement temperature from the

enhanced integrated climatic model (EICM) with respect to the target depth (K).

Kim et al. (2018) evaluated the influence of depth, frequency factor and activation energy
on obtaining the CAI value. Table 2.3 presents the correction factors for D, A and Ea parameters.
The correction factors influence the scatter of the data points and the laboratory curing duration.
With the use of Equation 2.2 and the correction factors from Table 2.3, Kim et al. were able to
calculate the CAI values for various locations around the US. It was concluded that the long-term

aging of loose mix material expedited the aging with more uniformity than specimens that are
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compacted. Similar to previous studies cited earlier (Arega et al. 2013), they also reported that the
compaction of specimens after the material has undergone LTOA did not affect the performance
or compaction.

Table 2.3. CAl Correction Factors (Kim et al., 2018)

MIX ID Depth Correction Arrhenius Equation, Arrhenius Equation,
Factor (D) Pre-exponential Factor (A) | Activation Energy (Ea)
Surface Layer 1.0000 1.4096 13.3121
(6 mm)
20 mm Depth 0.4565 1.4096 13.3121
Deeper Layer
(below 20 mm) 0.2967 1.4096 13.3121

Kim et al. (2018) proposed a standalone procedure for long-term conditioning by
separating AASHTO R 30 short- and long-term conditions of HMA. They recommended a curing
temperature of 200°F £ 5°F (95°C + 3 °C) to condition the asphalt material in its loose state. They
indicated that the duration of curing was dependent on age, climate, and depth. Their recommended
specification will contain the US map with the time required to match either 4, 8, or 16 years of
field aging for depth ranges of 6 mm, 20 mm, or 50 mm. Both studies bring suitable information
for STOA and LTOA, validation of these protocols was performed as a preliminary assessment of
current aging protocols.

Effect of STOA and LTOA on Stability and Durability of Asphalt Mixtures

Several researchers have studied the rutting potential of asphalt mixtures after subjecting
asphalt mixtures to STOA and LTOA conditions. Houston et al. (2005) used the dynamic modulus
test to determine the stiffening of asphalt mixtures due to long-term aging. A clear increasing trend
in the stiffness of the mixtures was not found in that study. Azari (2011) investigated the effect of
STOA and LTOA on the flow number (FN) test results. She observed an increase in FN with
respect to the aging condition of the mixture, but the trend was not enough to propose an

appropriate aging duration. Azari and Mohseni (2013) determined the effect of STOA and LTOA
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conditioning on the permanent deformation of asphalt mixtures utilizing the incremental repeated
load permanent deformation (iRLPD) test. They implemented the minimum strain rate (MSR)
parameter to quantify the change in stiffness of the asphalt mixtures after short-term aging and
various long-term aging conditions. They proposed conducting the iRLPD test on plant-produced
mixtures at two stages after production and before the mixture was placed down to determine better

the rutting potential of asphalt mixtures.

Unlike rutting, the cracking susceptibility of asphalt mixtures increases as the mixture loses
ductility due to aging. To accurately assess the cracking potential of asphalt mixtures in the most
critical state (i.e., after long-term aging), appropriate protocols must be used to simulate long-term
aging in the asphalt mixture. However, if the goal is to screen different asphalt mixtures based on
their cracking resistance, a more effective strategy would be to utilize laboratory aging protocols
(time and temperature combinations) that allow asphalt mixtures to reach a steady-state condition

in the shortest and most practical time possible.

A limited number of studies have been conducted to investigate the effect of aging on the
cracking potential of asphalt mixtures subjected to long-term aging conditions. Kim et al. (2012)
evaluated the fatigue performance of asphalt mixtures at four different aging conditions including
135°C for 4 hrs and 85°C for 2, 4, and 8 days. Daniel (2013) investigated the aging potential of
asphalt mixtures designed with different amounts of RAP under LTOA conditions. It was
concluded that LTOA specimens yielded a higher stiffness value than STOA specimens. However,
RAP content in the mixture did not increase mixture stiffness because RAP has a pre-aged asphalt
binder that oxidizes at a much lower rate compared to virgin asphalt binder. Blankenship et al.
(2018) investigated the influence of various long-term aging conditions for mixtures using the

disk-shaped compact tension (DCT) test. They commented that the LTOA procedure from
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AASHTO R 30 might not be harsh enough to simulate non-load-associated aging that a pavement
accumulates over its service life.

State of Material (Compacted vs. Loose) During Aging

In a laboratory setting, aging compacted specimens is a matter of practical convenience to
determine the performance of asphalt mixtures. Following the standard method AASHTO R 30,
the short-term aged mixture is compacted and cut to specimen dimensions before placing the
finished specimens into a forced draft oven for long-term aging. The long-term aging simulation
is conducted at 85°C for 120 hrs to represent presumably five to ten years of aging in the field. To
simulate long-term aging, Bell et al. (1994) conditioned asphalt specimens in the oven for different
lengths of time before conducting performance tests on laboratory long-term aged specimens and
their corresponding field cores. Their recommendation for the long-term aging of compacted
specimens was to age specimens at 85°C for 2, 4, and 8 days in the oven. The compacted specimens
conditioned for 2 days at 85°C simulate 1-3 years of field aging whereas the 4- and 8-day yield 9-
10 years. Harrigan (2007) documented a few potential limitations with the current standard aging
method such as 1) using only one aging temperature to represent the long-term aging spectra, 2)
recommending too wide of a range for design purposes, and 3) not considering the effect of air

void content.

The long-term oven aging of compacted specimens leads to both radial and vertical
oxidation gradients, which is a concern for performance testing because the properties throughout
the specimen can vary (Elwardany et al., 2016). Although less common than aging compacted
specimens, the laboratory aging of loose (uncompacted) asphalt mixture has been recommended
in recent years to eliminate the aging gradient within specimens (e.g., Arega et al. 2013, Partl et

al. 2013, Mollenhauer and Mouillet 2011, Van den Bergh 2011, Reed 2010, Braham et al. 2009,
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Dukatz 2015, Elwardany et al. 2016). Von Quintus (1988) aged loose mixture at 135°C in a forced
draft oven for 8, 16, 24, and 36 hrs to simulate long-term field oxidation. Van den Bergh (2009)
conducted an experimental program for aging loose mixes in the laboratory to replicate RAP
material. Mollenhauer and Mouillet (2011) also conducted a study on the aging of loose mixtures
to produce RAP materials. The properties of the binders extracted from laboratory-aged mixtures
were compared to the properties of binders extracted from 11 to 12-year-old sections. They

concluded that oxygen pressure could significantly reduce the aging time.

Rad et al. (2017) investigated the implications of aging loose asphalt mixtures at 135°C.
They performed FTIR and DSR testing to document the influence of the selected curing
temperature. They concluded that long-term aging of a mixture at 135°C negatively influenced the

performance and determined aging temperatures at or below 95°C as optimum.

Some advantages of aging loose mixtures over aging a compacted specimen are: (1) air
and heat can easily circulate inside the loose asphalt mixture inducing uniform aging throughout
the mix; (2) problems associated with compacted specimen integrity during laboratory aging may
be reduced; and (3) the rate of oxidation may increase due to the larger area of the binder surface
being exposed to oxygen (Kim et al., 2018) consequently reducing the time required to achieve a
certain level of aging. On the other hand, it can be argued that compacting an aged loose mix
results in different aggregate packing and internal structure, and consequently different
performance as compared to aging a compacted test specimen. To address this concern, Arega et
al. (2013) compared the internal structure of asphalt mixes compacted before and after long-term
aging using X-ray tomography and reported that there was no significant difference in the internal
structure of these mixes. They also pointed out that the rank order of fatigue cracking resistance

of asphalt mixtures did not change significantly after long-term aging (Arega et al., 2013).
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LAB MiIXeD LAB COMPACTED (LMLC) vs. PLANT MIXED LAB COMPACTED (PMLC)
SPECIMENS

Different methods and approaches have been utilized to evaluate the performance of
mixtures in a laboratory environment. Typically, testing of asphalt specimens in laboratories is
conducted using laboratory-fabricated specimens as it is implicitly assumed that these specimens
simulate plant conditions. However, recent studies have highlighted the differences in the rheology
of laboratory- and plant-produced specimens. To best implement performance and simulation-
based approaches, it is critical to understand the salient variances between differently produced
specimens. The commonly used laboratory compacted specimens that were considered in this

study include:

e LMLC: Specimens produced in the laboratory using methods that are intended to simulate
the plant mixing conditions (Kim et al. 2003).
e PMLC: Specimens produced in the plant but compacted in the laboratory by reheating the

loose mix.

These two methods employ different handling, mixing, and compaction techniques, which
can impact the properties of the specimens. Past research efforts in this area have suggested mixed
results and the likelihood that lab-produced specimens could be stiffer than plant-produced
specimens. One study assessed mixtures containing different proportions of RAP and RAS
(Johnson et al. 2010). They observed that the dynamic moduli of PMLC specimens were lower
than LMLC specimens. Xiao et al. (2014) assessed the binders of recovered samples from different
mixtures and showed that the failure temperature of lab-produced mixtures was higher than that of
plant-produced mixtures. However, McDaniel et al. (2002) performed frequency sweep tests on

different specimens from various states and indicated that the stiffness of lab- and plant-produced
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mixtures were similar. Rahbar-Rastegar and Daniel (2016) compared the rheological
characteristics of plant-produced and lab-produced specimens and the impact of different mixture
variables. The mixtures produced in dissimilar conditions yielded samples with different material
properties. Additionally, there were no systematic differences between the properties in either of
the production conditions. Rather, the differences were more strongly influenced by binder grade,
gradation etc. Yin et al. (2015) reported that current STOA criteria for HMA and WMA were
sufficient to reproduce the changes seen in performance criteria and volumetric properties during

plant production.
Influence of Pressure on Aging

The aging rate of asphalt mixtures can be accelerated by increasing the curing temperature
during oven aging. This observation has led to proposals for the use of high curing temperatures
such as 135°C for loose mixtures (e.g., Braham et al., 2009; Blankenship, 2015; Dukatz, 2015).
However, increasing curing temperatures for LTOA conditions may introduce inconsistencies in
the chemical composition of the asphalt binder. The disruption of polar molecular association and
subsequent sulfoxide decomposition become critical at temperatures that exceed 100°C (e.g.,
Herrington et al. 1994, Petersen 2009, Petersen and Glaser 2011, Glaser et al. 2013). Rad et al.
(2017) investigated the effect of two long-term aging temperatures, 95°C and 135°C, to age asphalt
mixtures and determine their engineering properties based on dynamic modulus and damage
resistance measured using the simplified viscoelastic continuum damage (S-VECD) model. They
recommended an optimal aging temperature of 95°C for loose mixtures. They indicated that the
relationship between asphalt binder chemistry and rheology was unaffected if the aging

temperature was below 95°C.
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As an alternative to oven aging, pressure and forced air can be used to increase the rate of
aging in asphalt mixtures. Several researchers have tried pressure aging of asphalt mixtures for
both compacted and loose mixture specimens. VVon Quintus et al. (1988) performed a study on
LTOA and long-term pressure aging of compacted specimens. The study consisted of LTOA
compacted specimens at 60°C for two days following five days of conditioning at 107°C. Pressure
aging was conducted at 60°C and 100 psi (690 kPa) for durations of five and ten days. They
concluded that higher aging levels were reached for oven-aged specimens compared to the

pressure-aged samples.

Bell et al. (1994) evaluated several pressure-aging systems as part of the SHRP project.
They tried ‘pressure oxidation’ of compacted specimens using several pressure/temperature
combinations in a pressurized vessel. Compacted samples were exposed to air or oxygen for 0, 2,
or 7 days at pressures of 690 kPa or 2070 kPa and 25°C or 60°C. An unusual modulus trend was

observed, i.e., as the oxidation level increased the modulus decreased.

Khalid and Walsh (2000) developed an accelerated pressure oven method to simulate the
long-term aging of porous asphalt mixes. One of the main shortcomings of PAV aging compared
to oven aging was the amount of material that could be aged simultaneously. To obtain uniform
aging, a uniform thin layer of the loose mix should be placed in the PAV, which reduced the
capacity of the instrument to around 1 kg (Partl et al., 2013). Partl et al. (2013) study suggested
that binder oxidation continued up to nine days of conditioning, but that the rate of oxidation

decreased with an increase in the duration of the conditioning.
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Influence of Mix Design Variables on Aging of Asphalt Mixtures
Several variables influence the aging and performance of asphalt mixtures including mix
type, binder source, performance grade of the binder, aggregate source, aggregate absorption,

aggregate gradation, and recycled material and its content within the mixture.

Elliot et al. (1991) studied the effects of gradation on the creep stiffness, split tensile
strength, resilient modulus, and air voids of asphalt mixtures. They concluded that the variations
in gradation had the greatest effect, especially when the shape of the gradation curve changed.
They indicated that the tensile strength was influenced more by the air void content and
compaction than the variation in gradation. Abo-Quadis et al. (2007) evaluated different limits of
American Society for Testing and Materials (ASTM) specifications for aggregate gradation. The
open-graded gradation had the least amount of stripping resistance mostly due to the amount of air
voids in the mix as the interlocking of the particles was poor. Guler (2008) found that gradation
was the most influential design parameter for the mechanical properties (elastic modulus and yield

stress) of HMA.

The type of aggregates utilized also affects the behavior of the mixture as different
aggregates have different absorption levels. Abo-Quadis et al. (2007) found that unconditioned hot
mix asphalt mixtures using limestone had better stripping resistance as opposed to basalt
aggregates. However, they also found that when those hot mix asphalt samples were conditioned,
the basalt mix showed better resistance than that of limestone. Braham et al. (2007) compared the
performance of limestone and granite aggregates in HMA. They indicated that although granite
provided higher fracture energy at low temperatures than limestone, a reverse trend was seen at
higher temperatures. Benedetto et al. (2014) concluded that using basalt compared to limestone in

the HMA with 20% RAP, yielded greater complex modulus and higher fatigue resistance.
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Clyne et al. (2008) evaluated the effect of RAP in asphalt mixtures by varying the
proportion and source of RAP in the mix. They determined that mixtures containing RAP had
higher dynamic moduli compared to the mixes without RAP. Using the semicircular bend (SCB)
test, they found that mixes containing 20% RAP demonstrated a higher fracture resistance at high
and low temperatures compared to the mixes containing 40% RAP. Using single-sourced RAP and
multi-sourced RAP had no effect on the dynamic moduli at low temperatures; however, they

affected the dynamic moduli at elevated temperatures.

