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1.0 INTRODUCTION

Cracking is a common failure mechanism in asphalt concrete pavement structures. It is one of the
main reasons for large road maintenance and rehabilitation expenditures, as well as reduced user
comfort and increased fuel consumption due to high road roughness. The fatigue mechanism in
asphalt pavements is a complex phenomenon that varies across a wide range of temperatures and
loading conditions. Asphalt concrete is a heterogeneous matrix of crushed stone and bitumen
with nonlinear viscoelastic material properties, which makes analysis of the material very
complicated. Furthermore, the increased use of polymer modification and recycled materials in
asphalt pavement convolutes the mix design process and adds additional analysis challenges.
Although the use of recycled materials is beneficial in most cases, it also makes the mixtures
more susceptible to cracking (West et al., 2013). As a consequence of all these factors, cracking
characterization of asphalt pavement is challenging and it is imperative to address this issue in
order to arrive at a performance-based mix design that yields satisfactory pavement performance.

Asphalt concrete fatigue cracking is recognized as a major distress mode in Oregon. The Oregon
Department of Transportation (ODOT) Pavement Management System (PMS) has shown that
asphalt mixes placed in the last 20 years have had a tendency to develop premature fatigue
cracking after 6 to 8 years of service life, necessitating maintenance or rehabilitation before
reaching the intended structural design life of 15 years. The widespread nature of this distress
suggests that it is an issue with mix design and production processes and is not a problem
specific to certain highway construction projects. Thus, current test methods and design
guidelines should be modified and improved to be able to develop more durable asphalt mixtures
that last for their intended service lives. In order to determine the most feasible test method and
analysis protocol to be used in district and contractor laboratories in Oregon, the accuracy,
precision, time, cost, efficiency and practicality of different cracking tests should be evaluated.

In this study, asphalt mixtures used in the state of Oregon are analyzed for their fatigue
performance. In order to assess asphalt pavement fracture properties, it is essential to have a
laboratory test method that is simple, practical and cost effective to use and implement for
agencies and contractors. Therefore, four of the most commonly used cracking experiments were
evaluated in order to investigate their effectiveness in determining the fatigue cracking
performance of asphalt mixtures. This study was conducted in three phases. In the first phase
(Chapter 3.0), the effectiveness of four different cracking experiments used to predict the in-situ
cracking performance of existing pavements were evaluated. The four tests were ranked based
on their performance, ease of use and the cost involved with implementing them. In the second
phase (Chapter 4.0, Chapter 5.0, and Chapter 6.0), using the selected cracking experiment from
Phase 1, the impact of asphalt mixture properties, such as binder content, air-void content,
aggregate gradation, and polymer modification, and aging, on asphalt concrete cracking
performance was determined. Finally, mechanistic-empirical pavement design guide (MEPDG)
simulations and life cycle cost analyses were conducted to determine the cost and performance
effectiveness of asphalt mixtures evaluated in Chapter 4.0.



Once the best tool for quantifying cracking susceptibility was determined, it was important to
come up with recommendations that would improve the fatigue performance of asphalt mixtures
in Oregon. To be able to provide recommendations for asphalt mixture design properties, the
impacts of aggregate gradation, binder content, polymer modification, compactive effort
(density) and laboratory long-term aging on cracking test results were studied and quantified. In
this study, laboratory test results were used to develop mechanistic-empirical (ME) pavement
models for different asphalt mixtures. Varying each of the properties named above allowed for
robust Level 1 ME models to be developed. Through development of ME models to predict
fatigue cracking based on these parameters, a greater understanding of the cracking performance
of asphalt pavements in Oregon was gained. Life-cycle costs analyses were also conducted using
the cracking performances predicted by ME design methods to determine cost effectiveness of
asphalt mixtures with varying properties.

The intent of this study is to provide the industry and ODOT with better insight on how to
combat fatigue-related failure issues by providing quantitative methods to more accurately
forecast the fatigue life of asphalt pavements in Oregon. This research study developed testing
methods and procedures to ensure that agencies can use high amounts of recycled material in
their asphalt mixes reliably, without running the risk of premature failure, costly excess
maintenance and reduced user comfort due to high pavement roughness. This will create
monetary savings for agencies in the long-run while also encouraging a greater degree of
sustainability in the industry.

1.1 KEY OBJECTIVES OF THIS STUDY
The main objectives of this study are to:

e Compare the results of direct tension cyclic fatigue (DTCF), indirect tension (IDT),
semi-circular bending (SCB) and bending beam fatigue (BBF) tests using various
energy and fatigue life parameters to determine how well they agree;

e Determine the effectiveness of all evaluated testing methods in identifying the in-situ
cracking performance of pavements with different mixture properties;

e Select the best cracking experiment by considering testing time, cost, efficiency,
complexity and practicality for use in district and contractor laboratories in Oregon;

e Determine the effect of mixing (laboratory and plant mixing) and compaction method
(field roller compaction and laboratory gyratory compaction) on the results of the
selected cracking experiment;

e Determine the effects of gradation, binder content, air void content (density) and
binder type (PG70-22 versus PG70-22ER binder) on the cracking resistance of
asphalt mixtures;

e Determine the cracking performance of asphalt mixtures with higher dust contents;



Determine whether the long-term aging process has any impact on cracking
performance ranking of asphalt mixtures; and

Develop mechanistic-empirical (ME) pavement design models and conduct life-cycle
cost analyses to determine cost and performance effectiveness of asphalt mixtures
with varying properties.

1.2 ORGANIZATION OF THE REPORT

This report is organized as follows:

This introductory chapter is followed by the literature review.

Implementation of performance tester to evaluate cracking resistance of asphalt
mixtures are discussed in Chapter 3.0.

Chapter 4.0 presents the impacts of various mixture properties on cracking and rutting
resistance of asphalt mixtures.

The impact of dust content and dust-to-binder ratio on cracking and rutting
performance of asphalt mixtures is discussed in Chapter 5.0.

Chapter 6.0 discusses the impact of asphalt aging on mixture cracking performance
prediction.

Chapter 7.0 presents the results of the mechanistic-empirical pavement design guide
(MEPDG) simulations and life cycle cost analysis conducted to determine the cost
and performance effectiveness of asphalt mixtures tested in Chapter 4.0.

Finally, Chapter 8.0 presents the conclusions, summary of the work and
recommendations.






2.0 LITERATURE REVIEW

2.1 FATIGUE CRACKING MECHANISMS IN ASPHALT PAVEMENTS

It has been established that cracking is the major cause of premature failure in hot-mix asphalt
concrete (HMAC), and fatigue cracking is one of the main modes of failure associated with
HMAC cracking (Birgisson et al. 2002). Asphalt concrete fatigue cracking has also been
accepted to be a major distress mode in Oregon (ODOT 2013). Oregon Department of
Transportation (ODOT)’s Pavement Management system has shown that mixes placed in the last
20 years have had a tendency to develop premature cracking after 6 to 8 years of service life
before reaching the structural design life of 15 years.

Historically, fatigue cracking was assumed to initiate only at the bottom of asphalt layer and
propagate to the surface (bottom-up cracking). The initiation of bottom-up fatigue cracking is
due to the bending action of the pavement layer that leads to tensile stress development at the
bottom of the asphalt layer. Thus, generally, bottom-up cracking is a result of structural design
problems. Recently, it has been determined that fatigue cracking may also initiate from the
surface of the asphalt layer and propagate to the bottom (top-down cracking) (Witczak et al.
2004). The widespread nature of top-down cracking in Oregon suggests that it is a general mix
design issue and not a specific project related problem. The increased use of recycled asphalt
pavement (RAP) and recycled asphalt shingle (RAS) in surface mixes in Oregon might have
increased the occurrence of top-down cracking. Taking cores and trenched sections are the only
ways to identify the initiation point of cracking in order to see whether the cracking is bottom-up
or top-down (Williams and Shaidur 2015).

High surface tensile stresses for thin asphalt concrete layers and high near tire shear induced
tension for thick structures are accepted to be the major causes of top-down cracking (Roque et
al. 2010). Large truck loads, aging, low upper layer stiffness, surface mixes with high RAP/RAS
contents, and high surface air-void content have been identified as possible causes. Moreover,
thermal stresses and moisture are influential in propagating cracks. This distress type cannot be
explained by traditional fatigue cracking models since crack initiation and propagation
mechanisms for top-down cracking are different from traditional bending related bottom-up
cracking. Wambura et al. (1999) investigated the primary reason for initiation of top-down
fatigue cracking and concluded that oxidation and age hardening of the top few millimeters of
the asphalt concrete surface course is the major reason for top-down fatigue crack initiation. The
high surface tensile strain due to heavy wheel loads accompanied with thermally induced strain
can be large enough to crack the brittle surface of an age-hardened HMAC surface. For this
reason, top-down cracking can occur in structurally well-designed thick asphalt concrete
pavements within 3 to 8 years of paving (Uhlmeyer et al. 2000).