PG of binder used in the mix affects how asphalt mixtures react in different environmental
conditions, as well as in the mix design in general. Abo-Quadis et al. (2007) found that higher
adhesion was achieved when using 80/100 asphalt compared to 60/70 asphalt for HMA. Guler
(2008) reported that the asphalt content of an HMA pavement was the second most critical variable
in the design process when testing the yield stress of specimens after compaction. Varying PG also
affects dynamic modulus. Clyne et al. (2008), concluded that a mixture with a softer binder had a
higher dynamic modulus compared to a stiffer binder at low temperatures. However, it was also
found that a stiffer binder resulted in higher dynamic moduli for mixes with and without RAP at
high temperatures. Boriack et al. (2014) investigated the optimum binder content of an asphalt
mixture with RAP. They found that adding 0.5% of binder to the mixtures containing 20% RAP
improved the fatigue and rutting resistance but slightly decreased the stiffness. Moreover, they
concluded that adding different quantities of binder to mixes with 40% RAP led to a decrease in
both rutting and fatigue resistance. They also observed that the number of gyrations had to be
adjusted to obtain the same air void targets, and the resistance to moisture damage of HMA with
high RAP content (as high as 50%) dealt more with the compatibility of PG of the binder used

with the RAP rather than the percentage of RAP in the mix. Benedetto et al. (2014) arrived at a
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similar conclusion that varying proportions of binder added to HMA mixtures with RAP, could
potentially increase or decrease complex modulus and fatigue resistance depending on the

performance grade of the binder used.

State of the Practice of DOTs for STOA and LTOA Curing

The current TXDOT design, production and construction specifications are described in
Items 340 through 346A for all mixture types. Current TXDOT Test Procedure Tex-204-F provides
general guidelines and steps to select the materials, determine the material proportions (e.g.,
aggregates and binder content) and evaluate the engineering properties (e.g., cracking and rutting
potentials) of the asphalt mix design. TXDOT Test Procedure Tex-241-F is used to produce
compacted specimens for performance tests. Table 2.4 illustrates the mixing temperatures based
on the performance grade and type for lab-mixed specimens. Lab-mixed materials are prepared as
per Test Procedure Tex-205-F for compaction, whereas plant-produced mixtures are handled
following Test Procedure Tex-222-F.

Table 2.4. Mixing Temperatures by Grade and Type (Tex-205-F, 2016)

Type-Grade? Asphalt Material Temp. Mixing Temp.?
PG 70-28, PG 76-22 325°F (163°C) 3259 (163°C)
PG 64-28, PG 70-22 300°F (149°C) 300°F (149°C)
PG 64-22, PG 64-16 290°F (143°C) 290°F (143°C)
AC-3,5,10; PG 58-28, PG 58-22 275°F (135°C) 275°F (135°C)
RC-250 100°F (38°C) 165°F (74°C)
MC-250 100°F (38°C) 165°F (74°C)
MC-800 140°F (60°C) 190°F (88°C)
CMS-2 140°F (60°C) 235°F (113°C)
AES-300 140°F (60°C) 235°F (113°C)
Asphalt Rubber (A-R) Binder 325°F (163°C) 325°F (163°C)

1 If using RAP or RAS and a substitute PG binder in lieu of the PG binder originally specified on the plans, defer to
the originally specified binder grade when selecting the mixing temperature.
2 When using RAP or RAS, the mixing temperature may be increased up to 325°F to achieve adequate coating.

Before compaction, the mixtures must be conditioned at a specified temperature and time.

Table 2.5 presents the curing and compaction temperatures for asphalt mixtures. While the
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temperature is selected based on the asphalt PG, a curing time of 2 hrs + 5 min is specified for both
lab-produced and plant-produced mixtures. On the other hand, WMA mixtures are cured for 4 hrs
at a lower temperature (usually ranging from 215°F and 275°F). For PMLC that requires reheating,
a curing period of 1.5 hrs £ 5 min is recommended. The reheated materials should be mixed and
split into specific specimen sample sizes where they are cured to reach their specified compaction
temperature. As the use of RAP and RAS materials continues to increase, modifications to current
procedures and protocols are being made to assure the proper short-term and long-term
performance of the pavement is achieved.

Table 2.5. Curing and Compaction Temperatures (Tex-241-F, 2019)

Binder?! Temperature?
PG 58-28 250°F (121°C)
PG 64-22 250°F (121°C)
PG 64-28 275°F (135°C)
PG 70-22 275°F (135°C)
PG 70-28 300°F (149°C)
PG 76-22 300°F (149°C)
PG 76-28 300°F (149°C)
Asphalt Rubber (A-R) Binder 300°F (149°C)

Note: Mixtures must be compacted at the selected compaction temperature within a tolerance of + 5°F (£3°C)

1 If using RAP or RAS and a substitute PG binder in lieu of the PG binder originally specified on the plans, defer to
the originally specified binder grade when selecting the mixing temperature.
2 When using RAP or RAS, the mixing temperature may be increased up to 325°F to achieve adequate coating.

Performance tests are conducted on specimens that are short-term oven aged regardless of
the engineering property of interest, cracking susceptibility, or rutting resistance. While the aging
induced through the STOA protocol can positively influence the cracking resistance of a mixture,
the rutting potential of an asphalt mixture was impacted due to the stiffening behavior of the mix.
Therefore, laboratory-curing protocols must be developed and implemented to determine
accurately the early-age rutting and long-term cracking potentials of asphalt mixtures. For the
cracking susceptibility, the change in engineering properties after the long-term performance is of

great interest to avoid durability problems in the field during the service life of the pavement. The
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curing time and temperatures for assessing the rutting potential of an asphalt mixture must be

representative and valid to prevent early-age rutting right after placement activities.

The temperature and time specified for conditioning are assumed to simulate partially the
aging and binder absorption that happens during the production and compaction of an asphalt
mixture. During the design process, TXDOT does not require measuring the performance of asphalt
mixes after being subjected to long-term aging. The current practice of conducting performance
tests on specimens after short-term aging conditions implicitly assumes that the relative
performance of asphalt mixtures does not change after long-term aging. Although mixtures that
exhibit acceptable engineering properties after short-term aging may still underperform in service,
it is impractical to vary laboratory-curing conditions many times before producing specimens that
closely simulate the field behavior of mixtures. Implementing optimized laboratory curing
protocols in terms of long-term cracking and early-age rutting is paramount to determining the

engineering properties of underperforming mixtures during the mix design process.

Several DOTSs, including Wyoming, Florida, Nebraska, Indiana, and Virginia, currently
follow the proposed STOA and LTOA curing as per AASHTO R 30. The key differences among
various agencies are the mixing and compaction temperature ranges for the aging of the asphalt
mixtures. The performance grade of the binder is the controlling factor for each temperature, with
special consideration for using modified binders. Various other state DOTs around the United
States have specifications to simulate STOA as well as LTOA that differ from AASHTO R 30.
The DOTSs’ resources, environmental, and loading conditions heavily influence their

specifications.

The Illinois Department of Transportation (IDOT) has commissioned several studies aimed

at verifying and modifying the current AASHTO standards. Their modifications to AASHTO R
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30 include the short- and long-term aging conditioning requirements for their volumetric mixture
design. To assess the impact of short-term aging on performance, they require the HWT, Illinois
Flexible Index (I-FIT, AASHTO TP-124), indirect tensile strength, and tensile strength ratio (TSR,
AASHTO T-283) results. The effect of long-term aging is assessed by conducting an I-FIT test.
IDOT performance tests are only applicable to laboratory-prepared loose mixtures. Plant-produced

mixtures are only evaluated for quality control (QC) or quality assurance (QA) purposes.

Table 2.6 illustrates the time required for short-term aging for both HMA and WMA for
IDOT’s selected performance tests. The aging process can take place either immediately after
mixing but before compaction or after the mixture has cooled to room temperature. The curing
period is influenced by the absorption of the aggregates. Low-absorptive aggregates are cured for
1 hr £ 5 min before compaction. High-absorptive aggregate with a combined absorption greater
than 2.5% is cured for 2 hrs £ 5 min. The conditioning time before mixing is not considered as the
time of mixing. IDOT specifications recommend compaction temperatures based on the
performance grade of the binder identical to those temperatures provided in AASHTO R 30. The
replicate I-FIT specimens are long-term aged for 3 days + 1 hr at 200°F £ 5°F (95°C + 3°C). The
long-term aged specimens are cooled to room temperature, submerged into a water bath set at 77°F

+ 1°F (25°C £ 0.5°C) for two hrs, and tested per AASHTO TP 124.

Table 2.6. Short-Term Conditioning Requirements (IDOT Central Bureau of Materials, 2019)

Short-Term Conditioning (Hrs)!

Lab-Produced Mix Plant-Produced Mix

Test Type | Volumetric | T 283 | Hamburg / I-FIT | Volumetric | T 283 | Hamburg / I-FIT
HMA lor2 lor2 lor2 0 0 0
WMA lor2 lor2 3or4 0 0 2

1 When two different values are present within a single cell, the correct value is based on whether low or high
absorption aggregates are used.
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The Minnesota Department of Transportation (MnDOT) has funded several studies to
address the environmental aging of asphalt mixtures. Some of those studies have focused on binder
oxidation by using tests such as the PAV, RTFO, bending beam rheometer (BBR) and DSR.
MnDOT has modified AASHTO R 30 for STOA and LTOA of their asphalt mixtures. The mixing
and compaction temperatures for the preparation of an asphalt mixture are based on the PG of the
binder. MnDOT follows 4 hrs of conditioning to achieve short-term curing for LMLC specimens.
MnDOT’s curing temperature is specified at 290°F + 10°F (143°C + 6°C) to simulate the pre-
compaction phase in the construction process. This curing temperature allows for proper
absorption of the binder into the aggregates. For modified binders, the minimum compaction
temperature should be 290°F. However, a higher compaction temperature should be used if

included in the work.

Colorado Department of Transportation (CDOT) follows CP-L 5112 and CP-L 5115,
which are the procedures for performance testing with the HWT Test and preparing specimens
with a Superpave gyratory compactor, respectively. Different sample preparation processes are
provided for the LMLC and PMLC mixes. As shown in Table 2.7, CDOT recommends similar
mixing and compaction temperatures as TXDOT. The performance grade of the binder is the

controlling factor for the mixing and compaction temperature of the Superpave mixture(s).

Table 2.7. Laboratory Mixing and Compaction Temperatures (CP-L 5115, 2016)

Superpave Binder Grade | Lab Mixing Temperature | Lab Compaction Temperature

PG 58-28 & 58-34 310°F (154°C) 280°F (138°C)
PG 64-22 & 64-28 325°F (163°C) 300°F (149°C)
PG 70-28 & 76-28 325°F (163°C) 300°F (149°C)

Note: All Temperature in this table have a tolerance of + 5°F (+ 3°C)

Once the material for laboratory-produced specimens has been mixed, the mixture must

undergo short-term aging in an oven at its respective compaction temperature for 2 hrs. CDOT
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recommends an increase in duration if it is known that the mixture in the field was exposed to
higher temperatures. PMLC mixtures on the other hand follow a 3 hrs + 0.5 hr of reheating at its
respective compaction temperature. A noticeable difference between the process followed by
CDOT and other DOTSs is that they do not require stirring the mixture during the curing process to
maintain uniform conditioning. This is likely because this step may be often skipped by laboratory
technicians and to also reduce additional workload.

The California Department of Transportation (CALTRANS) follows their Test Procedure
304, for short-term aging of mixes. CALTRANS, similar to TxDOT, follows a range of mixing
and compaction temperatures. However, CALTRANS allows the material to be kept in the oven
until it reaches a workable temperature. Before compaction, the material must be mixed thoroughly
at its respective temperature to allow for even conditioning. Typically, the material is oven cured
for 2 hrs before mixing at a specified compaction temperature depending on the PG of the binder.
They recommend short-term curing of 2 to 3 hrs at 295°F + 3°F (146°C + 1.5°C) for laboratory
mixed specimens. Since plant mixes have endured the mixing process of short-term aging, 2 to 3
hrs of curing before compaction is required. The reheating of PMLC mixes should not exceed 3
hrs at a compaction temperature of 235°F + 3°F (113°C + 1.5°C). A compaction temperature of

305°F £ 3°F (152°C + 1.5°C) is recommended for mixes with asphalt rubber binders.
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Chapter 3: Preliminary Assessment of Existing Laboratory Aging Protocols

TxDOT Research Project 0-6658, a collaboration between The University of Texas at El
Paso (UTEP) and Texas A&M Transportation Institute (TTI), resulted in a Data Storage System
(DSS) that includes extensive pavement material properties and performance data for 115 test
sections located throughout Texas. The collected laboratory, field and performance data, traffic,
and section details have been compiled and stored in the DSS. The DSS includes new construction,
overlay, rehabilitation, and seal coat sections. Since the initial stage of construction, placed
materials (hot mix asphalt, binder, base, subbase, and subgrade) were collected and subjected to
extensive laboratory testing and material characterization. These sections have been closely
monitored (many continue to be monitored) for field performance and distress progression under
in-service traffic conditions. The central purpose of assembling the DSS was to leverage the
comprehensive data toward calibrating and validating mechanistic-empirical (M-E) design
models. Such models include Flexible Pavement Design System (FPS), Texas M-E, Texas Overlay

design system, and the AASHTO Pavement ME.

Figure 3.1 displays the DSS tool. That relational database possesses a plethora of
information for the test sections, including the test section details, construction and QA/QC data,
and material testing data for the hot mix asphalt (HMA), binder, base/base, and subgrade. Field
testing and time-based distress history are also documented. Traffic and climate information is
also included in the repository. The DSS tool is updated semi-annually through performance
monitoring, adding field testing data, photographs/video, field core information and visual distress
survey information. The DSS tool can presently be used as a state-level database for pavement
performance diagnostics. The comprehensiveness of the DSS allows for investigating the short-

and long-term performance of pavement layers based on the laboratory and field-derived material
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properties, while also considering the routine monitoring for damage and the documented

inventory of pavement system characteristics.
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Figure 3.1. Database Storage System Graphical User Interface from TxDOT 0-6658

Figure 3.2 displays the distribution of test sections across Texas, as well as the number of
test sections within each district. The selection of each section was based on the district location,
climate zone, pavement structure configuration, and construction type (e.g., new construction,
overlay, etc.). The DSS tool is also accompanied by global positioning system (GPS) coordinates

and subsequent section mapping.

Figure 3.3 displays a schematic exhibiting the information stored for each test section in
the DSS. The database contains various HMA and binder parameters of the AC layer(s) of each
test section. The main relevant parameters to the scope of work of this study include surface course
mix type, job mix formula (JMF), RAP and RAS information, aggregate type, asphalt content,

additives information, and the short- and long-term field performance (i.e., with aging).
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The binder testing data includes results from the DSR, BBR, multi-stress creep recovery
(MSCR), RTFO, specific gravity, viscosity, and PG of the binder. The laboratory performance
data include HWT, OT, IDT, dynamic modulus (DM) and repeated load permanent deformation
(RLPD) tests. The database also includes nondestructive testing (NDT) data from the falling
weight deflectometer (FWD) and the ground penetrating radar (GPR).