2.2 FACTORS AFFECTING FATIGUE CRACKING
2.2.1 Air-Void and Binder Content

Air-void and binder content are the two major factors affecting fatigue cracking performance of
asphalt mixtures. For equal compaction effort, higher binder content tends to reduce air-void
content of the mix resulting in an increase in mix density. Although increasing mix binder
content can be accepted to be a viable strategy for increasing asphalt mix fatigue life, increased
binder content tends to create a softer mix with lower rutting resistance. In addition, increasing
binder content increases the unit cost of the mix.

Hu et al. (2011) investigated several variables that influence the cracking performance of asphalt
concrete (Hu et al. 2011). The main objective of this study was to estimate the optimum binder
contents for different types of mixtures. Texas A&M Transportation Institute (TTI) Overlay
Tester (OT) was used to determine the cracking resistance of HMAC mixtures. Corresponding
predictive models were developed (Equations 2.1 and 2.2) and were used to determine the
minimum binder content.

Nor = a,exp(a, X FT)SA% (2.1)
Where,
Not = Fatigue life (number of repetitions)
FT = film thickness (um),
SA = surface area of the aggregate particles (m*/kg), and
ai-3 = regression coefficients.

%
FT = ey X 1000 (2.2)

Where,
Py = binder content (%), by total mass of mixture,
Pbe = effective binder content (%), by total mass of mixture,
Ppe/Gp = effective volume of asphalt binder, and
Ps = aggregate content (100-Py) (%), by total mass of mixture.



Nine test sections, which comprised of three HMAC mixtures and three types of aggregates, on
Interstate 20 near Atlanta, Texas were evaluated in this study. It was observed that in all the test
sections, cracking developed within 1 year of service. These test sections were used to evaluate
the developed models (Equations 2.1 and 2.2) and it was concluded that binder contents of the
cracked sections determined by conventional mix design methods were much lower than the
binder contents recommended for meeting the cracking resistance requirement (Table 2.1).

Table 2.1: Asphalt Mixture Information on 1-20 Experimental Sections (Hu et al. 2011)

In-Place

Section Asphalt Minimum Fecommended
No. Mixture Type Apggregate Type SA (m'kg) AC (%) Absorption (%a) Asphalt Content (e}
1 Superpave C Gravel 5325 455 0.35 3.67

2 Sandstone 724 490 137 7.00

3 Chuartzite 6.88 5.10 0.63 6.30

= CMHB C Gravel 6.48 4.70 035 6.00

5 Sandstone T.04 457 137 7.00

6 Quartzite 545 477 0.63 3.99

7 Type C Gravel 6.84 408 033 6.07

8 Sandstone 8.17 4.76 137 7.12

9 Chuartzite 704 4.70 0.63 6.33

NoTe: CMHB = coarse matnx lagh binder.

Williams and Shaidur (2015) investigated the causes of early-age cracking on Oregon highways.
The aim of this study was to come up with modifications to the current mix design guidelines
practiced in Oregon State. This study recommended increasing the percent Gym to 92% to reduce
in-situ air voids below 6% in order to increase the density of the mix and increase resistance to
cracking. It was further suggested that reducing design air-void content from 4% to 3.5% would
increase the design binder content of mixes by about 0.25%, which in turn is assumed to increase
the cracking resistance of the mixture.

Using controlled-strain bending beam fatigue (BBF) test with two strain levels (150 and 300
microstrains), Harvey and Tsai (1996) showed that there is considerable correlation between the
fatigue life of the asphalt concrete mix and strain level, air void content, and binder content. One
aggregate type, five different binder contents (4% to 6%), and three different air void contents (1
to 3%, 4 to 6%, and 7 to 9%) were selected for preparing asphalt mixtures. Results of this study
showed that fatigue life increases with decreasing air void content and increasing binder content.
Reduction in air void content from 8 to 5 percent leads to a 100 to 200 percent increase in fatigue
life. Likewise, 0.5% increase in binder content resulted in a 10 to 20 percent increase in overlay
fatigue life (See Figure 2.1 and Figure 2.2).
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After a rehabilitation project in a section of 1-25 north of Denver with milling and refilling
existing surface with new hot mix asphalt, cracking started to appear in the driving lanes after 1
year. In order to investigate the reason for early-age cracking, 28 sites were evaluated from a
wide geographic area of Colorado. Results of the study suggested that majority of top-down
cracking is a result of the segregation in the upper pavement lift (Eigure 2.3). Harmelink et al.
(2008) showed that increasing the binder content could create a reduction in segregation and
consequently reduce top-down cracking occurrence. This study suggested increasing the binder
content in the mix design process by decreasing the number of design gyrations as a function of
traffic volume.

Pavement
surface

Area of coarse Aggregate

Figure 2.3: Segregation and cracking (Harmelink et al. 2008).

2.2.2 Binder Modification

Over the past couple decades, agencies started to use modified asphalt binders more frequently to
reduce amount and severity of rutting and cracking on highways. Although binder modification
increases the initial cost of the constructed sections, increased service life can significantly
reduce life cycle costs.

Polymers are the most commonly used modifiers. The two major polymer types are elastomers
and plastomers. Styrene-Butadiene-Styrene (SBS) is the most frequently used elastomer while
crumb rubber is also another elastomer made from discarded tires (Walker 2014). Crumb rubber
can be considered as a sustainable engineering material because it reduces tire stockpiles that
otherwise mostly go into landfill (Gauff 2010). Rubber modified asphalt is often used as a
superior mix for resisting reflective cracking in California when used as the uppermost structural
layer. However, Caltrans does not permit rubber modified asphalt to be placed thicker than 60
mm (2.4 inches) based on perceived risk of rutting of the asphalt mix (Coleri et al. 2012).

Bahia et al. (2001) conducted a research on evaluating the efficiency of the Superpave
intermediate temperature requirement (G*sin 6 < 5000 kPa) using flexural beam fatigue tests on
a combination of two aggregate types (gravel and limestone) and two gradations (coarse and
fine) with nine modified asphalt binders. The test temperature was selected for each mixture was
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based on the intermediate temperature requirement where the G*sin 9 is equal to 5000 kPa under
a 10 Hz sinusoidal load with a peak-to-peak strain of 800 pe. This study showed that modified
asphalt mixtures with PG 82-22 asphalt binder and SBS modifier had fatigue life as two to five
times greater than unmodified mixtures with PG 82-22 asphalt binders. Mixtures with
elastomeric modified asphalt binders with the same aggregate type showed higher fatigue life
compared to other types of binders used in this study.

Raad et al. (2001) have investigated the role of aging on rubberized gap-graded and conventional
dense-graded asphalt mixes using beam specimens extracted from a 10-year-old highway section
in southern California. For this study, controlled-strain fatigue beam tests were conducted to
evaluate the stiffness and fatigue performance of the specimens at two different temperatures
(22°C and -2°C). Results indicated longer fatigue lives for rubberized gap-graded asphalt mixes
than conventional dense-graded asphalt mixes for both aged and unaged specimens.

Bonnetti et al. (2002) evaluated the effect of binder modifiers on the fatigue cracking
performance using cumulative dissipated energy ratio concept (Ghuzlan and Carpenter 2000).
Time sweep binder fatigue tests were conducted with five modified asphalts and two base
binders. Np20 value, number of cycles at which the dissipated energy ratio shows 20% deviation
from the no-damage ratio, was used to illustrate the failure condition. In general, modified
asphalt binders showed longer fatigue lives than unmodified binders. Elastomeric modifiers such
as styrene-butadiene-styrene (SBS) of PG 82-22 and styrene-butadiene (SB) cross-linked of PG
58-40 represented better fatigue performance than the aged PG 76-22 mix and PG 76-22 rubber
modified asphalt. Moreover, asphalt binder type was influential in fatigue behavior due to the
different chemical compositions of the binders.

Based on the previous studies, it can be concluded that laboratory fatigue performances of
polymer modified asphalt mixtures were higher than the laboratory fatigue performances of
mixtures with unmodified asphalt binders. In general, polymer modified asphalt mixtures have
fatigue lives greater than unmodified asphalt mixtures (some reported cases even showed an
order of magnitude higher fatigue lives). The fatigue performances of modified mixes are highly
influenced by the base asphalt binder used in the mixture (Prowell et al. 2010).

2.2.3 Aging

Asphalt aging occurs during production, construction, and service life of the mixtures. It is a
critical factor in evaluating the cracking performance of pavement systems. The aging of asphalt
mixtures is mostly affected by the aging of asphalt binder (Bell and Sosnovske 1994). Aging of
asphalt binder associated with the oxidation of the binder is a major factor affecting the fatigue
performance of asphalt mixtures. As the aromatic compounds in asphalt binders are oxidized,
more polar carbonyl compounds are created which results in increased elastic modulus and
viscosity, in other words, stiffening of the binder (Glover et al. 2005).

Baek et al. (2012) have investigated the effects of aging on linear viscoelastic response (LVE)

and damage characteristics. Four different aging levels were selected (short term aging, and long
term aging level 1 to level 3). It was indicated that aging was a significant factor in the damage
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growth. They also stated that aging influences the distribution of stress and the way damage is
accumulated throughout the pavement structure.

Study conducted by Isola et al. (2014) evaluated laboratory aging methods to simulate the
change in asphalt mixture properties in the field. Two aging procedures were used in this study:
1) heat oxidation conditioning (HOC), and 2) cyclic pore pressure conditioning (CPPC) for
inducement of moisture related damage. For short-term and long-term aging simulation, standard
short-term oven aging (STOA) and long-term oven aging (LTOA) procedures were used (Bell et
al. 1994). Three asphalt mixtures (lime-treated granite mixture, granite mixture, and limestone
mixture) were produced for Superpave IDT testing (indirect tensile test) for four conditioning
levels (STOA, STOA plus CPPC, LTOA, LTOA plus CPPC). It was concluded that oxidative
aging causes the reduction of fracture energy” (total energy necessary for fracture inducement)
and consequently, stiffening and embrittling mixtures. CPPC created effectively generated
additional damage and more reduction in fracture energy (FE) and made the aging process more
compatible with the damage observed in the field.

Arega et al. (2013) conducted research on evaluating the fatigue cracking resistance of short-
term and long-term aged asphalt mortars with fine aggregate matrix (FAM) and warm mix
additives. Two different binders (PG76-28 and PG64-22) with four additives and one aggregate
type were tested using dynamic mechanical analyzer (DMA) for this study. Fatigue cracking
resistance of specimens were measured before and after long term aging. For short term aging,
mortars were aged as a loose mix for four hours at 60°C. Then, one batch was compacted with
the Superpave Gyratory Compactor (SGC), and other batch was further aged for 30 days in the
same environment to simulate long term aging. Stiffness and fatigue life of FAM are illustrated
in Figure 2.4 and Figure 2.5, respectively. It can be observed that short-term aged mixtures have
lower stiffness (G") with longer fatigue life compared to long-term aged mixtures. However,
fatigue resistance rankings of mixtures with and without long-term aging were determined to be
the same.

L FE is the total energy necessary for fracture inducement, and it shows the fracture tolerance of the mixture,
therefore, represents the cracking performance of the mixture (Roque et al. 2011).
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Figure 2.4: Comparison of G* (shear modulus)before aging and after long-term aging for
the different FAM specimens (Arega et al. 2013).

100

L]

Fatigue lite [x10F cyeles|-Long-Lterm
1z ecl

"

1 10 100
Fatigue Life [x]ll3 cycles]-Short-term aged

Figure 2.5: Comparison of fatigue life before and after long-term aging for FAM specimens
(Arega et al. 2013).

2.2.4 Binder Performance Grade

Performance grading is based on the idea that properties of asphalt binder for a specific road
construction should be selected by considering physical and environmental conditions (Kim
2009). Superpave performance grading system follows the same logic as the older penetration
and viscosity based grading systems while the relationship between binder properties and
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conditions of use are more accurately specified. Several studies in the literature focused on
investigating the impact of performance grade and binder stiffness on cracking performance.

Study carried out by Li et al. (2008) investigated the effect of binder grade and reclaimed asphalt
pavement (RAP) on the characteristics of asphalt mixtures. In this study, ten different mixtures
with two RAP sources, three RAP percentages (0%, 20%, and 40%), two binder grades (PG 58-
28 and PG 58-34) were tested by dynamic modulus and semi-circular bend fracture testing
(SCB) at different temperatures. Dynamic modulus and fracture energy, representing the fatigue
performance and cracking resistance of mixtures (Kandhal et al. 1995, Roque et al. 2011), were
measured for all the asphalt mixtures. Specimens with PG 58-28 asphalt binders had higher
dynamic modulus (for mixes with and without RAP) values than the PG 58-34 mixes.
Additionally, specimens with PG 58-34 asphalt binders showed higher fracture resistance at low
temperatures.

Williams and Shaidur (2015) conducted a study on ten highway sections (six with top-down
cracking and four without top-down cracking) in Oregon to investigate the possible reasons for
early-age cracking. Ten cores from cracked sections and five cores from non-cracked section
were taken for laboratory testing. Falling weight deflectometer (FWD) and dynamic cone
penetrometer (DCP) tests were conducted to evaluate the pavement structure soundness.
Dynamic modulus and indirect tensile strength (IDT) tests were conducted with the specimens
extracted from the field. Moreover, binders were extracted and recovered from the cores and
tested with dynamic shear rheometer and bending beam rheometer to determine their actual
performance grades. Results showed that sections with top-down cracking did not have any
structural problems and density variations in the base layer. However, cracked sections had
higher dynamic modulus, stiffer binder (with higher complex shear modulus), and lower indirect
tensile strength than the sections without cracking. The change in binder performance grades
over time due to binder aging resulted in a more brittle mix at the surface of the pavement that is
more prone to top-down cracking.

In order to investigate the sensitivity of mixture properties to binders from different suppliers
with same PG grades, Kaloush et al. (2012) conducted dynamic modulus and flow number tests
with four asphalt mixes prepared by using binders from four different suppliers in Arizona with
the same PG grades (PG 76-16) and aggregate gradations. Results of the analyses showed that
the differences in measured mixture properties for the four mixes were statistically significant.
This result suggests that between-supplier variability can be an important factor affecting the
quality of the asphalt mixes.

2.2.5 Mixture Segregation

Asphalt mixture segregation occurs when coarse and fine aggregates are not uniformly
distributed in different parts of the mixture. This phenomenon increases the moisture and air
permeability of the mixture and creates local weak spots within the asphalt concrete
microstructure, and consequently causes distresses including raveling, cracking, or moisture
damage. There are various factors inducing segregation such as mixture design (mostly binder
content and gradation), stockpiling and handling, and surge and storage silos (Kennedy et al.
1987). Asphalt mix production and construction related segregation results in non-uniform
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asphalt mixes with gradations and binder contents different from the original design mixtures
(Brock 1986).

Using laboratory bending beam fatigue (BBF) testing, Khedaywi and White (1996) have
conducted a laboratory study to evaluate the effect of segregation on fatigue performance of
asphalt concrete mixtures. Five different mixtures with various segregation levels (ranging from
fine side of the mix design to the coarse side) were prepared for this study: 1) very fine, 2) fine,
3) control mix, 4) coarse, and 5) very coarse. Control mix with median gradation and 4.5 percent
binder content was prepared. Control mix was sieved over the 3/8 inch sieve to prepare a highly
segregated asphalt mix. Materials remaining on the sieve were considered as very coarse
mixtures. Likewise, materials passing through the sieve were used to prepare very fine asphalt
mixes. Then, coarse and fine mixtures were prepared by blending specific percentages of very
coarse and fine materials. BBF tests were conducted with prepared beam samples (representing
intermediate level of segregation). Since standard beam dimensions are used to prepare samples
for all 5 gradations, mixes with coarser gradations appear to have more segregation than the
mixes with finer gradations. The number of repetitions required to reach 50 percent reduction in
initial stiffness was used as the fatigue life. Coarsely segregated asphalt mixes with lower asphalt
binder showed shorter fatigue lives. On the other hand, the more finely segregated asphalt
mixture with higher binder content had longer fatigue life. On the other hand, mixtures with
lower percentage of coarse aggregates and high binder content showed more susceptibility to
rutting. Figure 2.6 illustrates the relationship between fatigue life of asphalt concrete mixes and
segregation. It can be observed that fatigue lives increased from mix 5 to 1 (very finely
segregated mix having the longest fatigue life) for a specific strain level.
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De Freitas et al. (2005) simulated in-situ segregation by accumulating coarse aggregates at the
top of the asphalt layer and fine aggregates at the lower part of the wearing course. Using
accelerated wheel-tracking device at 3 different temperatures (30°C, 40°C, and 50°C), they
observed that cracks were limited to the parts with coarse aggregates at the top and did not
propagate to the fine-graded layers.

Schorsch et al. (2003) evaluated the effects of segregation on crack initiation and propagation
using laboratory and field investigations. It was concluded that top-down cracks initiated from
highly segregated spots and propagated through other areas with various degrees of segregation.
Service life of the pavement decreased about 50% due to segregation-related longitudinal cracks
(Chang et al. 2001). Using nuclear density measurements, it was determined that non-segregated
areas had higher densities than segregated areas. They collected cores from field sections to
measure specific gravity, air void content, density, and gradation in order to evaluate the degrees
of segregation determined by nuclear density measurements. Degrees of segregation were
categorized into heavy, medium, and light segregated areas. Conducting indirect tensile strength
tests, they concluded that average tensile strengths of non-segregated specimens were two times
higher than the average tensile strengths for the segregated specimens, which resulted in longer
fatigue lives for non-segregated mixtures. Moreover, it was also observed that segregated cores
had higher air void contents (average of 3.8% for non-segregation cores and 6.1% for segregated
cores) and lower specific gravities than non-segregated specimens.