Characteristics of AC Mixtures

The DSS information was analyzed to assess the impact that field aging had on the
performance and service life of the test sections. Table 3.1 displays the characteristics of the test
sections in the DSS by HMA item, surface course mix type, and sample size. The largest sample
size was observed for dense graded mixtures (Item 341). The next largest sample size was for
Stone Matrix Asphalt (SMA, Item 346). Surface courses comprising of Permeable Friction Course
(PFC, Item 342), Performance Design mixes (Iltem 344), and Thin Overlay Mixes are also present

for analysis.

Table 3.1. Hot Mix Asphalt Mixture Items and Types within TXDOT 0-6658 DSS

HMA Mix Group HMA Mix Type Total No. Mixes
341- Dense Graded HMA Type B, Type C, Type D and Type F 76 Mixes
342- Permeable Friction Course PFC 7 Mixes
344- Performance Design SP-C and SP-D 6 Mixes
346- Stone Matrix Asphalt SMA 14 Mixes
Thin Overlay Mixes TOM 4 Mixes

34



The lowest asphalt contents (approximately 5%) were observed on the dense graded mixes.
The highest asphalt contents (roughly 6.7%) were observed for the permeable friction coarse
mixes. The Superpave (SP) and SMAs exhibited average asphalt contents of 5.5% and 6.2%,

respectively. For the UTEP sections, different HMA mixtures contained from 0% to 23% RAP

and 0 to 5% RAS content.

Figure 3.4 displays the sample size distributions of the test sections considering the facility
type. The test sections within the DSS represent an array of facility types, consisting of U.S.
highways, interstate highways (IH), farm-to-market roads (FM), state highways (SH), loops (LP)
and spurs (SP). This bar chart is further delineated by the number of test sections managed by
UTEP and those by TTI. The majority of the test sections within the DSS are on U.S. highways.

Similar sample sizes are observed for test sections on IH, SH and FM roads.
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Figure 3.4. Section Distribution by Roadway Type from TxDOT 0-6658

Performance and Aging Conditions of Pavements
The DSS tool was used to analyze the performance of field-aged AC mixtures. A
preliminary data analysis using the DSS rut depths from the HWT and the number of cycles to

failure from the OT were evaluated to estimate the performance of AC mixtures. For the selected
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sections, the raw data were reanalyzed to determine the crack progression rate (CPR) and the
critical fracture energy (CFE) for each mix. CPR rationally represents the rate of crack progression
and CFE relates to the measures of crack initiation. The CPR and CFE have been shown to
represent HMA cracking potential with a much lower coefficient of variation compared to the

number of cycles (Garcia et al., 2016).

The short-term aging, which should represent the cumulative effects of aging due to plant

typically positively impacts

mixing, storing, as well as transporting and placing the mix in the field,

graded (Type B and C), stone matrix asphalt (SMA), coarse matrix high binder (CMHB)

the rutting performance of a mix. Figure 3.5 displays the average rutting resistance indices (RRI)

from 17 pavement sections from LMLC specimens. The bar chart illustrates the average rut depth
and thin overlay mixes (TOM) while considering the different PG. The SMA and TOM mixes

performed well against rutting.
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Figure 3.5. Hamburg Wheel-Tracking Test Comparison of AC Mixtures

The interaction plot shown in Figure 3.6, which is a cross plot of CPR and CFE, introduces

the concept of the performance of the AC mixtures with respect to cracking. The acceptance limit
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for CPR is set at a value of 0.45 (SS 3074, 2019). Well-performing mixtures have been shown to
have a CPR value lower than the acceptance limit, while poor-performing mixes exhibit values
higher than the acceptance limit. CFE assesses the resistance of the mixture to crack initiation

during the first loading cycle has a provisional upper limit of 3 and a lower limit of 1.

Figure 3.6 illustrates examples of two pavement sections with well- and poor-performing
AC mixtures in cracking. The hollow circle that represents the initial evaluation of a well-
performing mix exhibits a CPR of 0.34. The shaded circle represents CPR from a field core 44
months post-mat placement. This data point shows a CPR of 0.42; still indicating a well-
performing mixture in terms of cracking. Figure 3.6 also shows the results from a pavement section
that exhibited poor cracking performance in the field. The hollow triangle that represents the initial
evaluation yields a CPR of 0.68. This mix would not have been accepted if the cracking criterion
had been incorporated into the mixture design process. The solid triangle, with a CPR of 1.47,
represents the CPR obtained on a core extracted 58 months post-mat placement. Overall, as the

pavement ages, the cracking performance deteriorates.
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Figure 3.6. Interaction Diagram Plot for Cracking Performance
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An evaluation was performed using data from the 17 sections from the DSS summarized
in Table 3.2 to gain insight into the cracking performance of the AC mixtures as they aged. Based
on the visual distress surveys three classes, namely, “good,” “marginal” and “poor,” were created
to delineate the pavement performance with time. At that time, six of the sections were categorized

as “good,” five as “marginal” and six as “poor.”

Figure 3.7a shows the initial laboratory cracking performance of the pavement sections.
Seven sections failed the cracking performance criteria, whereas the remaining ten sections were
within the acceptance limits. The sections that were categorized as crack susceptible were the same

sections that showed “marginal” or “poor” field performance as well.

To evaluate the effect of aging over time, two sets of field cores were extracted and
assessed for their respective CPR values at different ages. Figure 3.7b shows the cracking
performance of the first set of cores that were extracted 2-3 years after construction. Most sections
initially considered “marginal” and “poor” exhibited higher CPR values as compared to their initial
results, indicating that they became more susceptible to cracking. Figure 3.7c shows the cracking
performance from the second set of cores extracted from some of the sections. These cores
exhibited even higher CPR values, which reinforce that as AC mixtures age they become more
brittle and prone to cracking. A tendency of increasing CPR can be concluded as most of the initial

“marginal” and “poor” sections have gone beyond the acceptance limit.

Figure 3.8 illustrates how the CPR value varies with time given different environmental
conditions and pavement types. The number above each bar corresponds to the age of the pavement
at the time of testing. A general trend of increase in CPR values with time can be observed for all
pavement sections. In addition, the eight sections where a second set of cores were extracted

exhibited even higher CPR values as compared to the first set of cores.
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Table 3.2. Field Section Details for Cracking Performance Analysis from TxDOT 0-6658

Material and Design Information Pavement Section Information
ID Binder | AC, | RAP, | NMAS, | Constructed | First | Second Avg Daily
Mix Type
Grade % % mm Year Core Core Traffic

1 SMA-D | PG70-28| 6.3 20 125 2011 2014 - 3007
2 SMA-D | PG70-28| 6.0 0 125 2011 2014 - 612
3 SMA-D | PG70-28 | 6.3 10 125 2011 2014 - 4837
4 SMA-D | PG70-28 | 6.3 0 125 2012 2015 - 2103
5 SMA-D | PG70-28 | 6.3 0 125 2011 2014 - 4600
6 SMA-D | PG70-28 | 6.3 20 125 2012 2015 - 337
7 CMHB-F | PG70-22 | 5.3 20 9.5 2013 2015 2020 579
8 CMHB-F | PG70-22 | 5.3 20 9.5 2013 2015 2020 372
9 Type-C | PG64-22 | 5.0 20 9.5 2013 2016 2020 343
10 | CMHB-F | PG70-22 | 5.0 20 9.5 2013 2015 - -
11 | Type-C | PG64-22| 5.0 20 19.0 2012 - 2020 3288
12 Type-C PG 64-22 | 4.6 20 19.0 2011 2015 2020 1545
13 Type-C PG 70-22 | 4.8 20 19.0 2011 2015 2020 4127
14 Type-C PG 70-22 | 4.8 20 19.0 2012 2016 - 4270
15 TOM PG 76-22 | 6.5 0 9.5 2012 2015 - 929
16 TOM PG 76-22 | 6.5 0 9.5 2013 2016 2020 3952
17 TOM PG 76-22 | 6.5 0 9.5 2013 2016 2020 2620
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40



2.5

m Initial Evaluation
m First Core 7
5 m Second Core 4 9
) 9 3
)
< 7
04 7
c 3 4
.g 15 - 3
)
@ 4 4
§ 0 0
T 1 Of ° 0
E 02 N R
5 0
(@) 0 7 7
05 4,3 03 03 0op 03
03 03 03
0 -

1 2 3 4 5 6_7 8 9 10 11 12 13 14 15 16 17
Pavement Section Number

Figure 3.8. Mixture Cracking Performance Evaluation against Time
Influence of Short- and Long-Term Aging on Engineering Properties
Numerous studies have been conducted under the National Cooperative Highway Research
Program (NCHRP) in relation to the objective of this study. The following relevant research

projects were identified:

e NCHRP 09-36, “Investigation of Short-Term Laboratory Aging of Neat and Modified
Asphalt Binders.”
e NCHRP 09-52, “Short-Term Laboratory Conditioning of Asphalt Mixtures.”
e NCHRP 09-54, “Long-Term Aging of Asphalt Mixtures for Performance Testing and
Prediction. ”
Each of these reports has distinct objectives, but they include observations and information
that are considered useful in the preparation of the experimental design plan for this project. Table
3.3 highlights the different types of testing conducted in each study, as well as the aging conditions

used for the specified tests and whether they were developed to simulate short- or long-term aging.
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Table 3.3. Summary of Key Findings from NCHRP Studies Related to Aging

Pll?lo(j:e}cItRlEI)o. Test Type Final Recommendations
- SAFT - 163°C for 45 minutes
09-36 - MGRF - 165°C for 210 minutes
- Rotating Cylinder Aging Test (RCAT) | - 163°C for 235 minutes
09-52 - HWT - 135°C and 116°C for 2 hrs for
- Resilient Modulus HMA and WMA respectively
-DM - 95°C/135°C for 8.9 days/16.8 hrs
09-54 - Oven vs. Pressure Aging -95°C and 135°C
- Cyclic Fatigue Test - 85°C for 8 days

The following section aims to compare the results of the different tests used within each
report and to focus on differences in aging and possible differences in various experimental factors
that may impact replicability for future studies or other relevant procedures. Anderson and
Bonaquist (2012) attempted to replace both RTFOT and the PAV with a single device that would
simulate short- and long-term aging. They examined the SAFT and the MGRF under varying
operating conditions. They found MGRF to be an acceptable, less expensive replacement as they
produced comparable results with the same aging conditions. However, they also observed that
MGRF averaged about 40% of the mass change that RTFOT caused for the specimens in their
study. The SAFT showed little correlation to oven-aged mixtures and took twice the amount of

time as the current PAV to show equivalent aging.

Newcomb et al. (2015) proposed changes to the AASHTO R 30 protocol by introducing
the concept of cumulative degree-days as a metric to measure the relative extent of field aging.
Correlation between LMLC and PMPC specimens indicated that STOA protocols for their study
were largely able to simulate plant aging and asphalt absorption that occurs during plant
production. The critical in-service time when WMA equaled HMA was 23,000 CDD;
approximately equivalent to 17 months in service in warm climates, and 30 months in service in

colder climates. Stiffness of WMA to equal initial stiffness of HMA was accomplished with field
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aging of 3,000 CDD; approximately equivalent to 2 months in warm climates and 3 months in

colder climates.

Most recently, Kim et al. (2018) validated AASHTO R 30 and proposed a standalone
protocol for long-term aging. They compared the results between oven aging and pressure aging
and loose mixtures and compacted specimens. The tests that included the application of pressure
in compacted specimen aging were found to expedite aging. The addition to aging of loose mixes
also expedited oxidation but was found to be impractical as only 500g could be aged at a time.
About 8 kg of the mix is needed for a Superpave gyratory-compacted specimen. A clear difference
between the fatigue performances of the asphalt mixture aged at 95°C to 135°C was also presented.
Long-term aging at temperatures of 135°C should be avoided as they yield poor performance
results.

MATERIAL AGING

Identifying factors that contribute to the deterioration of the performance of asphalt
mixtures is one of the more important objectives of this investigation. Yin et al. (2017) concluded
that nonuniform field aging occurs on pavements in the field as the surface layer aged more rapidly
when compared to the bottom. Azari and Mohseni (2013) studied the short- and long-term rutting
performance of different AC mixtures. They concluded that the rutting performance is significantly
affected by the mixture age and determined that different AC mixtures age differently.
Radziszewski (2007) analyzed different components of AC mixtures and evaluated them on their
relation to permanent deformation, which can be an indicator of aging through rutting and
cracking. That study created three lists, each classifying the level of resistance to rutting and

creeping after no aging, short-term aging, and long-term aging as shown in Table 3.4.
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Table 3.4. Summary of Key Findings Related to Material Aging (Radziszewski, 2007)

Aging Most Resistance Intermediate Resistance Least Resistance
- AC with 17% of rubber- )
- Superpave modified binder i ggsx)ﬁf-;r(l)%ioffe d
No aging |~ Porous asphalt - MNU with Modbit 30B binder
mixture with 15% air binder .
. . - Asphalt concrete with
voids - AC with 7% plastomer- 50/70 bitumen
modified binder
. - MNU with Modbit 30B
Short-term | - Eil\if;rwnh 35/50 binder - AC with 35/50 bitumen
aging - Superpave - AC with 5% plastomer- | - AC with 50/70 bitumen
modified binder
- AC with 17% of - AC with 5% plastomer-
rubber modified modified binder - AC with 50/70 bitumen
Long-term | binder - MNU with 17% of - AC with 3% elastomer-
aging - SMA with 35/50 rubber-modified modified binder
binders - Porous asphalt mixture - AC with 35/50 bitumen
- Superpave with 20% air voids

As part of this study, the short- and long-term aging cracking performance of different AC

mixtures across Texas was assessed using OT data. The standard practices to simulate the field

aging of an AC mixture were done by curing the loose mixtures following (1) AASHTO R 30 for

long-term oven aging (LTOA) and (2) Tex-206-F for short-term oven aging (STOA). The curing

processes for LTOA comprised 5 days at 185°F (85°C). Curing for STOA is 2 hrs at its respective

compaction temperature (based on TxDOT standards). Table 3.5 displays the relevant mix design

information of the different AC mix designs across Texas.
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Table 3.5. Summary of Pavement Sections

Mix No. Mix Type Original Binder Asphalt Content (%)
1 DG-C 70-28 4.6
2 DG-C 70-28 4.6
3 SP-C 76-22 5.5
4 SP-C 76-22 5.0
5 DG-D 76-22 52
6 DG-D 64-22 5.2
7 DG-D 64-22 52
8 SP D 76-22 5.5
9 SP-D 70-22 5.3
10 SP-D 70-22 5.3
11 SP-D 64-22 5.4
12 SP-D 70-22 5.4

*Districts that repeat have different mix designs (change in gradation/mix type/binder source).

Per AASHTO R 30, the loose mixture was cured at a maximum thickness of 2 in. to ensure
even oven aging of the material. Figure 3.9 shows the CPR values obtained for LTOA and STOA
specimens. A clear trend is observed where the LTOA materials exhibited higher CPR values as
the material aged except for the three mixtures that showed a marginal increase. The remaining
nine sections had an increase in CPR ranging from 20% to 363% when compared to their respective

STOA specimens.
Formulation of Laboratory Aging Protocol and Performance Indices

The existing AASHTO R 30 standard and Kim et al. (2018) attempt to simulate the aging
of the asphalt mixtures equivalent to a certain number of years in service. Given that the aging
kinetics of binder reaches a steady-state condition after a certain amount of aging, it is
hypothesized that there is a level of long-term aging after which the rank order of aging and
consequently cracking characteristics of different binder-mixtures does not change. For a cracking

test to distinguish accurately between crack-resistant and susceptible mixes, it is critical but
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adequate that mixes are aged to achieve this steady state rate even if the mixes do not reach a state
that is equivalent to 10 or 20 years of field aging. Figure 3.10 illustrates an analysis of the aging
kinetics for different binder mixtures and their respective performance (e.g., cracking potential)
rankings at different aging levels based on the steady-state aging condition of asphalt mixtures and
binders. This study utilized this concept to develop optimized laboratory aging protocols for

mixtures.
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Figure 3.9. Crack Progression Rate Results for Aged Mixtures
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Figure 3.10. Representative Aging Kinetics of Asphalt Mixtures at Different Aging Levels

Three main factors that dictate the aging rate of any given binder are temperature, duration,
and pressure. These factors were considered to select the best candidate aging protocols for further
examination in the remainder of this study. AASHTO R 30 standard for traditional long-term aging
conditions consists of curing compacted specimens at a temperature of 85°C. Kim et al. (2018)
compared the aging induced by oven-cured loose mixtures at 95°C and 135°C. They recommended
a curing temperature of 95°C for loose mixtures so that the chemical composition and integrity of
the asphalt binder are not compromised. These studies point out that for any aging procedure to be

realistic, it is important that the procedure not utilize a temperature above 95°C.

Newcomb et al. (2015) documented that the curing conditions from AASHTO R 30
approximately simulate the aging conditions of pavements with 11 and 22 months in service for
warmer and colder climates, respectively. Based on the literature search, there is no consistent

approximation for the long-term aging prediction between the laboratory aging protocols and field
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aging of asphalt concrete layers. Kim et al. (2018) recommended aging durations based on project-

specific and climate-based determination. Although the laboratory aging conditions recommended

may consistently predict the aging conditions of asphalt mixtures in the field, the practices from

NCHRP Project 09-54 are not optimal for routine mix design applications. Therefore, it is

hypothesized that there is a point during long-term aging after which different binders in different

mixtures reach a steady-state aging rate.

Metrics to Track and Quantify Aging and Impact of Aging on Performance

Based on prior results described above and previous literature, the following three approaches were

used to assess the extent and impact of laboratory aging:

1.

3.

The optimum aging time was quantified based on the mixture performance results for both
short- and long-term aging. In this study, actual field data and laboratory data obtained
using the Kim et al. (2018) protocol were used as a benchmark for the long-term behavior
of asphalt mixtures. The short-term aging condition was verified to determine if 2 hrs or 4
hrs would be optimum. Note that benchmarking using field data requires a longitudinal

study that samples and measures aging for multiple years beyond the data provided.

The second metric is the minimum extent of aging after which the binder and mixture reach
a steady-state condition and there is no change in the rate of change of rutting or cracking-
resistance of the mixture. In other words, the stage after which the rank order of mixture

performance does not change anymore, particularly in terms of cracking resistance.

An alternative method that uses all three parameters to accelerate the aging rate was
explored. This method can be used to characterize the performance of mixes more

accurately under long-term aging within a period of 24 to 48 hrs.
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Chapter 4: Development of Experiment Design for Initial Evaluation

Various asphalt mixtures were selected and sampled to be included in a two-tier
experimental design. The following parameters highlight the factors pertaining to selected asphalt
mixtures that were recommended for consideration in the initial evaluation of aging processes:

e Frequency of use of a mix

e Pavement application

e Historical performance of the AC mixes

e Geological composition (e.g., hardness and absorption) of aggregates
e Type of asphalt binder and source

e Use and type of additives

e Auvailability of recycled materials

As the first candidate protocols (Protocol 1), similar to Kim et al. (2018), the AC mixtures
were aged continually at 95°C while periodically withdrawing specimens and evaluating them for
their mixture performance characteristics. In addition, mixture performance was documented to
determine when a steady state had been achieved. This information was then used to identify the
shortest and optimal long-term aging time that can distinguish between good and poor cracking
characteristics of asphalt mixtures. The process described in Protocol 1 was also used in Protocol
2 but at a higher temperature of 150°C. While it was understood that this might not be a realistic
approach to simulate aging in terms of chemical mechanisms, it might be useful to set applicable

temperature-based benchmarks for the aging of mixtures. Figure 4.1 shows a sample of loose

specimens in an oven used to conduct Protocol 1 and Protocol 2.
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Figure 4.1. Loose Mixture Aging in Oven (Protocol 1 and Protocol 2)

The candidate protocols described above may still not result in laboratory aging protocols
that achieve the steady-state aging condition for all mixes within a reasonable amount of time. In
this case, the only other variable that can be manipulated to achieve steady-state aging in a
reasonable amount of time is pressure. While the use of pressure combined with high temperatures
is a standard procedure for asphalt binders, it was explored as a potential method (Protocol 3) for
asphalt mixtures. A customized pressure chamber placed inside a heating oven for loose asphalt
mixtures as shown in Figure 4.2 was used to implement this protocol. For this protocol, the
temperature was held the same at 95°C, and different combinations of pressure and aging duration
were evaluated. To implement this protocol properly, preliminary tests were conducted to evaluate
the effectiveness and optimize the conditions for this approach. Specimens were withdrawn and
evaluated after 0, 2, 4, 8, 16, 32, 64, 128, and 256 hrs for Protocol 1. For Protocols 2 and 3, loose

mixtures were withdrawn at 0, 2, 4, 8, 16, and 32 hrs.
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Figure 4.2. Pressure Aging Chamber for Loose Mix (Protocol 3)

Performance Test Methods

The two main distress types associated with aging are early-age rutting and long-term

cracking. The following test methods were used to assess the aging progress of AC mixtures (see

Appendix A for a more details of the performance tests):

Overlay Tester (Tex-248-F): The OT will assess AC mixture susceptibility to fatigue or
reflective cracking. There are two major contributing factors to the mixture’s cracking
resistance, the critical fracture energy (CFE), and the crack progression rate (CPR). The
critical fracture energy is known as the energy that is necessary to start a crack from the
bottom of the specimen at the first loading cycle. CPR is known as the process in which
the specimen will undergo loading cycles in the OT that allows for propagation of the
crack.

IDEAL-Cracking Test (Tex-250-F): The IDEAL-CT will estimate the stiffness properties,
tensile strength, and the cracking tolerance index (CT;;,4ex) Of AC mixture specimens of the
HMA mixtures.

Hamburg Wheel-Tracking Test (Tex-242-F): The HWT test was adopted in this study to

evaluate the rutting susceptibility and moisture damage of AC mixtures.
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As shown in Figure 4.3, two typical Superpave (SP) mixtures from El Paso were selected
as part of the initial evaluation phase due to the travel constraints caused by the pandemic. Both
the LMLC and PMLC specimens were considered for the first mixture, while only LMLC

specimens were used for the second mixture.

Protocol 1:
95°C every
0,2,4,8,16, 32, 64,
128 and 256 hours
Superpave Mix
(Source 1) Mixture Performance Test:
OT, HWTT!, and IDEAL-CT. Protocol 2:
ar q 150°C eve
Initial Evaluation Performance Test will be 0,2,4,8, ;—g
X conducted at their respective and 32 hours
Superpave Mix aging period.
(Source 2)
Protocol 3:
1 HWTT specimens were evaluated up to 16 hours of oven aging for each protocol. 95°C and 50 psi
every 0,2,4, 8,16
and 32 hours

Figure 4.3. Initial Evaluation Experimental Design Plan
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Chapter 5: Initial Evaluation of Aging Potential

The particle size distribution of Mix 1 and Mix 2 are shown in Figure 5.1. Mix 1 had finer
gradation and contained 1.5% more RAP asphalt binder than Mix 2. The same gradation was used

to prepare all specimens for each mix.
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Sieve Size

Figure 5.1. SP-C Mixture Aggregate Gradations

The volumetric properties such as optimum asphalt content (OAC), voids in mineral
aggregate (VMA), RAP asphalt content, and dust/binder ratio of the AC mixes are summarized in
Table 5.1. The AC mixes are both Superpave C mixtures designed with a Superpave gyratory
compactor to meet a 96% target density according to Tex-241-F. The asphalt binder used was PG
70-22 for Mix 1 and PG 76-22 for Mix 2. The requirement of a 15% minimum VMA for Superpave
C mixtures was met for both mixes. The average asphalt contents from four replicate samples
matched the values reported for both mixes. The dust-to-binder ratio ranged from 0.6 to 1.6, that

met the required limits. The RAP content for both mixes was 10% of the total mix.
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Table 5.1. Volumetric Properties of AC Mixes
Mix No. | OAC (%) | VMA (%) | RAP Asphalt Content (%) | Dust/Asphalt Ratio
1 5.4 16.5 4.3 0.7
2 5.4 16.6 5.8 1.1

The results from the LMLC and PMLC specimens for Mix 1 and LMLC specimens for
Mix 2 are compared in the following sections. Nine-time intervals (0 hrs, 2 hrs, 4 hrs, 8 hrs, 16
hrs, 32 hrs, 64 hrs, 128 hrs, and 256 hrs) were chosen for Mix 1 to illustrate the gradual increase
in aging metrics for the initial evaluation. The time intervals for Mix 2 were shortened based on
the results from Mix 1. An additional time interval of 24 hrs was added as preliminary data showed
a steady-state trend on the AC tests.

Protocol 1

The normalized rutting resistance index (NRRI) from the HWT tests for Mix 1 (LMLC and
PMLC) and Mix 2 (LMLC) specimens as a function of aging duration are presented in Figures 5.2
and 5.3. The rutting resistance improved with the increase in the aging period regardless of mixture
type (LMLC or PMLC). Since aging the material for more than 2 hrs does not result in a notable
change in the NRRI values, future work focused on early age (between 0 to 2 hrs). The differences
between the PMLC and LMLC specimens’ mixture performance are believed to come from

differences in the length of time the mix is maintained in silos or the mixing temperature.

The OT CFE variations with aging duration are presented in Figures 5.4 and 5.5 for Mixes
1 and 2, respectively. Triplicate specimens were tested to demonstrate the repeatability of the test.
The current upper and lower CFE limits of 1 and 3 Ib.-in./in.? advocated by TxDOT were
considered for the preliminary evaluation. The standard deviations of the results that are shown as
error bars are within £0.4 for both LMLC mixes and +0.6 for the PMLC specimens. The highest

coefficient of variation (COV) was 16%. The CFE values for both the LMLC and PMLC

54



specimens steadily increased with the aging of the mixes and were within the acceptance limit for
up to 32 hrs of oven aging for Mix 1. Similarly, Mix 2 had a steady increase in CFE value until 8
hrs of aging. The increase in CFE value from 8 to 64 hrs of aging shows the mixture reached a

steady state.

The variations in the OT-CPR values with the aging period are presented in Figures 5.6
and 5.7. The COVs ranged from 2% to 10% for the two LMLC mixes and from 3% to 15% for the
PMLC specimens. Similar to the CFE values, the CPR values increased steadily and exceeded the

acceptance limit of 0.45 after 32 to 64 hrs of oven aging.

The variations in the IDEAL CT indices obtained from triplicate specimens with the aging
period are presented in Figures 5.8 and 5.9. The COVs ranged from 7% to 19% for the two LMLC
mixes and 6% to 19% for the PMLC specimens. The current acceptance criterion for the CT;,gex
is 80 or greater. The CT indices from both the LMLC and PMLC specimens fell below the
acceptance limit after 4 to 8 hrs of oven aging for Mix 1. However, the values fell below the
acceptance criteria after 24 hrs of aging for Mix 2. For Mix 1, the LMLC specimens had lower
CTypger Values compared to the PMLC specimens. The difference between the mixes can be
attributed to the original PG of the binder used in the mixes. Mixes with excessive aging could not

maintain their solid structure under the compressive load and showed fair tensile strength.
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Figure 5.9. CT;, 4., Results for Mix 2 Using Protocol 1

The variations in the IDT strength with the aging period are presented in Figures 5.10 and
5.11. The COVs ranged from 3% to 10% for the two LMLC mixes and from 3% to 9% for the
PMLC specimens. Considering the current TxDOT’s lower and upper acceptance limits of 80 and
200, the mixtures exhibit a pattern similar to the OT results where the IDT tensile strength steadily

increased and exceeded the limit after 32 to 64 hrs of aging.
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Figure 5.11. Indirect Tensile Strength Results for Mix 2 Using Protocol 1
Protocol 2

Given the increase in temperature to 150°C, the aging durations were reduced to a
maximum of 32 hrs. Even though it is known the oxidation of the binder could be compromised at
higher temperatures, the results are useful to set oxidation benchmarks and evaluate the impact an
increase in temperature would have on AC mixtures. The variations in NRRI from the HWT tests
with the aging period are illustrated in Figures 5.12 and 5.13. Similar to Protocol 1, the mixture
performance improved with the increase in the aging period. After the recommended 2 hrs of oven

aging, the NRRI values are reasonably constant.
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Figure 5.12. HWTT Results for Mix 1 Using Protocol 2
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Figure 5.13. HWTT Results for Mix 2 Using Protocol 2

Figures 5.14 and 5.15 show the CFE values for Mix 1 and Mix 2, respectively. The upper
acceptance limit was exceeded after 2 hrs of oven aging, much faster than the 64 hrs observed for

Protocol 1.
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Figure 5.15. OT Critical Fracture Energy Results for Mix 2 Using Protocol 2

Similarly, as shown in Figures 5.16 and 5.17, the CPR value from the OT exceeded the
acceptance limit of 0.45 after 8 hrs of oven aging, as opposed to 32 hrs per Protocol 1. The
variability of the results from replicate specimens was much higher compared to the lower

temperature from Protocol 1.

The CT},q4ex became less than the acceptance limit of 80 after 2 hrs of oven aging (as
opposed to 8 hrs for Protocol 1) as evident in Figure 5.18 for Mix 1. In contrast, the CT;, 4., Was
less than the acceptance threshold after 4 hrs of oven aging for Mix 2 as shown in Figure 5.19.
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Figure 5.16. OT Crack Progression Results for Mix 1 Using Protocol 2
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Figure 5.17. OT Crack Progression Results for Mix 2 Using Protocol 2
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Figure 5.18. CT},4ex Value Results for Mix 1 Using Protocol 2
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Figure 5.19. CT},,4ex Value Results for Mix 2 Using Protocol 2

Once again, the IDT strengths presented in Figures 5.20 and 5.21 exceeded the upper limit
of 200 psi after 8 hrs for Mix 1. On the other hand, Mix 2 exceeded the limit after 4 hrs of oven

aging. The IDT strengths increase much more rapidly as compared to the results from Protocol 1.
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Figure 5.20. Tensile Strength Results for Mix 1 Using Protocol 2
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Figure 5.21. Tensile Strength Results for Mix 2 Using Protocol 2
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Protocol 3

The feasibility of Protocol 3 which uses both elevated temperature and pressure to
accelerate the aging process was verified through five different mixtures, two oven durations, and
two different pressure levels. Figure 5.22 illustrates the pressure device setup. To assure the
mixture was evenly aged, a perforated stainless-steel stand with 7/32 in. holes was used to allow
airflow. The loose mixture was then put into each level in a sealed tank with constant pressure and

temperature.