2.2.6 Aggregate Gradation and Volumetrics

Gradation, shape, texture, and angularity are the major aggregate properties affecting cracking
performance of asphalt mixtures. Nominal maximum aggregate size (NMAS), the largest sieve
that retains some of the aggregates (generally not more than 10 percent by weight), is generally
used as a parameter to specify the size distribution of aggregates in an asphalt mix. Gradation
curves are also used to more accurately quantify the differences between different aggregate size
distributions. The impact of aggregate gradations on mixture volumetrics and cracking
performance should be investigated to determine optimum gradations that can be used to develop
more durable asphalt mixes. Most of the studies in the literature suggested that adequate balance
between volumetric characteristics of mixtures and the amount of raw materials (binder,
aggregate, filler, and additives) is crucial for a proper mix design.

Using accelerated wheel-tracking device and 3-D nonlinear viscoelastic finite element modeling,
De Freitas et al. (2005) prepared and examined 17 asphalt bituminous slabs with granite
aggregates and limestone fillers. Three different gradations were selected for asphalt mixture
preparation namely fine graded, coarse graded, and an average grading mixture. Mixture with
coarse gradations showed earlier crack initiation than the fine-graded mixtures, especially at
higher test temperatures.

Using Bailey method of gradation analysis, Khosla and Sadasivam (2005) determined the
optimum gradation resistant to permeability, rutting, and fatigue cracking. 12 mixtures (6 with
12.5 mm and 6 with 9.5 mm nominal maximum size) were tested by FSCH (frequency sweep at
constant height) test to evaluate fatigue performance at 20°C. Fatigue lives of the mixtures were
assumed to correspond to 50 percent reduction in mixture stiffness. Results showed that both
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12.5 mm and 9.5 mm NMAS, mixtures with low permeability tended to have longer fatigue lives
than the mixtures with high permeability. It was concluded that higher fraction of #4 (4.75 mm)
aggregate size increases permeability. Therefore, an upper limit of 25% for #4 size aggregates
was specified. Moreover, the inclusion of higher fraction of 3/8" and 1/2" aggregates with #8
(2.36 mm) and #16 (1.18 mm) size aggregates reduced the permeability of mixtures and resulted
in mixtures with greater fatigue performance.

Sousa et al. (1998) investigated the effect of aggregate gradation on fatigue performance of
asphalt concrete mixes using four-bending fatigue tests. Nine different aggregate gradations with
nominal maximum aggregate sizes of 19 mm, 25 mm, and 12.5 mm with 100 percent crushed
aggregates were selected for this study. Asphalt mixes were prepared by using two binder grades
(PG 58-16 and PG 64-16). This study compared the gradation requirements proposed by
Superpave volumetric mix design method with other gradations passing through and above the
restricted zone, which met the California Department of Transportation, Arizona Department of
Transportation, French, and Portuguese Standard grading specifications. All the fatigue tests
were conducted at 20 °C using a sinusoidal wave with a frequency of 10 Hz. Results
demonstrated that increasing binder content reduced fatigue lives. Since all the mixtures had 7
percent air voids, this trend was attributed to the lower compaction effort required for mixtures
with high binder content. In general, fine gradations (passing through and above the restricted
zone) tended to have better fatigue performance than gradations below the restricted zone. Brittle
nature of mixtures with higher amount of large aggregates passing below the restricted zone led
to lower fatigue performance.

Results of WesTrack experiments showed that bottom-up crack propagation was faster in coarse-
graded aggregate mixes than fine and fine-plus mixes but crack initiation took longer time to
occur in coarse mixes than mixes with fine and fine-plus gradations (Tsai et al. 2002). Fine-plus
mixtures also showed greater fatigue cracking resistance than fine-graded mixes with equal air-
void contents.

Using the data from the WesTrack project, Pellinen et al. (2004) compared existing fatigue
models and pointed out the strong correlation between fatigue performance of asphalt mixtures
and volumetric properties. VFA?Z (voids filled with asphalt) was the main volumetric
characteristic correlated with measured cracking in the WesTrack study. Pellinen et al. (2004)
suggested that mixtures with 53% VFA, V. (effective binder content) > 9%, air void content <
6%, and VMA? (void in the mineral aggregate) < 14% were mostly resistant to cracking.

Daniel and Lachance (2005) prepared mixtures with 0%, 15%, 25%, and 40% RAP contents to
evaluate the effects of RAP content on volumetric and mechanistic properties of asphalt
mixtures. Dynamic modulus, creep compliance, and creep flow tests were conducted with
specimens with different RAP contents. Results showed that VMA and VFA increased with
increasing RAP content (25% and 40%). Increased VFA and VMA, higher binder content, and
finer gradation for mixtures with 25% and 40% RAP led to unexpected trends in the test results.
Specimen with 15% RAP had higher dynamic modulus and lower compliance compared to

2\/FA: The portion of the voids in the mineral aggregate that contain asphalt binder.
*VMA: The volume of intergranular void space between the aggregate particles of a compacted paving mixture that
includes the air voids and the effective binder content, expressed as a percent of the total volume of the specimen.
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specimens without RAP (more resistance to rutting with lower fatigue life). On the other hand,
mixtures with 25% and 40% RAP had dynamic modulus and lower compliance close to the
mixture with no RAP. It was concluded that this unexpected trend was a result of the higher
binder content, finer gradation, and higher VFA and VMA of mixtures containing 25% and 40%
RAP compared with the control mix and 15% RAP mixture.

Using unconfined dynamic modulus and triaxial shear strength tests, Pellinen (2003) determined
that decreasing VMA from 23% to 11% by keeping the effective binder content (Vpefr) cOnstant
at 7.5% could increase the stiffness to the same extent as increasing the binder grade from PG 58
to PG 76. Moreover, they concluded that mechanical performance of the mixture was highly
correlated with VMA and VFA.

2.2.7 Aggregate Type

Several studies in the literature focused on investigating the impact of aggregate type on cracking
performance. Hu et. al (2011) prepared asphalt mixes with hard limestone, medium limestone,
soft limestone, quartzite, sandstone, gravel, and granite to evaluate the impact of aggregate type
on cracking resistance. TTI Overlay tester is used to evaluate the cracking performance of
prepared asphalt mixes. Results of the analyses showed that asphalt binder grade, asphalt
absorption, and asphalt film thickness are the major factors affecting cracking performance while
aggregate type had a minor effect.

Using the results of several studies in the literature, Tangella et al. (1990) prepared a summary of
factors influencing the fatigue life including binder stiffness, air void content, binder content,
aggregate gradation, and aggregate type. It was concluded that the effects of binder stiffness and
air void content on cracking performance are more significant than all other factors. In addition,
it was concluded that aggregate type had less impact on fatigue response of asphalt mixes than
all other contributing factors.

Using flexural beam fatigue test, Bahia et al. (2001) investigated the accuracy of intermediate
temperature requirement (G*sin & < 5000 kPa). This study included combination of two
aggregate types (gravel and limestone), two gradations (coarse and fine), and nine asphalt
modifiers. Results showed that mixtures with fine-graded limestone aggregates have shorter
fatigue lives than coarse-graded mixes. However, mixtures with gravel aggregates represented
the opposite trend, greater fatigue life for fine gradations than coarse gradations. The results of
this study showed that the effects of binder grade, binder content, and modification on fatigue
performance are significantly higher than the influence of aggregate type.

2.3 TEST METHODS TO EVALUATE FATIGUE CRACKING
PERFORMANCE OF ASPHALT CONCRETE

High surface tensile stresses for asphalt concrete layers (top-down), high near tire shear induced
tension for thick structures (top-down), and high bending stresses at the bottom of the asphalt
concrete layers (bottom-up) are the major causes of cracking (Roque et al. 2010). Several
researchers have come up with test procedures to evaluate fatigue cracking performance of
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asphalt concrete (Tayebali et al. 1992, Lee et al. 2000, Roque et al. 2002, Wu et al. 2005, Kim et
al. 2008, Lou et al. 2013). However, it is difficult to come up with a single test method for all
conditions since variable material properties, design, traffic, and climate create several different
cracking failure mechanisms. In this study, bending beam fatigue (BBF), indirect tension (IDT),
repeated direct tension (RDT), simplified viscoelastic continuum damage (S-VECD), and semi-
circular bend (SCB) tests are the experiments investigated in order to understand the
applicability of these test procedures to be used for mix and structural design in Oregon. The test
procedures based on previous studies and standards are presented in the following sections.