Figure 5.22. Stainless Steel Stand and Pressure Device Setup

Figure 5.23 illustrates the schematic and equipment used for the accelerated aging method
used for this protocol. The three main stages involved in the process were (i) oven aging, (ii)
applying constant pressure, and (iii) circulating airflow within the device to allow for uniform
aging. The loose mix was exposed to 2 hrs of short-term aging at 135°C while maintaining the
thickness of the material to less than 2 in. The aged loose AC mixture was further aged in the
pressurized device at a predefined pressure at a temperature of 95°C. Several standalone
thermocouples were used to monitor and validate the temperature inside the tank and within the

loose materials.
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Figure 5.23. Schematic of the Accelerated Aging Procedure

Three sets of IDT specimens using Mix 1 were made to determine the uniformity of aging
between the top and bottom tiers of the steel stand. Figure 5.24 illustrates that the tensile strengths
from the top and bottom tiers are comparable. The aging process is repeatable since the IDT
strengths vary between 109 psi and 116 psi for the top-tier specimens and between 106 psi and

115 psi for the bottom tiers.
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Figure 5.24. Tensile Strength Comparison Using Protocol 3
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Once the pressure device demonstrated consistent aging throughout the device, a study was
conducted with Mix 1 to optimize the pressure level. Figure 5.25 shows the CT indices of a few
of the iterations. Compared to the 5-Day benchmark, the specimens aged at a lower pressure for
24 hrs were not adequately aged, while those aged at a higher pressure and for 48 hrs met or

exceeded the benchmark CT;;, 4., Values.

@48 hrs at 50 psi ®24 hrs at 80 psi @48 hrs at 80 psi m5-Days (No Pressure)

==

Figure 5.25. CT},,4ex Value Comparison Using Protocol 3
The IDT strengths among different aging processes are compared in Figure 5.26. Similar
to the previous results the values from the lower pressure and duration were not able to meet those
of the 5-Day benchmark. These initial results indicate that Protocol 3 with appropriate pressure
could surpass the benchmark strength and CT,, 40, Within 48 hrs.

@48 hrsat50 psi m24 hrsat80 psi D48 hrsat 80 psi m5-Days (No Pressure)

Figure 5.26. IDT Strength Comparison Using Protocol 3
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An additional five mixtures were evaluated with different binder PG, aggregates sources,
and admixtures to assure the feasibility of this method. Table 5.2 presents the details related to the
constituents of these five mixtures. Two of the five mixtures (No. 1 and No. 5) had the same
characteristics and gradations as Mix 1 and Mix 2, respectively. Each mix was subjected to aging

regimes of 5 days of aging at 95°C as a benchmark in addition to 24 hrs and 48 hrs of aging at 80

psi.
Table 5.2. AC Mixtures for Validation Using Protocol 3
No. | Aggregate Type Binder Grade Mix Design Characteristics

1 Limestone PG 70-22 SP-C: 10% RAP, HydroFoam IEQ, 5.4% AC
2 Limestone PG 70-22 SP-C: 20% RAP, HydroFoam IEQ, 5.1% AC
3 Igneous PG 70-22 SP-C: 15% RAP, N/A, 5.3% AC

4 Igneous PG 76-22 SP-C: 10% RAP, N/A, 5.4% AC

5 | Limestone/lgneous PG 70-22 SP-C: 15% RAP, Evotherm, 5.5% AC

The CT indices and IDT strengths at the different aging durations are compared in Figures
5.27 and 5.28, respectively. Four of the five mixes met or exceeded the benchmark values in 48

hrs or less. The abnormal behavior from Mix 4 could be from the increase in the binder's high PG.
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Figure 5.27. CT;,4ex Value Comparison Using Protocol 3

5-Days
48 Hours

24 Hours

Mix 5

5-Days
48 Hours

24 Hours

Mix 4

5-Days
48 Hours

24 Hours

Mix 3

5-Days
48 Hours

24 Hours

Mix 2

5-Days
48 Hours

24 Hours

Mix 1

o Lo o Lo
o N Lo M~
™ N —

(1sd) yrbuans ajisual

Figure 5.28. IDT Strength Comparison Using Protocol 3
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Initial Evaluation of Steady State of Mixtures

Four asphalt mixtures with four RAP contents (0%, 10%, 20%, and 30%) with a PG 70-22
binder were oven-aged following Protocol 1 for different periods. The IDT strengths on triplicate
specimens between different RAP content are compared in Figure 5.29. The variations in the OT’s
CPR and CFE values with the RAP contents are shown in Figures 5.30 and 5.31. As hypothesized,
the rank order of samples at 24 hrs was identical to the rank order at 120 hrs for both IDT and OT
results. These results indicate the likelihood of a steady state level and provide encouraging results
for further testing. This hypothesis will be further explored in the next chapter that considered

more mixture variables to formulate more robust and generalizable conclusions at the mixture

level.
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Figure 5.29. Rank Order Comparison for IDT Tensile Strength
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Figure 5.30. Rank Order Comparison for OT Crack Progression Rate
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Figure 5.31. Rank Order Comparison for OT Critical Fracture Energy
The initial evaluation focused on identifying the aging-related kinetics of asphalt mixtures
by investigating different aging protocols and identifying the most optimal method for aging
mixtures in the laboratory. The main findings of the initial evaluation can be summarized in the
following manner:
e A reduction in aging durations for more practical testing durations and the addition of 24
hrs testing period,
e Mixture performance tests showed a consistent increase in aging-related metrics with
increased testing time. A preliminary analysis indicated that the minimum time for mixing
to achieve a steady state may be a period of 24 to 32 hrs under Protocol 1.
e Protocol 2 was not considered further in this study as the results were unsatisfactory and
the technique might not be scientifically sound for routine testing.
e Protocol 3, using the pressurized aging device, showed promise as an accelerated technique
and was further up scaled and evaluated in the extended evaluation.
e The rate of change of rutting characteristics appears to be minimal beyond 2 hrs of short-
term oven aging. Therefore, the short-term duration of 2 hrs was adopted and considered

in the total oven aging duration.
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Chapter 6: Extended Evaluation of Aging Potential

The extended evaluation was limited to the two protocols summarized in Table 6.1.
Protocol 2 was mainly used to provide the long-term accelerated aging of mixtures within a shorter
period. Based on the previous results of the study and for overall convenience, the curing time
were changed to 10, 22, 46 and 118 hrs to account for the 2 hrs of short-term aging undergone by

the mixes before long-term aging using the different protocols.

Table 6.1. Optimized Laboratory Aging Protocol

Curing Condition _ _
Protocol No. Curing Times
Temperature Pressure
1 Cured at 95°C - 0, 10, 22, 46, 118 hrs
2 Cured at 95°C 80 psi 22 & 46 hrs

The extended evaluation was informed by the outcomes of the initial evaluation. The most
promising protocol(s) were redefined and further evaluated by analyzing the following variables:
e Mix type,
e Aggregate sources and surface aggregate classification (SAC),
e Binder PG and sources,
e Recycled material sources and quantity,
e Asphalt content,
e Additives.
To assess further the early-age rutting and long-term cracking potential of mixtures the

evaluation of AC mixtures and different variables were explored as shown in Figure 6.1.
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Figure 6.1. Extended Evaluation Overview
The most common AC mixes in Texas are Type C and Type D, dense-graded (DG),
Superpave (SP) mixes, and stone-matrix asphalt (SMA) mixes. A variety of typical mixtures

including DG-D, SP-C, and SP-D was evaluated for the following reasons:

e DG-D was compared to SP mixes to assess the impact of changes in aggregate sizes,
gradation, and asphalt content.
e SP mixes were compared further to the DG mix to delineate the influence of gradation and
aggregate structure. Furthermore, to evaluate the impact of different compaction methods
and ensure the process applies for different mix types.
Mixture Design Variables

Five variables were considered to study the influence of mix design variables on aging
behavior including change in RAP (content and source), PG (source and grade), aggregate (type
and SAC), asphalt content, and additives as recommended by the manufacturer. Table 6.2
documents the different variations evaluated for each of the control mixtures. As part of the
extended evaluation, one DG and four SP mixtures were evaluated. Each had different variations

within the control mix.
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Table 6.2. Mix Design Breakdown and Variations

5 Recommended Variations
2a: PG 2b: PG 3a:Aggregate 3b:Aggregate 4:Asphalt

skt LA Source Grade Gradation Source Content SHan i
1 10/20/30
2 10/20/30 76/70/64 1.5x & 2.0x Dose
3 3 Sources SACAtoB
4 MDL -05&1.0
5 0to 30

To delineate the influence of aggregate type and properties on the aging potential of asphalt
mixtures, absorptive and non-absorptive aggregates were considered with different Surface Aggregate
Classification (SAC) per TxDOT Tex-499-A. The SAC describes the aggregate quality based on
friction and durability. Limestone-Dolomite, Gravel, and Igneous aggregate sources like those used
in Reyes et al. (2008) and Garcia et al. (2020) were used, because of the wealth of data that already

existed in terms of mix design and performance.

Three asphalt binder grades (PG 64-22, PG 70-22, and PG 76-22) were considered to
understand and document the influence of binder grades on aging. For the same PG binder,
different source locations across Texas were also tested to document the variability in aging due

to changes in the binder source.

Ten mix designs with different RAP contents were used to produce the asphalt mixtures. The
amount of RAP ranged from 0% to 30% of the total mix. The aging behavior of binders can be
influenced by the thickness of the binder film in the mixtures. The asphalt content was also

changed to evaluate its impact on aging potential.

Two rejuvenators’ agents were also evaluated. The performance of the rejuvenated mix
was compared to the performance of a mix without additives to delineate the influence of additives.

The dosages used followed those recommended by the manufacturers.
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Table 6.3 shows the details related to the constituents of these five control mixtures and
the targeted variations. All the mixtures were LMLC and were subjected to long-term aging at
95°C following the short-term aging condition of 2 hrs.

Table 6.3. Mixtures Constituents for Protocol 1

Mix No. Aggregate Type Binder Grade Mix Design Characteristics

1 Dolomitic Limestone PG 70-22 SP-D: 20% RAP, Evotherm, 6.1% AC

2 Dolomitic Limestone PG 64-22 SP-D: 30% RAP, Evotherm, 6.0% AC

3 Gravel PG 70-22 SP-C: 10% RAP, ZycoTherm, 5.3% AC
4 Igneous PG 70-28 DG-D: 8% RAP, N/A, 5.6% AC
5 Gravel PG 70-22 SP-C: 20% RAP, N/A, 5.8% AC

Hamburg Wheel-Tracking Test Results

During the initial evaluation phase, oven aging beyond 4 hrs showed no significant loss in
the mixture’s rutting resistance and the rutting characteristics of the mix improved. In this section,
the main focus was on understanding the impact rutting resistance had the most effect on the
changes in the mix design variables. Figures 6.2 to 6.4 present the impact of the RAP content for
Mixes 1, 2, and 5. The results are in good agreement with similar studies in literature. The results
suggest that NRRI consistently increased with the oven aging period as the RAP content increased
in the mixture. Increments in RAP percentage and aging time prevent the permanent deformation
of asphalt mixtures. It could be inferred that a strong correlation exists between aging time versus
NRRI as well as RAP and NRRI. Increasing the aging time by 1 hr might add 0.02 to the NRRI
value, considering the same amount of RAP is added to Mix 5. These marginal effects are lower
in comparison to Mixes 1 and 2. This suggests that the impact of RAP percentage and aging time
might be mixture dependent. These results suggest that the impact of RAP might be more

meaningful beyond a 10% inclusion.
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Figure 6.3. NRRI Results for Change in RAP (Mix 2)
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Figure 6.4. NRRI Results for Change in RAP (Mix 5)
Figures 6.5 and 6.6 illustrate the impact of the change in the concentration of additives for
different binders on the rutting performance of a mix. The manufacturer recommended dosages
was the control at a 3.0%, dosage and a half at 4.5%, and double dose at 6%. A drop in NRRI as a

function of aging duration was observed, regardless of the binder type and additive dosage. This
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is somewhat counter-intuitive because generally rutting resistance is expected to increase with an

increase in aging duration. It is speculated that this anomalous behavior could be due to

volatilization or degradation of the additive.
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Figure 6.5. NRRI Results with PG 64 for Change in Additives (Mix 2)
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Figure 6.6. NRRI Results with PG 70 for Change in Additives (Mix 2)

Figure 6.7 confirms that changes in the binder’s PG impact the rutting results. As the binder
grade increased so did the rutting resistance of the mixture regardless of the oven aging period.
The combined effects of the binder source and SAC are illustrated in Figure 6.8. As expected, the
binder type impacted the rutting performance. The rates of change of NRRI values beyond 2 hrs
of short-term oven aging for the given variations are minimal. The average NRRI results for Binder
A, B, and C were 2.22, 2.19, and 2.00, respectively. Not much difference is observed between the
performance of Binder A and Binder B, but a noticeable drop in performance is detected for Binder

C. Reasonably, mixes with SAC A behaved better than mixes with SAC B. The average NRRI
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results for SAC A and SAC B mixes were 2.19 and 2.08, respectively. The longer AC mixtures

are exposed to oven aging, the higher the NRRI will be. All mixtures met the HWTT specifications

established by TxDOT. Nevertheless, all factors showed to impact the rutting performance of AC

mixture specimens.
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Figure 6.8. NRRI Results for Change in Binder Source and SAC (Mix 3)

Figure 6.9 shows the impact a coarser or finer mix may have on the rutting performance

minimal change in NRRI with curing time.
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Figure 6.10. NRRI Results for Change in Asphalt Content (Mix 4)

Indirect Tensile Test Results

The changes in tensile strength and CTj,,40, Of mixture design variables, as summarized in
Table 6.2 are presented in Figures 6.11 to 6.18. The dashed lines in the figures represent the
respective 5-day benchmark value for each test.

Figures 6.11 to 6.13 present the cracking performance for change in RAP content for Mixes
1, 2, and 5. The allowable tensile strength range established by TxDOT is between 85 and 200 psi

for unaged material. Figure 6.11 shows that increasing the RAP content in the mixtures yields an

increase in the tensile strength whereas the CT;,, 4., decreases.