2.3.1 Bending Beam Fatigue (BBF)

In a simple flexure test, a uniaxial tensile bending, which simulates the fatigue damage that
originates at the bottom of an asphalt layer, is created within the specimen. Hence, these tests are
most commonly used to obtain bottom-up fatigue cracking data (Monismith 1981). With the
invent of servo hydraulic and computer controlled pneumatic loading systems, the three-point
and the four-point bend tests have become very popular. Four-point bend tests are preferred as
they simulate crack initiation in an area of stress between two loads (Hartman et al. 2004). This
test follows AASHTO T321-07 (2007) standard. In this test, the failure point (fatigue life) is
defined as the load cycle at which the specimen undergoes a 50 percent reduction in its original
(initial) stiffness.

In this test, 380 mm long by 50 mm thick by 63 mm wide HMAC beam specimens obtained
from laboratory or field compacted HMAC are subjected to flexural bending until failure. A
metal block is epoxied to the neutral axis of beam specimen. The specimen is then placed in an
environmental chamber maintained at 20.0 + 0.5°C for 2 hours to ensure the specimen is at the
pre-selected temperature prior to testing. The linear variable differential transducer (LVDT) is
attached to the specimen by screwing it onto the metal block epoxied on the specimen (Figure
2.7) and the target initial strain (250 — 750 pe) and loading frequency are selected. The loading
frequency is set within a range of 5 to 10 Hz. Then, 50 load cycles are applied at a constant strain
of 250 to 750 pe. The specimen stiffness at the 50" load cycle will be the initial stiffness, which
will be used as a reference for determining specimen failure. The selected strain level should be
low enough so that at least 10,000 load cycles can be applied to the specimen before its stiffness
is reduced to 50 percent of its original value. Test results are continuously monitored and
recorded and the test is terminated when the specimen has experienced more than 50 percent
reduction in stiffness.
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Figure 2.7: Four-point bend testing system (Source: www.pavementinteractive.org).

2.3.2 Indirect Tension (IDT)

Superpave Indirect Tension (IDT) test was developed as a part of Strategic Highway Research
Program (SHRP) to evaluate thermal cracking. University of Florida further evaluated and
improved IDT for use in evaluation of fatigue cracking (Roque et al. 2002). The main aim of the
study was to use the IDT to understand the crack initiation and propagation in asphalt mixtures
and to identify the key mixture properties that control cracking performance of different mix
types. In this study, field cores from eight sections, two Superpave coarse mixtures and two
Superpave fine mixtures were used. Tested specimens had a diameter of 150 mm and a thickness
of 25 mm. The test was performed at 10°C with a constant haversine load of 0.1 second and a
rest period of 0.9 second. Two horizontal and two vertical displacement measurements, load and
the corresponding time were recorded until failure. The test setup is shown in the Figure 2.8a. It
was observed that there were some inconsistencies between the laboratory-measured and field
crack growth rates indicating that the mechanisms used to induce cracks in the laboratory are
different from the field. Based on these observations, the following conclusions were made:

e Total fracture energy (FEf) and the dissipated creep strain energy to failure (DCSEy)
are the two material properties that are easily obtained from the Superpave IDT.

e These properties can be used to evaluate and control fracture for any loading
conditions such as stress-controlled, strain-controlled, and repeated loading.
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Figure 2.8: (a) Superpave Indirect Tension Test (IDT) with LVDT mounted on the sample
(Roque et al. 2002); (b) IDT with LVDT mounted around the sample (Newcomb et al.
2015).

This test can also be conducted by using two LVDTs around the sample as shown in the Figure
2.8b. A round robin study was carried out between Texas A&M Transportation Institute (TTI),
National Center for Asphalt Technology (NCAT), and University of California Pavement
Research Center (UCPRC) to check the variability and bias of the measured resilient modulus
between different laboratories (Newcomb et al. 2015). NCAT and TTI used the LVDTs around
the specimen (Figure 2.8b) while UCPRC used LVDTs on the sample (Figure 2.8a) (ASTM
D7369). It was observed that the differences in measured resilient modulus from these three
laboratories were not statistically significant.

2.3.3 Repeated Direct Tension

The repeated direct tension (RDT) test has been used to evaluate tensile properties of asphalt
mixtures and to assess the development of fatigue cracking under repeated loading (Bolzan and
Huber 1993). Luo et al. (2013) carried out a study to characterize asphalt mixtures using
controlled-strain repeated direct tension test. The main aim of the study was to develop an
energy-based mechanistic approach to characterize the fatigue damage in asphalt mixtures. The
asphalt mixtures used in this study were laboratory-mixed and compacted with an unmodified
asphalt binder and a common Texas limestone with a Type C dense aggregate gradation (TxDOT
2004). Superpave gyratory compacted specimens were cored to produce specimens with a
diameter of 102 mm and a height of 102 mm. The total air void was controlled at 3.5 + 0.5%.
The controlled strain RDT test was conducted using a servo-hydraulic system at 20°C. The
specimens were glued to a pair of end caps and were kept in the system for conditioning. Three
axial linear variable differential transducers (LVDTs) were mounted on the specimen to capture
the axial deformation of the specimen. The test setup is shown in Figure 2.9. Two RDT tests
were performed on the same specimen which included: a non-destructive test with 200 load
cycles and a maximum axial strain of 40 pe; and a destructive RDT test with 1000 load cycles
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and a maximum axial strain of 200 pe. The loading frequency was 1 Hz in both cases. The major
conclusions of the study were:

e Inboth RDT tests, stress was composed of a tensile and a compressive component in
the same load cycle and it was observed that the measured material properties in the
tensile stress portion were different from the material properties in the compressive
stress portion.

e Asphalt mixture had a larger complex modulus and phase angle in tensile stress
portion than in compressive stress portion.

Figure 2.9: Configuration of controlled-strain RDT test (Luo et al. 2013).

In this test, dissipated strain energy (DSE) and recoverable strain energy (RSE) were measured.
Further research is currently being conducted to develop methods to use these parameters in
modeling fatigue crack growth rate. Simplified Viscoelastic Continuum Damage (S-VECD) test
is also a direct tension test which uses continuum damage approach to characterize fatigue failure
and is explained in the next section.

2.3.4 Simplified Viscoelastic Continuum Damage (S-VECD)

The simplified Viscoelastic Continuum Damage (S-VECD) test follows AASHTO TP 107
(2014) protocol. This test is used to determine the damage characteristic curve via direct tension
cyclic loading. In this test, a controlled and repeated cyclic load is applied to the specimen until
failure. The applied stress and the axial strain response are measured and used to determine
damage (S) and the pseudo secant modulus (C) which are expressed as the damage characteristic
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curve. The fundamental relationship between damage and material integrity of asphalt mixtures
can be determined using the damage characteristic curve. This property, which is independent of
temperature, frequency and mode of loading, is combined with viscoelastic properties of asphalt
concrete and is used to analyze the fatigue characteristics of asphalt concrete mixtures.

Direct tension testing is performed on the samples cored and obtained from Superpave gyratory
compacted specimens. The average diameter is 100 to 104 mm and the average height of the
specimen is 127.5 to 132.5 mm. Mounting studs for the axial sensors are attached to the sides of
the specimen using epoxy. End plates are then glued to the bottom and top of the specimen using

| the gluing jig (Figure 2.10b). The specimen is then placed in the testing machine and fastened
tightly to the bottom support with screws. Then, the specimen is raised and secured to the top
loading platen. The axial sensors are attached to the mounting studs of the specimen. Specimen
is kept for conditioning at the pre-selected test temperature for about four hours before starting

| the test (Figure 2.10a). In general, a total of three specimens at different strain levels are tested.
The resulting data is analyzed using the ALPHA-fatigue software to develop the damage
characteristic curve.

(b)
Figure 2.10: (a) S-VECD test setup (source: www.worldhighways.com); (b) gluing jig.

2.3.5 Semi-Circular Bend (SCB) Test

| Wu et al. (2005) developed the semi-circular bend (SCB) test (Figure 2.11) to determine the
fracture resistance characteristics of asphalt concrete. This test works on the principle of elasto-
plastic fracture mechanics and uses notched semi-circular specimens to determine the critical
energy strain rate of mixtures. Various advantages of this test are: (1) different notch depths can
easily be introduced into the samples which makes the evaluation of true fracture properties of
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asphalt mixtures with regards to the crack propagation much easier; (2) the test setup and
procedure is relatively simple; (3) the SCB specimens can be prepared by taking cores from
Superpave gyratory compacted specimens; and (4) multiple specimens can be obtained from the
same Superpave gyratory compacted specimen thus reducing the error caused by heterogeneities
of different samples. In this test, the semi-circular specimen was loaded monotonically until
failure under a constant cross-head deformation rate of 0.5 mm/min at a test temperature of 25 +
1°C. The load and vertical deformation were measured continuously and load-displacement
curve was plotted.