78



46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

30% RAP

46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

20% RAP

46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

10% RAP

o o o o o o
n o 1 o
N N A -

=
[%2]
o
~
<
=
o

uaas a|IsusL

46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

30% RAP

46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

20% RAP

46 Hrs.

22 Hrs.

10 Hrs.

0 Hrs.

118 Hrs.

10% RAP

o o o o
(o3} © o™

Xspul-10

Figure 6.11. Tensile Strength and CT;,,4., Results for Change in RAP (Mix 1)
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Figure 6.12. Tensile Strength and CT;,,4., Results for Change in RAP (Mix 2)

Figure 6.12 shows that the mixture with 30% RAP and 120 hrs of aging exhibited the
highest tensile strength of 201 psi. The CT,, 4., Values also suggest that adding more RAP material

and aging period would be detrimental to the cracking performance.

Figure 6.13 shows that similar to the rutting results, the difference between 0 and 10% RAP
seems insignificant. A sharp decrease in CT;, 4.y IS NOticeable between unaged and aged materials.

This outcome highlights the importance of aging asphalt mixture before testing to ensure their
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performance in the field. The variability levels were higher for the CT};, 4., results than those from

the strength results. Overall, the results appear conclusive across all the mixture RAP contents.

The results suggest that with the increase in oven aging duration, the mixtures become more crack-

susceptible, regardless of the amount of RAP. As the RAP material and aging period increased,

the tensile strength increased, and the CT}, 4., decreased. Most asphalt mixture combinations

evaluated did not meet the minimum required CT,, 4., OF 80.
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Figure 6.13. Tensile Strength and CT},,4., Results for Change in RAP (Mix 5)
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Figures 6.14 and 6.15 show the impact of the change in additives given different binders

on the cracking resistance of Mix 2. Regardless of binder grade the same negative trend for strength

and positive gain in CT},,40, Were obtained.
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Figure 6.14. Tensile Strength and CT,,4., Results for Change in Additives (Mix 2)
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Figure 6.15. Tensile Strength and CT,,4., Results for Change in Additives (Mix 2)
Figure 6.16 illustrates the change in the binder’s PG on the cracking resistance of Mix 2.

The mix with the PG 70-22 binder showed a higher tensile strength and a lower CT, 4., COmMpared

to the mix with PG 64-22.

Figure 6.17 shows the cracking performance of mixes with SAC A and SAC B aggregates
with different binder sources. Mixes with the SAC A aggregates had higher strengths when

compared to the mixes with the SAC B aggregates regardless of binder sources.
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Figure 6.16. Tensile Strength and CT,,40, Results for Change in PG (Mix 2)
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Figure 6.17. Tensile Strength and CT,,4., Results for Change in Binder Source and SAC (Mix 3)

Figure 6.18 shows the impact a change in gradation may have on the cracking performance
while Figure 6.19 illustrates the results of a change in asphalt content. The change in aggregate
gradation shows the importance of having proper interlocking of material to maximize the cracking
performance. When decreasing the asphalt content of a mixture the strength performance is

negatively impacted.
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Figure 6.18. Tensile Strength and CTy,, 4., Results for Change in Gradation (Mix 4)
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Figure 6.19. Tensile Strength and CT,,4., Results for Change in Asphalt Content (Mix 4)
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Overlay Tester Results

The CPR and CFE values with the change in RAP content are presented in Figures 6.20 to
6.22. A steady increase in CPR and CFE values was observed with the increase in the RAP content
as shown in Figure 6.20. The cracking performance for Mixture 2 using a different source of RAP
was evaluated as shown in Figure 6.21. The CPR and CFE results obtained indicate that increasing
RAP and aging period will lead to higher cracking susceptibility, which is in good agreement with
the indirect tensile and CT-Index results. The OT data obtained for Mixture 5 is presented in Figure
6.22. The experimental results corroborate that RAP and the aging period contribute
synergistically toward increasing the potential cracking damage of asphalt mixtures. However, the
OT protocol seems to discriminate better between the material containing 0% and 10% RAP.
Additionally, the unaged and aged results seem to correlate, meaning that OT might distinguish
more reasonably different aging levels. The CPR and CFE increased with the increase in the
mixtures’ aging time regardless of the mixture’s RAP content.

From Figures 6.23 and 6.24, adding a 6% dose of additive yields a lower CPR and CFE
than 3% and 4.5% doses. As expected, the increased dosage made the mixture more flexible and

less susceptible to cracking.
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Figure 6.20. CPR and CFE Results for Change in RAP (Mix 1)
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Figure 6.22. CPR and CFE Results for Change in RAP (Mix 5)
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Figure 6.23. CPR and CFE Results for Change in Additive (Mix 2)
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Figure 6.25 illustrates the cracking performance for Mixture 2 with different binder PGs.
Increments in the aging period increased the CPR and CFE regardless of the binder grade.
However, mixtures prepared with a high PG binder (PG 76-22) yield higher CFE and CPR than
the mixtures with lower PG binders (PG 70-22 and 64-22). The observed trends for both cracking
parameters are reasonable and in good agreement with the IDEAL-CT results. As the aging
duration increases, the asphalt mixtures are more susceptible to cracking. All the asphalt mixtures
evaluated seem to experience the same decrease in performance caused by the aging protocol
applied. An aspect that might require a more careful analysis is that in some cases the asphalt
mixture combinations do not meet the CPR criterion but meet the CFE requirements, or vice versa.

The extent of this behavior should be further evaluated, especially for the aging period of 120 hrs.
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Figure 6.25. CPR and CFE Results for Change in PG (Mix 2)

Figures 6.26 and 6.27 show the cracking performance of Mix 3 prepared with different
asphalt binder sources, aggregate types, and aging levels. When SAC A aggregates were utilized,
specimens with Binder A exhibited lower cracking susceptibility. But, when SAC B aggregates
were incorporated, specimens with Binder A exhibited the most cracking susceptibility. These

results might suggest an interaction between binder and aggregate type.
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Figure 6.26. CPR and CFE Results for Change in Binder Source with SAC A (Mix 3)
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Figure 6.28 illustrates the influence of changes in gradation on the cracking susceptibility
of asphalt mixtures at varying aging periods. The coarser mixture performed the best and the finer
mixture performed the worst. This outcome is reasonable as finer particles represent more
aggregate surface area, thus more binder absorption and less effective binder availability. Lower

effective binder levels lead to a poorer cracking performance, which seems to become poorer at

longer aging periods.
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Figure 6.28. CPR and CFE Results for Change in Gradation (Mix 4)
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Figure 6.29 depicts the relationship between asphalt content and cracking performance.
Lower binder contents in specimens increased the cracking potential. The results indicate that
reducing the asphalt binder content by 0.5% might yield similar results to having an optimum
binder content, especially at shorter aging periods. However, decreasing the binder by 1.0% might

drastically impact the cracking performance. This diminished performance will intensify as the

mixture is aged for a longer period.
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Figure 6.29. CPR and CFE Results for Change in Asphalt Content (Mix 4)
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Accelerated Aging Methods: Up-Scaled Pressure Device

Work was conducted for this protocol to transform this method from its pilot stage to an
advanced stage for day-to-day implementation. Figure 6.30 illustrates the pressure device along
with the up-scaled setup. Changes adopted included using a dehydrating rack to maximize airflow

and a quick-connect system that is more practical for increasing the amount of loose mixture that

can be aged simultaneously.

.' ;:‘-':m sl
Figure 6.30. Up-Scaled Pressure Device and Aging Racks

RESULTS AND DISCUSSION

A study was first performed to validate the uniformity of aging between the top and bottom
tiers using three replicate samples. For that purpose, three replicate samples were exposed to 2 hrs
of short-term aging at their respective compaction temperature and long-term oven aging at a
constant temperature of 95°C for 22 hrs. Figure 6.31 illustrates the IDT strengths and Figure 6.32
shows the CT;,, 4., Values. The top and bottom tier specimens were similar in strength since the top
specimens’ IDT strengths ranged between 137 psi and 139 psi, and 136 psi and 140 psi for the

bottom specimens. The CTj,4e, Values show comparable results to the IDT strength.
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The five AC mixtures from Table 6.3 were evaluated to further validate the up-scaled setup.
The Protocol 1 values from their respective performance tests were considered the benchmark

values and compared to the results obtained after 22 and 46 hrs of pressure aging.

Figures 6.33 and 6.34 show the cracking performance indicators using tensile strength and
CTinaex- Similar to previous results, the mixtures exhibited higher crack susceptibility as the aging
period increased. The results from 22 hrs of pressure aging seem more mixture dependent than the
results from 46 hrs of pressure aging. For most mixtures, the 22 hrs of pressure aging is below the
benchmark method threshold. However, Mix 3 at 22 hrs of pressure aging matched the benchmark
value of about 132 psi. The DG mixture (Mix 4) demonstrated the highest strengths at all aging

periods. However, the most significant outcome is that the pressure device can replicate the
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benchmark strength and CTj,, 4., results within 46 hrs. Significantly reducing the time required to
expose a loose mixture to a long-term aging condition.

Figures 6.35 and 6.36 illustrate the CPR and CFE results for the OT, respectively. These

results suggest that 46 hrs of pressure aging tend to age the mixture to a greater extent in
comparison to the benchmark method. Generally, the benchmark method provides an aging level
between both pressurized procedures. However, the magnitude of the difference between the three
aging methods varies depending on the mixture type. As an example, the CFE values for all mixes
are about the same for the pressurized and benchmark methods. This means that the three aging
protocols had the same level of stiffness. On the other hand, the CPR values obtained for Mixes 3
to 5 were similar for 22 hrs of pressure and benchmark. However, for Mix 2 the benchmark results
related better to the 46 hrs of pressure aging. While Mix 1 showed more distinctive values between
the three aging methods. Mix 4 had the lowest CPR and CFE values across all oven aging levels,
suggesting that IDEAL-CT and OT parameters might discriminate DG mixtures differently.
Having the highest tensile strength and a low CT;,, 4., do not correlate well with the low CRP and
CFE results. The IDEAL-CT parameters suggest that it is more crack susceptible. Whereas the

CPR and CFE values obtained show less susceptibility to cracking.
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Figure 6.33. CT;,, 40, Verification Using Protocol 2
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Figure 6.35. CPR Verification Using Protocol 2
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Figure 6.36. CFE Verification Using Protocol 2
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SUMMARY

This chapter documented the findings from the extended evaluation. The most optimal
aging protocols identified earlier in the project were further evaluated by studying the influence of
various mix design variables on aging characteristics. Temperature, duration, pressure, and aging
environment varied among these protocols. The main findings of this study based on the range of
materials tested can be summarized in the following manner:

e Even though Protocol 1 is reasonable, it is impractical for day-to-day implementation due
to the prolonged duration of the test to determine a mixture’s susceptibility to long-term
cracking.

e The aging trajectory remained generally the same when considering the use of different
mix designs and variables especially in terms of tensile strength, CPR, and CFE.

e The efficiency of Protocol 2, pressure aging, has been demonstrated and its use may be
considered as a technique for simulating long-term aging within 46 hrs.

e The rate of change of rutting characteristics was verified at 2 hrs of oven aging.
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Chapter 7: Verification of Preliminary Laboratory Aging Protocols

Quantification of Aging Conditions

For the verification of aging protocols, the field performance of AC layers from several
relevant construction projects was evaluated. To develop a database with field and lab performance
data, a representative number of pavement sections relevant to the concept of this research project
was used. A field evaluation and verification were conducted during the pre-construction,
construction, and post-construction stages to document every phase of the project. After the
completion of the field evaluation activities, the pavement sections were revisited in six-month
intervals as allowed by the length of this project.

Figure 7.1 illustrates examples of the performance of three pavement sections. The hollow
symbols, representing the pre-construction evaluation of the mixes, have CPR values of about 0.30
and fall within the balanced region. The black symbols, which represent the evaluation during
construction, yield similar CPR values. The gray symbols, which represent the post-construction
evaluation, yield higher CPR values than those during pre-construction, ranging from 0.35 to 0.45.
If the performance diagram criterion were incorporated in the aged mixture design, Mix 3 would
not have been accepted.
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Figure 7.1. Expected Interaction Performance Plot with Balanced Mixes
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Additional three mixtures were evaluated throughout a 25-month period using the OT
performance test. The cross plot between the CPR and CFE shown in Figure 7.2 demonstrates
examples of three balanced pavement sections with “good” crack-performing mixtures and their
progression as they aged. The hollow symbols represent the initial evaluation of the mixes that
exhibit a satisfactory performance for CPR and CFE. The shaded symbols represent CPR from
field cores extracted 12 months post-material placement. These data points showed slightly worse
CPR values but still fell within the acceptance criteria in terms of cracking. The patterned symbols
represent the CPR and CFE values obtained on cores extracted 25 months post-material placement.
Overall, as the pavement ages, the cracking performance deteriorates. However, these balanced

mixtures do not undergo major CPR changes as the pavement ages.
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Figure 7.2. Expected Interaction Diagram for Balanced Mixes
Table 7.1 summarizes the six sections selected for field validation. Relevant data were
extracted from Garcia et al. (2020), and pre-construction information was considered as the trial
batch of the mix verification process. The pre-construction and construction data available for the

projects selected are presented in Table 7.2 and Table 7.3, respectively. However, many of the
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sections were only placed recently, so long-term evaluation was not possible at this stage of the
project.

Table 7.1. Overview of AC Mixtures

Mix No. Mix Type 2?:;(; Fl?elp(ienrt Additives RAP
1 SP-C 76-22 5.4 N/A 20%
2 SP-D 70-22 6.1 Evotherm 20%
3 SP-D 64-22 6.0 Evoflex 30%
4 SP-C 70-22 5.3 N/A 10%
5 DG-D 70-28 5.6 Blackledge 8%
6 SP-C 70-22 5.8 N/A 20%
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Table 7.2. AC Mixture Pre-Construction Performance Data

IDT oT HWTT
Mix No. CT Tensile . -
Index Strength, psi CPR | CFE, in.-Ibs/in NRRI | No. Cycles
1 256 95 0.29 1.83 1.69 20000
2 31 158 0.30 1.92 1.78 20000
3 226 79 0.28 1.34 1.33 20000
4 30 166 0.36 2.87 1.73 20000
5 99 119 0.30 1.71 1.74 20000
6 52 117 0.39 1.80 2.05 20000
Table 7.3. AC Mixture Construction Performance Data
IDT oT HWTT
MixNo. | cT Tensile . .
Index | Strength, psi CPR | CFE, in.lb-s/in NRRI No. Cycles
1 71 110 0.32 2.69 1.73 20000
2 27 175 0.35 2.04 1.91 20000
3 144 88 0.34 1.80 1.90 20000

Figure 7.3 illustrates an example of the proposed methodology for calibration of aging

protocols. The hollow symbols represent a mixture used under the initial evaluation and its CPR

progress. The cross symbols represent the field cores from during construction (first point) and 11-

month post-material placement (second point). If the performance diagram criterion were used in

the aged mixture design, this mixture would be equivalent to roughly 8 hrs of conventional oven

aging.
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Figure 7.3. Laboratory and Field Cores Proposed for Calibration
Verification of Pressure Device

An additional 15 mixtures were evaluated with different binder PG, aggregate types, and
admixtures to ensure the feasibility of the pressure. Table 7.4 presents the details related to the
constituents of these 15 mixtures. Each mix was subjected to aging regimes of 5 days of aging at
95°C as a benchmark, 22 hrs, and 46 hrs of pressure aging at 80 psi. Performance testing was
conducted with IDT and OT as discussed below.

The CT;4ex and IDT strengths at different aging conditions are compared in Figures 7.4
and 7.5, respectively. The tensile strength and CT;,, 4., trends are in good agreement and consistent.
The mixture types with higher tensile strength results exhibit lower CT;;, 4., Values.

The performance parameters from the 46 hrs of pressure aging correlate better with the
comparable benchmark results than the 22 hrs of pressure aging performance parameters.
However, 46 hrs of pressure aging tends to slightly age more the paving material compared to the
benchmark. The variability for CT;, 4., appears to be higher when the average value is above 80.

The CPR and CFE results at different aging conditions are compared in Figures 7.6 and

7.7, respectively. Mixture 12 proved to have the highest CPR value after 46 hrs of pressure aging.
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However, Mixture 9 exhibited the highest CPR value after 22 hrs of pressure aging. The
differences in the performance parameters and variability between comparable specimens pressure
aged for 22 hrs and 46 hrs seem mixture dependent. However, pressure aging of the specimens for
46 hrs is relatable to the benchmarked aging protocol regardless of the mixture type. Once again,
all 15 mixes met or exceeded the benchmark values in 48 hrs or less.

Table 7.4. Mixtures for Validation of Protocol 3

Mix | Aggregate Type Binder Grade Mix Design Characteristics
1 Limestone PG 70-22 SP-C: 10% RAP, N/A, 5.6% AC
2 Limestone PG 70-22 SP-C: 20% RAP, N/A, 5.4% AC
3 Igneous PG 64-22 SP-C: 10% RAP, N/A, 5.4% AC
4 Igneous PG 70-22 SP-C: 15% RAP, N/A, 5.3% AC
Igneous PG 76-22 SP-C: 10% RAP, N/A, 5.4% AC
6 Limestone/lgneous PG 70-22 SP-C: 15% RAP, Evotherm, 5.5% AC
7 | Limestone Dolomite PG 70-22* SP-D: 10% RAP, Evotherm, 6.1% AC
8 | Limestone Dolomite PG 70-22* SP-D: 20% RAP, Evotherm, 6.1% AC
9 | Limestone Dolomite PG 70-22* SP-D: 30% RAP, Evotherm, 6.1% AC
10 | Limestone Dolomite PG 64-22* SP-D: 30% RAP, EvoFlex, 6.0% AC
11 | Limestone Dolomite PG 64-22 SP-D: 30% RAP, EvoFlex, 6.0% AC
12 Gravel (SAC A) SP-C: 10% RAP, ZycoTherm, 5.3% AC
PG 70-22*
13 Gravel (SAC B) SP-C: 10% RAP, ZycoTherm, 5.3% AC
14 Gravel (SAC A) SP-C: 10% RAP, ZycoTherm, 5.3% AC
PG 70-22*
15 Gravel (SAC B) SP-C: 10% RAP, ZycoTherm, 5.3% AC

*NOTE: Mixes 7 to 13 have three different binder sources.
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Verification of Rank-Order in Mixtures

More relevant to Protocol 1, it was hypothesized that the aging kinetics of mixtures reaches
a steady-state condition after a certain amount of aging, and hence there could be a level of long-
term aging after which the rank order of aging of different mixtures does not change. This will

benefit a cracking test to distinguish accurately between crack-resistant and -susceptible mix.

The rank order was evaluated using all the mixtures and variations as listed in Table 6.2.
Performance results from tensile strength, CPR, and CFE best captured the steady-state concept in

all the variations considered including change in RAP, additives, PG binder location and grades,
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aggregate SAC and source, and asphalt content. A consistent rank order was preserved at different
RAP contents as shown in Figure 7.8. The rank order throughout the testing period was maintained
at 1, 2, and 3 in the case of RAP content incorporated into the mixture. For other variables, the
rank order was unstable was not kept before 24 hrs of aging, but it then stabilized in a similar
fashion to the RAP ranking order. In contrast, the CT}, 4., parameter properties were correlated to
a lesser extent due to the high variability in the COV. In the case of the CT}, 4., an inconsistent

pattern was obtained throughout the aging period regardless of the variation in the mix as shown

in Figure 7.9.
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Chapter 8: Conclusions and Recommendations

Conclusions

The main focus of this study was on long-term aging and its impact on cracking

performance. The following aging protocols were selected for evaluation in this study:

Protocol 1: Loose mixture aging in a laboratory oven at a temperature of 95°C.

Protocol 2: Loose mixture aging using a pressurized device.

Based on the extensive analysis conducted in this study, the following conclusions were drawn:

Protocol 1 is a promising protocol for routine testing, but it is highly impractical to wait
prolonged periods to determine a mixture’s susceptibility to cracking.

For Protocol 1, mixture tests showed a consistent increase in aging-related metrics with
increased testing time.

The steady state of aging i.e., the aging time and duration after which the relative rank
order of cracking performance does not change for different mixes is about 24 hrs
(including 2 hrs of short-term aging) under Protocol 1.

The efficiency of Protocols 2, pressure aging, has been clearly demonstrated and its use
may be considered a more efficient alternative for the day-to-day operation of realistically

simulating long-term aging for rigorous evaluation.

Recommendations

Although the work performed on this study gathered extensive data there are several other
variables to fully understand the aging phenomenon of asphalt pavements in the field and
capture this behavior using the recommended laboratory methods. The variables that

should be further studied are additional types of mixtures (i.e., TOM, SMA, and PFC),
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rejuvenators, plant-produced mixtures, warm mix additives and other sustainable asphalt
mixture variations such as rubber and plastic.

To further the findings of this study testing of the field cores are required for validation of
the method and building calibration models. The recommended protocols predict well the
long-term aging of asphalt mixtures as demonstrated by its correlation to the standard
practices. However, to tune the proposed aging protocol for short- and intermediate-aging
will require collection of field cores at twelve-month intervals.

The current study can be used to optimize the standard, specifications, and acceptance
limits for performance test methods and construction of asphalt pavements. Demonstration
projects should be performed to develop, implement, and adopt the aging protocols as part
of the highway agencies programs.

For Protocol 2, work is still required to transform this method to an advanced stage in terms
of implementation readiness, development of optimized laboratory specifications, and

development of aging models based on kinetics.

116



References
Abo-Quadis, S., & Al-Shweily, H. (2007). Effect of aggregate properties on asphalt mixtures

stripping and creep behavior. Construction and Building Materials, 21, 1886-1898.

Airey, G. D., & Brown, S. F. (1998). Rheological performance of aged polymer modified bitumen.

Journal of the Association of Asphalt Paving Technologists, 67.

Anderson, D.A., et al. (1994). Binder Characterization and Evaluation Volume 3: Physical

Characterization, SHRP report A- 369. Washington D. C.: National Research Council.

Arega, Z. A. et al. (2013). Influence of Extended Aging on the Properties of Asphalt Composites
Produced Using Hot and Warm Mix Methods. Construction and Building Materials, VVol. 44,

pp. 168-174.

Aschenbrener, T. & N. Far (1994). Short-Term Aging of Hot Mix Asphalt. Colorado Department

of Transportation Public Report No. CDOT-DTD-R-94-11.

Azari, H. (2011). Analysis of the effect of laboratory short-term conditioning on mechanical
properties of asphalt mixture (Report No. 11-1427). Washington, DC: Transportation Research
Board 90th annual meeting.

Azari, H. & Mohseni, A. (2013) Effect of short-term conditioning and long-term ageing on
permanent deformation characteristics of asphalt mixtures, Road Materials and Pavement
Design, 14:sup2, 79-91, DOI: 10.1080/14680629.2013.812833

Bahia, H.U. & Anderson, D.A. (1994) The Pressure Aging Vessel (PAV): A Test to Simulate
Rheological Changes Due to Field Aging, In: Harden, J.C., Physical Properties of Asphalt
Cement Binders ASTM STP, (American Society for Testing and Materials Vol. 1241, pp 52—

67.

117



Bahia, H.U. & Anderson, D.A. (1995). The Pressure Aging Vessel (PAV): A Test to Simulate
Rheological Changes Due to Field Aging. ASTM Special Technical Publication 1241, Hardin,

J.C., ed. American Society for Testing and Materials. West Conshohocken, PA.

Bell, C. A. at el. (1994). Selection of laboratory aging procedures for asphalt-aggregate
mixtures (No. SHRP-A-383). Strategic Highway Research Program.

Bell, Chris A. (1989). Aging of Asphalt Aggregate Systems, Prepared for the Strategic Highway
Research Program, National Research Council, SR-OSU-A-003A-89-September.

Benedetto, H. D., et al. (2014). Statistical analysis of influence of mix design parameters in
mechanical properties of mixes with reclaimed asphalt pavement. Transportation Research
Record: Journal of the Transportation Research Board, 2445, 29-38.

Bhasin, A. (2020a). Schematic showing calculation of Delta Tc for asphalt binders. figshare.
Figure.https://figshare.com/articles/Schematic_showing_calculation_of Delta Tc_for_aspha
It_binders/12145935

Bhasin, A. (2020b). Two typical cycles from the Multiple Stress Creep and Recovery tests for
asphalt binders. figshare. Figure. https://doi.org/10.6084/m9.figshare.12145962.v1

Blankenship, P. (2015). Evaluation of Laboratory Performance Tests for Fatigue Cracking of
Asphalt Pavements. Presentation, Federal Highway Administration (FHWA) Asphalt Mixture
Expert Task Group (ETG) Meeting, Fall River, MA.

Blankenship, P. et al. (2008). Laboratory aging procedures to simulate and evaluate aging of
asphalt binders and hot mix asphalt mixtures.

Bonaquist, R. (2011). NCHRP Report 691: Mix Design Practices for Warm Mix Asphalt.

Transportation Research Board, Washington, D.C.

118



Boriack, P. at el. (2014) Laboratory study on effects of high reclaimed asphalt pavement and binder
content. Transportation Research Record: Journal of the Transportation Research Board, 2445,

64-74.

Bowers, B.F. et al. (2014). Investigation of reclaimed asphalt pavement blending efficiency
through GPC and FTIR. Constr. Build. Mater. 50, 517-523.

Braham, A. F. et al. (2009). The Effect of Long-term Laboratory Aging on Asphalt Concrete
Fracture Energy. Journal of the Association of Asphalt Paving Technologies, Vol. 78.

Braham, A. F. et al. (2007). Effect of binder type, aggregate, and mixture composition on fracture
energy of hot-mix asphalt in cold climates. Journal of the Transportation Research Board,
2001, 102-109.

Branthaver, J. F. et al. (1993). Binder Characterization and Evaluation — Vol. 2: Chemistry.
Strategic Highway Research Program (SHRP) Report No. SHRP-A-368, National Research
Council, Washington, D.C.

Chen, A. etal. (2018). Research on the aging and rejuvenation mechanisms of asphalt using atomic
force microscopy. Construction and Building Materials,167, 177-84.

Christensen, D.W., & Anderson, D.A. (1992). Interpretation of dynamic mechanical test data for
paving grade asphalt cements. J Assoc Asphalt Paving Techn. 61,6798

Clements, T. M. et al. (2012). “The Effect of Loose Mix Aging on the Performance of Warm
Asphalts.” Journal of the Association of Asphalt Paving Technologists, Vol. 80, pp. 541-567.

Clyne, T. R. et al. (2008). Effect of reclaimed asphalt (proportion and type) and binder grade on

asphalt mixtures. Transportation Research Record: Journal of the Transportation Research

Board, 2051, 90-97.

119



Daniel J. S. et al. (2013) Effect of long-term ageing on RAP mixtures: laboratory evaluation of
plant-produced mixtures, Road Materials and Pavement Design, 14:sup2, 173-192, DOI:

10.1080/14680629.2013.812840

Ding, Y. et al. (2016). Characterizing blending efficiency of plant produced asphalt paving
mixtures containing high RAP. Construction and Building Materials 126, 172-178

Dukatz, E. (2015). STH 77 Project Objectives. Presentation, Federal Highway Administration
(FHWA) Asphalt Mixture Expert Task Group (ETG) Meeting, April 2015, Fall River, MA.

Elliott, P. E. et al. (1991). Effect of aggregate gradation variation on asphalt concrete mix
properties. Transportation Research Record, 1317, 52-60

Elwardany, M. et al. (2015). Evaluation of Asphalt Mixture Laboratory Long-Term Aging
Methods for Performance Testing and Prediction. Road Materials and Pavement Design.
Submitted.

Epps Martin, A. et al. (2014). Evaluation of the moisture susceptibility of WMA technologies

(NCHRP Report 763). National Cooperative Highway Research Program.

Estakhri, C. (2012). “Laboratory and Field Performance Measurements to Support the
Implementation of Warm Mix Asphalt in Texas.” Report No. FHWA/TX-12/5-5597-01-1.
Texas Transportation Institute, College Station, Texas.

Fernandez-Gomez, W.D. et al. (2013). A review of asphalt and asphalt mixture aging: una revision,

Ingenieria e investigacion 33 (1), 5-12.

Garcia, V. et al. (2017). Improved Overlay Tester for Fatigue Cracking Resistance of Asphalt

Mixtures, Final Report TxDOT 0-6815-1, TxDOT Project No. 0-6815, Texas Department of

Transportation, Research and Technology Implementation Office, Austin, TX.

120



Garcia, V. etal. (2020). Develop Guidelines and Design Program for Hot-Mix Asphalts Containing
RAP, RAS, and Other Additives through a Balanced Mix-Design Process, Final Report 0-
6923-1, TxDOT Project No. 0-6923, Texas Department of Transportation, Research and

Technology Implementation Office, Austin, TX.

Glaser, R. et al. (2013). Low-Temperature Oxidation Kinetics of Asphalt Binders. Transportation

Research Record: Journal of the Transportation Research Board 2370, pp. 63-68.

Glover, C. J., et al., (2001) “Development of Stirred Air Flow Test (SAFT) for Improved HMAC
Plant Binder Aging Simulation and Studies of Asphalt Air Blowing,” Report Number

FHWA/TX-02/1742-4, Texas Department of Transportation.

Goode, J.F., & Lufsey, G.A. (1965). Voids, permeability, film thickness vs. asphalt hardening,

Assoc. Asphalt Paving Technol., 34, 430—463.

Guler, M. (2008). Effects of mix design variables on mechanical properties of hot mix asphalt.

Journal of Transportation Engineering, 134 (3), 128-136.

Hajj, R., & Bhasin, A (2018). The search for a measure of fatigue cracking in asphalt binders- a
review of different approaches. International Journal of Pavement Engineering. 19(3) (2018),

205-2109.