A total of 117 SCB tests were conducted at 25°C, resulted from 13 Superpave mixtures x 3 notch
depths x 3 replicates for each mixtures. The notch depths that were used in this study were 25.4,
31.8, and 38.0 mm. It is required to have at least two notch depths in the experimental design to
be able to calculate the strain energy release rate (J;) The project information and mixture
designations are shown in Table 2.2. The major conclusions of this study were:

e For asingle notch depth, the fracture resistance based on average strain energy was
found to be consistent with that from average vertical displacement, but different
from that based on the peak load.

e Mixtures with higher tensile strengths could be more brittle and less fracture resistant
than those with lower tensile strengths.

e The results obtained from the SCB tests with a single notch depth were not found to
be able to rank the fracture resistance of Superpave mixtures in a consistent order.

e Superpave mixtures with larger NMAS were found to have better fracture resistance.

e Superpave mixtures with softer asphalt binders were found to have more fracture
resistance.

Figure 2.11: SCB test apparatus (Wu et al. 2005).
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Table 2.2: Project information and mixtures designation (Wu et al. 2005)
Agoregate

Project Mixture . _ Mix
RU{J,te Type Bunder Type };“nii)s Type Gradation Nacsin Designation
LA 361 WwC PGT0-22M* 19 Granite Fine 75 361W
LA 191 WwC PGT70-22M 19 Rhyolite Fne 75 191W
LA ST4 WC PGT70-22M 19 Limestone Coarse 75 874W
LA 121 BC AC-30 19 Limestone Coarse 97 121B
LA 22 BC AC-30 19 Limestone Coarse 97 22B
LA 4 BC AC-30 25 Limestone Coarse 97 4B
Us 61 WC PAC-40 19 Limestone Coarse 109 61 W
Us 61 BC PAC-40 25 Limestone Coarse 109 61B
Us 90 BC PAC-40 25 Limestone Coarse 109 S0B
Westhank WC PAC-40 19 Limestone Coarse 125 WEW
Express
I-10 WC PGT6-22M 19 Limestone Coarse 125 10W
I-49 WC PGT6-22M 19 Limestone Coarse 125 49W
I-12 WC PGT6-22M 19 Limestone Coarse 125 12W

*M = polymer-modified binder; WC = wearing course; BC = binder course.

24 FATIGUE CRACKING MODELS

The prediction of fatigue cracking is based on the cumulative damage calculated as the ratio of
predicted number of traffic repetitions to the allowable number of load repetitions (fatigue life).
The fatigue life of an asphalt mixture is influenced by factors such as binder type, binder content,
aging, air void content, climate, and traffic. This section summarizes various models developed
to predict the fatigue performance of asphalt mixtures.

2.4.1 Mechanistic-Empirical Pavement Design Guide (MEPDG) Models

Miner’s law is one of the most basic recursive-incremental damage accumulation method used in
fatigue cracking prediction (Miner, 1945). It is based on the cumulative damage theory and
defined as the ratio of number of cycles applied at each stress level to the number of cycles to

| failure, as shown in Equation 2.3. For fatigue cracking, number of cycles to failure in Miner’s
law is defined as the number of repetitions to fatigue cracking or allowable number of
repetitions. In mechanistic-empirical (ME) pavement design, number of repetitions to fatigue
cracking are calculated for all trucks on a highway section with different loads, speeds, and
temperatures via transfer functions developed by using laboratory fatigue cracking test results.
Then, damage created by a specific axle for a specific time interval (using load, speed, and
temperature for the corresponding time interval) is calculated by dividing 1 by the calculated
number of repetitions to fatigue cracking. By summing up calculated damage created by all truck
axles for a specific design period by considering variable traffic, climate, and changing material
properties, total accumulated damage for the design period can be calculated. Fatigue cracking is
assumed to occur when the accumulated damage value reaches a value of “1’.
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Y= 2.3)

bnplop)
Where,
An; = number of cycles applied at each stress level ;.
N¢ = number of cycles to failure at stress level o;.

The most common type of model used to predict the number of load repetitions required for
initiation of fatigue cracking is a function of the tensile strain and stiffness of the mix. General
form of the number of load repetitions equation (transfer function) used in MEPDG is shown in
Equation (2.4 (Witczak et al. 2004).

ko k3

= (5" )
Where:
N¢ = Number of repetitions to fatigue cracking.
&t = Tensile strain at the critical location.
E = Stiffness of the material.
ki, ko, k3 = Laboratory regression coefficients.
C = Laboratory to field adjustment factor.

Constant stress and constant strain are two test loading types that are used for fatigue
characterization. In constant stress tests, applied load remains constant and with increase in
number of load repetitions, tensile strain increases. In constant strain tests, strain remains
constant and with increase in load repetitions, stiffness of the material reduces and so is the stress
to maintain the same strain. These phenomena are shown in

Figure 2.12.
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Figure 2.12: (a) Constant Stress Test and (b) Constant Strain Test (Witczak et al. 2004).

The Shell Oil (Bonnaure et al. 1980) and the Asphalt Institute (MS-1 1982) models are the most
commonly used fatigue cracking models. Although, general form of each model is similar to the
| mathematical model shown in Equation (2.4, the difference is in the laboratory regression

Number of Cycles

(b)

coefficients and the laboratory to field adjustment factor.

2.4.1.1 Shell Oil Model

The Shell Oil Co. has developed fatigue damage prediction equations by laboratory
fatigue testing with constant strain and constant stress methods. The Equations (2.5 and

(2.6 are summarized as follows (Bonnaure et al. 1980) :

Constant Strain:

Ny = Af[0.17PI — 0.0085P1(V},) + 0.0454V,, — 0.112]°g,SE~14
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Constant Stress:

Ny = Af[0.0252P] — 0.00126PI(V}) + 0.00673V}, — 0.0167]°g, SE~14 (2.6)
Where:
PI = Penetration index = 20-5004
1+504

log(pen at T;)-log(pen at T,)

A = temperature susceptibility

T, — T,
As = laboratory to field adjustment factor

T:1&T, = temperatures in °C at which penetrations are measured
Vb = effective binder content (%)

€t = Tensile strain at the critical location

E = Stiffness of the material

Generally, the constant stress method is used for asphalt pavements with layer
thicknesses more than 8 inches while constant strain method is considered applicable to
thin asphalt pavement layers with thicknesses less than 2 inches. But there was no
relationship for intermediate thicknesses, which are more common in flexible pavement
constructions. Hence, a numerical transition approach was developed by Witczak et al.
(2000) to overcome this problem. The generalized Shell Qil fatigue equation (Equation
(2.7) improved by Witczak et al. (2000) is given as:

13,909E7%4 — 1

Ny = Af(1 1+ oxpl395ha: 5408 (0.0252PI — 0.00126PI1(V,) + 0.00673V,
N 27)
— 50 _
0.0167) (E) 5)

Where:
As = laboratory to field adjustment factor
Nac = thickness of asphalt concrete layer in inches

2.4.1.2 Asphalt Institute (MS-1) Model

The Asphalt Institute’s fatigue model is based upon the modifications to constant stress
laboratory fatigue criteria. The model developed by Witczak et al. (MS-1 1982) utilized

27



the basic fatigue relationship developed by Hudson et al. (1968). Developed MS-1 model
is given below in Equation (2.8:

3.291 0.854
1

(&)

Ny = 0.00432C (—)

€t
C = 10M (2.8)
M =4 84( Wy 69)
T\t
Where:
Vp = effective binder content (%).
V, = air voids (%).

Both Shell Oil model and MS-1 model are of the same form, but the coefficients for the
MS-1 model are smaller when compared to the Shell Oil model. The reason behind this
was that the Shell Oil model was based upon only laboratory testing whereas the MS-1
model was based upon actual field calibration studies.

2.4.2 Continuum Damage Models

Phenomenological and mechanistic approaches are two major practices for fatigue
characterization of asphalt mixtures. The phenomenological approach uses the initial response of
the mixture to predict fatigue life and does not account for the evolution of damage throughout
the design life. The introduction of fracture mechanics into the mechanistic approach allowed the
consideration of fatigue damage growth in asphalt pavement performance prediction. Although
this approach is quite complex when compared to the phenomenological approach, it includes a
wide range of more realistic loading and environmental conditions and hence can be considered
to be a better tool in assessing the fatigue life of pavement structures. The following sections
present important continuum damage models that are developed to predict the fatigue life of
asphalt mixtures.