Harrigan, E. T. (2007). Simulating the effects of hot mix asphalt aging for performance testing and
pavement structural design (Research Results Digest 324). Washington, DC: Transportation

Research Board.
Herrington, P. et al. (1994). Oxidation of Roading Asphalts. Industrial and Engineering Chemistry
Research, 33(11), pp. 2801-2809.

Herrington, P.R., & Ball, G.F.A. (1996). Temperature dependence of asphalt oxidation

mechanism. Fuel, 75, 1129-113.
121



Houston, W. N. et al. (2005). Environmental effects in pavement mix and structural design
systems. NCHRP Web document 113. http://onlinepubs.trb.org/
onlinepubs/nchrp/nchrp_w113.pdf

Hubbard, P., & Reeve, C. S. (1913). The Effect of Exposure on Bitumens. Industrial &
Engineering Chemistry, 5(1), 15-18.

Johnson, E. etal. (2010). Incorporation of recycled asphalt shingles in hot mixed asphalt pavement
mixtures. Maplewood, MN: Minnesota Department of Transportation, Report No. MN/RC
2010-08.

Kandhal, P.S., & Wenger, M.E. (1975) “Asphalt properties in Relation to Pavement Performance”,
Transportation Research Record (Transportation Research Board), VVol. 544, pp 1-13.

Karlsson, R., & Isacsson, U. (2003). Application of FTIR-ATR to characterization of bitumen
rejuvenator diffusion. J Mater Civil Eng 15(2), 157-65.

Khalid, H. A., and Walsh, C. M. (2000). Relating Mix and Binder Fundamental Properties of Aged
Porous Asphalt Materials. Proceedings of the 2nd Eurasphalt and Eurobitume Congress, 1,
pp. 398-405.

Kim, K.W. et al. 2006). Estimation of RAP’s Binder Viscosity Using GPC Without Binder
Recovery. Journal of Materials in Civil Engineering, 18 (4), 61-567.

Kim, Y. et al. (2018). Long-term aging of asphalt mixtures for performance testing and prediction.
Transportation Research Board.

Kim, Y., et al. (2012). Performance evaluation of warm-and hot-mix asphalt mixtures based on

laboratory and accelerated pavement tests. Advances in Materials Science and Engineering.

122


http://onlinepubs.trb.org/

Kim, Y.R. et al. (2003). Fatigue performance evaluation of WesTrack asphalt mixtures using
viscoelastic continuum damage approach. Raleigh, NC: North Carolina State University,
FHWA Report.

Kuennen, T. (2004). Warm mixes are a hot topic. Better roads, 74(6).

Lesueur, D. (2009). The colloidal structure of bitumen: Consequences on the rheology and on the
mechanisms of bitumen modification. Advances in Colloid and Interface Science 145, 42-82.

Liu, G. etal. (2014). Rheological and chemical evaluation on the ageing properties of SBS polymer
modified bitumen: from the laboratory to the field. Constr. Build. Mater. 51, 244-248.

Loeber, L. et al. (1996). New direct observations of asphalts and asphalt binders by scanning
electron microscopy and atomic force microscopy, Journal of Microscopy 182. 32.

Lyne, A. L. et al. (2013). Surface wrinkling: The phenomenon causing bees in bitumen. Journal of
Materials Science, 48(20), 6970-6976.

Mallick, R.B., & Brown, E.R. (2004). An Evaluation of Superpave Binder Aging Methods,
International Journal of Pavement Engineering, 5:1, 9-18, DOl:

10.1080/10298430410001720774

McDaniel, R.S. et al. (2002). Use of reclaimed asphalt pavement (RAP) under Superpave
specifications: a regional pooled fund study. West Lafayette, IN: Purdue University.
Mollenhauer, K., & Mouillet, V. (2011). Re-road — End of Life Strategies of Asphalt Pavements.

European Commission DG Research.

Morian, N. et al. (2011). Oxidative aging of asphalt binders in hot-mix asphalt

mixtures. Transportation Research Record, 2207(1), 107-116.

123



Newcomb, D. (2005). Warm mix: The wave of the future. HMAT: Hot Mix Asphalt Technology,
10(4).

Newcomb, D. et al. (2015). Short-term laboratory conditioning of asphalt mixtures (No. Project
09-52).

Oort, W. V. (1956). Durability of Asphalt-It's Aging in the Dark. Industrial & Engineering

Chemistry, 48(7), 1196-1201.

Partl, M. N. et al. (2013). Advances in Interlaboratory Testing and Evaluation of Bituminous
Materials. The International Union of Laboratories and Experts in Construction Materials,

Systems and Structures (RILEM).

Pauli, A.T. et al. (2001). Atomic force microscopy investigation of SHRP asphalts. Abstracts of
Papers of the American Chemical Society 221, U220, part 2 434PJ 10.

Petersen, J. C. (2009). A Review of the Fundamentals of Asphalt Oxidation: Chemical,
Physicochemical, Physical Property, and Durability Relationships. Transportation Research E-
Circular (E-C140).

Petersen, J. C., & R. Glaser (2011). Asphalt Oxidation Mechanisms and the Role of Oxidation
Products on Age Hardening Revisited. Road Materials and Pavement Design, 12(4), pp. 795-

8109.

Petersen, J.C. (2009). A Review of the Fundamentals of Asphalt Oxidation: Chemical,
Physicochemical, Physical Property, and Durability Relationships explores the current
physicochemical understanding of the chemistry, kinetics, and mechanisms of asphalt
oxidation and its influence on asphalt durability, TRB Transportation Research Circular E-

C140

124



Rad, F. Y. et al. (2017). Investigation of proper long-term laboratory aging temperature for

performance testing of asphalt concrete. Construction and Building Materials, 147, 616-629.

Rahbar-Rastegar, R., & Daniel, J.S. (2016). Laboratory versus plant production: impact of material
properties and performance for RAP and RAS mixtures. International Journal of Pavement

Engineering, DOI: 10.1080/10298436.2016.1258243

Rashwan, M. H., & Williams, R.C. (2011). “An Evaluation of Warm Mix Asphalt Additives and
Reclaimed Asphalt Pavement on Performance Properties of Asphalt Mixtures.” 91st Annual
Meeting of the Transportation Research Board Compendium of Papers DVD, Transportation

Research Board, Washington, D.C.

Redelius, P. & Soenen, H. (2015). Relation between bitumen chemistry and performance. Fuel,

140, 34-43.

Reed, J. (2010). Evaluation of the Effects of Aging on Asphalt Rubber Pavements. Ph.D.

Dissertation, Arizona State University, Phoenix, AZ.

Reyes, J. et al. (2008) Quantifying the role of coarse aggregate strength on resistance to load in

HMA. No. FHWA/TX-08/0-5268-2.

Robertson, R. E., et al., (2001). Fundamental Properties of Asphalts and Modified Asphalts,
Volume II: Final Report, New Methods, FHWA-RD-99-213. U.S. Department of

Transportation, FHWA, McLean, VA.

Safaei, F. et al. (2014). Implications of warm-mix asphalt on long-term oxidative ageing and
fatigue performance of asphalt binders and mixtures. Road Materials and Pavement
Design, 15(supl), 45-61.

Sreeram, A. & Leng, Z. (2019). Variability of RAP binder mobilisation in hot mix asphalt

mixtures, Construct. Build. Mater., 201, 502-509.

125



Steiner, D. et al. (2016). Towards an optimised lab procedure for long-term oxidative ageing of
asphalt mix specimen. International Journal of Pavement Engineering, 17:6, 471-477, DOI:

10.1080/10298436.2014.993204

Tarbox, S., & Daniel, J. S. (2012). Effects of long-term oven aging on reclaimed asphalt pavement
mixtures. Transportation Research Record, 2294(1), 1-15.

Thurston, R. R., & Knowles, E. C. (1941). Asphalt and its constituents. Oxidation at Service
Temperatures. Industrial & Engineering Chemistry, 33(3), 320-324.

Van den Bergh, W. (2011). The Effect of Aging on Fatigue and Healing Properties of Bituminous
Mortars. Ph.D. Thesis, Delft University of Technology, Delft University.

Von Quintus, H. L. et al. (1988). Development of asphalt-aggregate mixture analysis system:
AAMAS. Final Report, NCHRP, 9-6.

Walubita, L. F., et al. (2015) Collection of materials and performance data for Texas flexible
pavements and overlays: project summary. No. 0-6658. Texas. Dept. of Transportation.
Research and Technology Implementation Office.

Wang, Y. et al. (2016). Comparison of Fatigue Cracking Performance of Asphalt Pavements

Predicted by Pavement ME and LVECD Programs. Transportation Research Record: Journal

of the Transportation Research Board 2590, 44-55.

Wen, H. et al. (2016). Long-term field rutting and moisture susceptibility performance of warm-

mix asphalt pavement. Transportation Research Record, 2575(1), 103-112.

Wu, S. et al. (2010). Laboratory study on ultraviolet radiation aging of bitumen. J. Mater. Civ.

Eng. 22, 767-772.

126



Xiao, F. et al. (2014). Plant and laboratory compaction effects on performance properties of plant-
foamed asphalt mixture containing RAP. Journal of Materials in Civil Engineering, ASCE,
27, http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0001202, 04014240.

Xing, C. et al. (2020). Analysis of base bitumen chemical composition and aging behaviors via
atomic force microscopy-based infrared spectroscopy. Fuel,
https://doi.org/10.1016/j.fuel.2019.116845

Yin, F. etal. (2015). Short-Term Aging of Asphalt Mixtures, Journal of the Association of Asphalt

Paving Technologists, 84, pp. 333-368.

Zhang, J. et al. (2020). Effect of different viscous rejuvenators on chemical and mechanical
behavior of aged and recovered bitumen from RAP. Construction and Building Materials,

https://doi.org/10.1016/j.conbuildmat.2019.117755

127


https://doi.org/10.1016/j.fuel.2019.116845
https://doi.org/10.1016/j.conbuildmat.2019.117755

Appendix A: AC Mixture Performance Tests
The HWT test was used in this study to evaluate the rutting susceptibility and moisture
damage of AC mixtures in accordance with TxDOT Test Procedure Tex-242-F. The AC specimens
are preconditioned in a water bath at 122°F (50°C) and subjected to a steel wheel load of 158 + 5
Ib. (705 £ 22.2 N) at 50+ 2 passes/min. Figure 4 shows a schematic of the rut depth points taken

by the HWT test and the wheel path the device will induce onto the surface specimens.
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Figure A.1.Schematic of Wheel Path for HWT Test (Tex-242-F, 2019)

The main output values from the HWT test are the rut depth and the number of passes the
AC mixture endures. The rutting resistance index recommended by Wen et al. et al. (2016) is an
alternative performance indicator to determine rutting susceptible mixtures, as expressed in
Equation A.1:

RRI = N x (1—RD) (A.1)
where RRI is rutting resistance index (in.), N is the number of passes and RD is the rut depth (in.).

The HWT test is run for 20,000 passes or until a rutting depth of 0.5 inches (12.5 mm) is
observed. However, guidelines for the number of passes are dependent on the PG of the binder.
Table A.1 shows the recommended number of passes and RRI values. In this study, only STOA

specimens will be evaluated for the permanent deformation and moisture damage of AC mixtures.
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Table A.1. Recommended Number of Passes and RRI for HWT Test

Binder Grade Number of Passes RRI Values

PG 64 or lower 10,000 5,100
PG 70 15,000 7,600

PG 76 or higher 20,000 10,100

The indirect tensile (IDT) test was performed in accordance with the TXxDOT Test
Procedure Tex-226-F to determine the tensile strength of the HMA mixtures. The compacted AC
specimens will be preconditioned for 24 hrs at 77°F £ 2°F (25°C £ 1°C) in an environmental
chamber prior to testing. The specimens were evaluated within three days from the molding period
and subjected to a monotonic loading rate of 2 inches/min (50 mm/min). Equation A.2 is used to

calculate the indirect tensile strength of the asphalt mixture specimens.

2xL

where IDT is the indirect tensile strength (psi), L is the load at failure (lbs.), H is the height of the
specimen (in.), and D is the diameter of the specimen (in.). All units must be kept consistent to

effectively calculate the indirect tensile strength of specimens.

In addition, TXDOT Test Procedure Tex-250-F was followed to determine the cracking
tolerance index (CTindex) Of AC mixture specimens. This specification follows similar procedures
as Tex-226-F for IDT test method. AC specimens compacted at room temperature will be
conditioned for 2 hrs at 77°F + 2°F (25°C + 1°C) in an environmental chamber before testing. The
acquisition system captures the time, load, and displacement data at a minimum of 40 data points
per second. Figure A.2 illustrates the typical results by plotting the recorded load data against
displacement. The load versus displacement curve is used to determine the work of failure, failure

energy, post-peak slope and the displacement at 75% after the peak load to calculate the CTingex.
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Figure A.2. Typical Results Recording Load Against Displacement Curve (Tex-250-F, 2020)

Equation A.3 is used to calculate the CTingex 0Of an AC mixture.

Loyl Ly 108 (A.3)

CT; =
index 24 D Imos|

where t is the thickness of the specimen (in.), I+s is the displacement at 75% after the peak (in.), D
is the diameter of the specimen (in.), Gs is the failure energy (Ib/in.) and |m~s| is the absolute value

of the post-peak slope(lb/in.).

Work of failure is the area under the load against displacement curve using the quadrangle
rule. The failure energy is calculated by dividing the work of failure by the area of the AC
specimen. The 2—t4 factor is considered a unitless correction for the specimen thickness while the

108 is a scale factor. The proposed TxDOT test procedures to determine the cracking tolerance
index (Tex-250-F) and the indirect tensile strength (Tex-226-F) were used to evaluate the

performance of STOA and LTOA specimens.
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The OT test was conducted in accordance with TXDOT Test Procedure Tex-248-F to assess
AC mixture susceptibility to fatigue or reflective cracking. The OT applies repeated cyclic
displacement in tension to the specimen. The OT machine has two plates in which the specimen is
held in place with epoxy for 24 hrs. After, the specimen will be preconditioned for 1 hr at 77°F £
1°F (25°C £ 0.5°C) in an environmental chamber prior to testing. The cyclic displacement-
controlled load is applied following a triangular waveform with a maximum displacement of 0.025
in. (0.06 cm) at a loading rate of 10 sec/cycle. Figure A.3 shows a schematic of the typical layout
and the set-up of the samples prepared for OT testing. Labeled as “/” in Figure A.3 is the gap
between the two plates that is 0.16 in. (4 mm) and will be the region where the crack will propagate.
Assuring the excess glue (marked as “2”) is removed with a razor. These processes are crucial to
assure the results from the specimens are accurate and there are no inaccuracies in the sample
preparation process. The OT test was used in this study for STOA and LTOA conditions to assess

the impact of premature cracking and in-service cracking of the asphalt mixtures.

150 mm (6 in.)

75 mm (3 in.)

Steel plates

38 mm(1.5in.) |

OT Specimen

Ram direction
Gap Movable plate

Fixed plate 4 mm (0.16 in.)
Figure A.3. Overlay Test Schematic Specimen Set-Up
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