2.4.2.1 Continuum Damage Mechanics-Based Fatigue Model

Schapery (1990) developed a model to evaluate the mechanical behavior of elastic media
with growing damage and other changes in structure. Asphalt mixture being a
viscoelastic material, Lee et al. (2000) replaced the linear strain with a parameter called
pseudostrain, a quantity calculated from actual time dependent strains, to eliminate the
hysteretic behavior due to linear viscoelasticity (Equation (2.9). The pseudostrain
accounts for the time-temperature dependent properties of viscoelastic materials through
the convolution integral so that damage is evaluated independent of viscoelastic effects.
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1 t d
eR = - J,E(1- T)d—j dt (2.9)

Where,
Er = reference modulus (typically 1),
E(t, 1) = relaxation modulus

The simulated stress-pseudostrain behavior revealed the following three important
characteristics of damage growth:

e Nonlinearity of loading and unloading paths in every cycle
e Change in slope of each stress-pseudostrain cycle as cyclic loading continues
e Accumulation of permanent pseudostrain in the controlled-stress method

A single parameter called the secant pseudostiffness ST was used to represent the change
in slope of stress-pseudostrain loops and is defined as:

SR = ;—mR (2.10)
Where:
em- = peak pseudo strain
Om = stress corresponding to st

The generalized form of the constitutive model is presented below:

o =I1(e,R)[F + G + H] (2.11)

Where:

initial pseudostiffness

€e effective pseudostrain
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F&H = functions to characterize the change in pseudostiffness due to damage
growth and micro damage healing respectively

G = function to account for the difference in stress values for loading and
unloading paths

The development of continuum damage mechanics-based fatigue model is based on the
constant strain testing because fatigue performance prediction is dependent upon accurate
modeling of the change in pseudostiffness as a function of loading cycles, and only F and
H are required to predict the number of cycles to failure (Nf). The number of cycles to
failure of an asphalt mixture subjected to a cyclic loading with M number of rest periods
is expressed as:

Nf,Total = Nf,w/oRP + Zﬁ\ilANf,i (2.12)
Where:
Nt wiorp = Nt from a fatigue test without rest.
AN = increase in N¢ due to the ith rest period.

2.4.2.2 Simplified Viscoelastic Continuum Damage (S-VECD) model

Continuum damage theories characterize a material using the net effect of microstructural
changes on observable properties. It employs the instantaneous pseudo secant modulus to
assess the material’s integrity. Kim and Little (1990) applied Schapery’s (1987) nonlinear
viscoelastic constitutive theory to describe the behavior of sand asphalt under controlled
strain cyclic loading. Later, Lee and Kim (1998) demonstrated that this theory can also
describe the behavior of asphalt concrete under both controlled stress and controlled
strain cyclic loading. The concepts which define the VECD model are (Underwood et al.
2010):

e the elastic-viscoelastic correspondence principle based on pseudo strain (g"),
e work potential theory for modelling the effects of micro cracks, and

e the time-temperature superposition principle to include the joint effect of time and
temperature.

The functional forms to characterize the S-VECD model are as shown in Equations (2.13
to (2.15 (Underwood et al. 2012).
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2€0,tqR XDMR p
ds =
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(dStransient)timestepj = (__ ( R)j )1+ (Af)ju'“ f < fp (2 15)
) :
DMR a 1ta
(dSCyClic)cyclei = (__ OtaR) >1+ [ANi X fp X Kl]l"'“ &> fp
(
Where,
ef = pseudostrain,
€ = strain,
E(&) = linear viscoelastic relaxation modulus,
T = integration term,
1 = reduced time,
& = reduced pulse time,
€0,0p = peak-to-peak strain magnitude,
Cota” = pseudostrain tension amplitude,
Go,pp = peak-to-peak stress magnitude,
B = load form factor,
ds = increment of damage growth,
AG;j = finite difference between C-values at consecutive time steps j and
J-1,
AC; = finite difference between C-values at cycle i and i-AN,
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A§ = finite difference between reduced time at consecutive time steps j

and j-1,

AN = number of cycles between calculation steps for cyclic portion,
Ky = loading shape factor,

DMR = dynamic modulus ratio, and

a = damage evolution rate.

This S-VECD model is rearranged in the traditional fatigue relationship in order to
predict the number of cycles to failure (N) and the final form is shown in Equation (2.16.

(fred) (Za) (Sfailurea_ac12 +1)

Nr = (@=aCy2+1)(C11C12)%[(B+1) (0.pp) (EI* 1yi) | (K1) (2.16)
Where:
fred = fX o,
f = loading frequency (Hz),
IE["Lve = linear viscoelastic relaxation modulus,
Stailure = failure damage.

2.4.3 Parameters to Evaluate Fatigue Cracking Performance
2.4.3.1 Paris Law of Crack Propagation

Paris and Erdogan (1963) characterized sub-critical crack growth under fatigue loading
using the stress intensity factor. Paris’ law is written as:

& = cak™ (2.17)
Where:
da/dN = crack growth rate
AK = stress intensity factor
Candm = material parameters
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Paris’ law is only valid for uniaxial loading and linear elastic fracture mechanics (LEFM)
conditions. Zhang et al. (2001) determined that Paris law does not incorporate all aspects
associated with the mechanism of cracking of asphalt mixtures and hence a concept
involving threshold as a failure criterion is required to understand the initiation and
propagation of cracks.

2.4.3.2 Dissipated Energy Approach

The four point bend test uses dissipated energy approach to characterize fatigue damage.
Under simple loading, crack initiation in an asphalt mixture is a function of stress or
strain and can be expressed as (Monismith et al. 1994):

1\° 1\4
Ny =a (—) or Ny =c (—) (2.18)
o €
Where:
Nt = number of load applications to crack initiation
o, € = tensile stress and strain, respectively, and
a,b,cd = experimentally determined coefficients

The stress and strain in the above equation were replaced with the energy dissipated
during an initial loading cycle, wo.

f
Ny =e (WL) (2.19)
Where:
e f = experimentally determined coefficients

Further study established a relationship between number of cycles to failure and
cumulative dissipated energy and is given as:

Wy = A(N;)” (2.20)
Where:
Wy = cumulative dissipated energy to failure, and
Az = experimentally determined coefficients
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Although the above relationship is a good predictor of cycles to failure, it does not cater
for different types and conditions of testing. It was identified that these relationships are
different for different mixes and are a function of test temperature and mode of testing.

2.4.3.3 Critical Strain Energy Release Fate

The semi-circular bend (SCB) test uses the concept of critical strain energy release rate to
characterize fatigue damage. The linear-elastic fracture mechanics (LEFM) defines the
strain energy release rate (G) of a cracked member under Mode | displacement mode as:

2
G- -(@E-t 221

Where:

b = thickness of the specimen

a = the notch depth

U = the strain energy to failure

K = stress intensity factor

E’ = Young’s modulus

The concept of LEFM was extended to accommodate elasto-plastic behavior of materials,
such as asphalt mixtures, using the J-integral. J-integral is the line integral around the
crack and is equal to strain energy release rate for a crack in a body subjected to loading.
The critical value of J-integral or the fracture resistance, Jc, is determined with the
following equation (Rice, 1968):

Jo = _(l)d_” (2.22)

b/ da

2.4.3.4 Pseudo Strain Energy Release Rate

The S-VECD test uses the pseudo strain energy release rate to characterize fatigue damage. In a
viscoelastic continuum damage model, the basic equations required for the damage theory are
(Underwood et al. 2010):

e the pseudo strain energy density function,
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WR = f(eR,S) (2.23)

e the stress-pseudo strain relationship,

R
_w (2.24)
OeR
e the damage evolution law,
ds SWR\®
— = (- (2.25)
dt éS
Where:
o = stress,
&R = pseudo strain,
S = internal state variable representing damage,
o = damage evolution rate.

2.5 PREDICTION OF FIELD FATIGUE CRACKING PERFORMANCE
USING LABORATORY TEST RESULTS

2.5.1 Bending Beam Fatigue Test

Tayebali et al. (1992) established a practical and relatively simple approach for predicting fatigue
behavior of asphalt mixtures by laboratory testing. Four point bending tests were conducted with
laboratory-mixed laboratory-compacted beam specimens with a loading time of 0.1 second. For
the controlled-stress tests, a step loading pattern was applied while a haversine loading pattern
was used for the controlled-strain tests. For the controlled-stress tests, the number of load
repetitions until failure were recorded while in controlled-strain tests, the number of load
repetitions at which the specimen experienced a stiffness reduction of 50% were recorded. Figure
2.13 shows the estimated versus observed fatigue lives for specimens tested under controlled-
stress and controlled-strain conditions.
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Figure 2.13: Estimated versus observed fatigue lives (Tayebali et al. 1992).

The following conclusions were made in this study:

For a controlled-stress test, the estimated fatigue lives were greater than the observed
fatigue lives. The R? for the correlation between estimated and observed fatigue lives
was calculated to be 0.8.

For a controlled-strain test, the estimated fatigue lives were smaller than the observed
fatigue lives. The R? for the correlation between estimated and observed fatigue lives
was calculated to be 0.88.

It was observed that the number of cycles to failure versus the cumulative dissipated
energy relationship is dependent upon the mode of loading and temperature as shown

in the Figure 2.14.
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Figure 2.14: Effect of mode of loading and temperature (Tayebali et al. 1992)

2.5.2 Indirect Tension Test

Zhang et al. (2001) carried out a study with an objective to determine the correlation between
laboratory-measured crack growth rates and the field performance. In this study, eight field
sections comprising of two Superpave coarse mixtures, and two Superpave fine mixtures were
used. A total of 225 field cores were collected from these sections to obtain mixture properties.
In addition, specimens were compacted using Superpave gyratory compactor and all aggregate
and volumetric requirements of Superpave were met. These samples were tested for resilient
modulus, creep compliance, and strength tests at -10°C, 0°C, and +10°C using Superpave
indirect tension test (IDT). Crack growth rate (da/dN) parameters developed by Roque et al.
(1999) were used in the analysis.

From this study, the following conclusions were made:

e The laboratory-measured crack growth rates did not correlate well with field
performance. Also, it was observed that laboratory age hardening appeared to reduce
the crack growth rate of the Superpave mixtures, which is not quite realistic.

e |t was observed that fracture energy density and resilient modulus had no effect on
crack growth rate observed in the laboratory, contrary to the fact that fracture energy
density is an effective indicator of field cracking performance of asphalt pavements.

e |t was concluded that Paris law, one of the first and most widely used fatigue crack
propagation criteria, does not incorporate all aspects involved in the mechanism of
cracking of asphalt mixtures subjected to generalized loading conditions.

2.5.3 Simplified Viscoelastic Continuum Damage (S-VECD) Test

Underwood et al. (2012) used the S-VECD-FEP++ model to predict the fatigue behavior of the
FHWA Accelerated Load Facility (FHWA ALF) pavements. The ALF experiment had 12 lanes
of different asphalt concrete mixtures. The pavement structure consisted of 100 mm hot mix
asphalt overlaid on 560 mm crushed aggregate base on top of a compacted A-4 subgrade soil.
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The lanes that had the control mixture, the styrene butadiene styrene-(SBS) modified mixture,
crumb rubber terminal blend mixture (CRTB), and ethylene terpolymer mixture were tested in
this study. Figure 2.15 shows the comparisons of fatigue performances between S-VECD-FEP++
simulations and ALF measurements. In the ALF experiments, the failure was defined as the
cycle at which 20 % of the lane had cracked while in the simulations, failure was defined as the
cycle at which element reaches a pseudostiffness value of 0.25. Two comparisons were made in
this study: one with terpolymer and the other without terpolymer. The correlation observed
between the measured and predicted failures was quite good in the case where terpolymer lane
was not considered. However, it should be noted that R value for the correlation between field
and laboratory measurements might be high (0.954) as a result of the limited number of data
points available for comparison.
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Figure 2.15: Comparison of FEP++ predicted and measured fatigue life of FHWA ALF
mixtures (Underwood et al. 2012).

2.5.4 Semi-Circular Bend Test

Mohammad et al. (2012) carried out a study to evaluate the effectiveness of semi-circular bend
(SCB) test for predicting fatigue cracking performance of asphalt pavements by analyzing the
relationship between the results obtained from the laboratory prepared asphalt mixtures and the
field performance of asphalt pavements. In this study, nine field projects were considered. At the
time of construction, the critical strain energy release rate (J;) of plant mixed-laboratory
compacted asphalt mixtures were measured by SCB testing at an intermediate temperature of
25°C. Also, the corresponding cracking data were collected from Louisiana pavement
management system database. Finally, a regression analysis was performed to determine the
relationship between SCB and field cracking performance. Figure 2.16 portrays the correlation
between J. values and cracking rates. It was observed that cracking rates decreased as J. value
increases. Therefore, from this study it was concluded that SCB measured J. values demonstrated
a good correlation with the field cracking performance data at intermediate service temperatures.
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Figure 2.16: Correlation between cracking rates of pavement sections and J. values from
SCB tests (Mohammad et al. 2012).

26 SUMMARY

A review of the literature indicated that cracking (especially top-down) is the major distress
mode in Oregon and the U.S. According to the literature, binder content, air-void content
(density), surface aging, and binder grade are the most important factors affecting asphalt
pavement cracking performance. Aggregate gradation and mixture segregation are the other two
factors that influence crack resistance.

Harvey and Tsai (1996) suggested that 0.5% increase in binder content can result in a 10 to 20
percent increase in overlay fatigue life while Williams and Shaidur (2015) suggested to increase
design binder content of asphalt mixes in Oregon by about 0.25% to increase the cracking
resistance of the mixture and reduce top-down cracking. Harmelink et al. (2008) showed that
increasing the binder content could create a reduction in segregation and consequently reduce
top-down cracking occurrence. Although increasing mix binder content can be accepted to be a
viable strategy for increasing asphalt mix fatigue life, increased binder content tends to create a
softer mix with lower rutting resistance. In addition, increasing binder content increases the unit
cost of asphalt mixes. Thus, the impact of increased binder content on crack resistance, rutting
performance, and segregation should be investigated. By using mechanistic-empirical design
methods and life-cycle cost analysis, cost benefits of increasing asphalt binder content should be
quantified and evaluated.

In general, results of previous studies suggested higher crack resistance for asphalt mixes with
finer gradations. In all the reviewed literature, using fine gradation with increased binder content
increased crack resistance by increasing ductility, reducing air-void content, and reducing
segregation. It was also suggested that adequate balance between volumetric characteristics of
mixtures and the amount of raw materials (binder, aggregate, filler, and additives) is crucial for a
proper mix design. Literature review also showed that the effect of binder grade, binder content,
and modification on fatigue performance is significantly higher than the influence of aggregate
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type. Thus, effect of aggregate type on cracking performance will not be investigated in this
study.

Based on the previous studies, it can be concluded that laboratory fatigue performances of
modified asphalt mixtures were higher than the laboratory fatigue performances of mixtures with
unmodified asphalt binders. In general, polymer modified asphalt mixtures have fatigue lives
about an order of magnitude higher than unmodified asphalt mixtures. It was also determined
that polymer and rubber modification can create significant improvements in performance.
However, high cost of modified binders prevented the widespread use of this technology in
development of high performance asphalt mixes. The cost advantage of binder modification
should be quantified and evaluated by using mechanistic-empirical modeling and life-cycle cost
analysis.

In this study, bending beam fatigue (BBF), indirect tension (IDT), direct tension cyclic fatigue
(RDT), direct tension cyclic fatigue (DTCF), and semi-circular bend (SCB) tests are the
experiments investigated to understand the applicability of these test procedures to be used for
mix and structural design in Oregon. Although the correlation between field and lab-measured
cracking performance for the DTCF test (Underwood et al. 2012) was determined to be high with
an R? value of 0.954, limited number of field sections used in the study suggests a more
comprehensive evaluation with additional field sections. Comparison of results from BBF and
SCB experiments with measured field cracking performance showed that these tests can provide
parameters that are highly correlated with field performance (Tayebali et al. 1992, Mohammad et
al. 2012). However, effectiveness of these tests in characterizing Oregon mixes for different
climate regions and traffic levels needs to be investigated. In order to determine the most feasible
test method and analysis protocol to be used in district and contractor laboratories in Oregon,
accuracy, precision, time, cost, efficiency, and practicality of different cracking tests should be
evaluated.
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3.0 IMPLEMENTATION OF PERFORMANCE TESTER TO
EVALUATE FATIGUE CRACKING OF ASPHALT CONCRETE

3.1 INTRODUCTION

Fatigue cracking is one of the most predominant modes of pavement distress. It occurs due to
repeated traffic loading, particularly by heavy axle loads of trucks. It has been observed that the
pavements constructed in Oregon over the last two decades are failing prematurely by fatigue
cracking. The use of recycled materials, polymers and modified binders in the asphalt mix have
altered the performance of the mixtures. Hence, volumetric properties considered in the mix
design stage are not sufficient on their own to evaluate the fatigue performance of asphalt
mixtures. Therefore, a more comprehensive laboratory evaluation tool is necessary to understand
the behavior of paving mixtures.

Several tests are being used around the world to characterize the cracking resistance of asphalt
mixtures. Based on a comprehensive literature review (Chapter 2.0), four cracking tests were
chosen in this research study as candidate experiments. The Semi-Circular Bend (SCB) test,
Indirect Tension (IDT) test, Bending Beam Fatigue (BBF) test and Direct Tension Cyclic Fatigue
(DTCEF) test are the most commonly used test methods used to evaluate the fatigue performance
of asphalt mixtures. The four chosen tests were evaluated for:

e Simplicity: Factors such as sample preparation, testing difficulty and required testing
time;

e Sensitivity to mix design parameters: Ability of the tests to identify the impact of
fundamental mixture properties, such as binder content, binder type, air void content,
polymer modification and recycled materials, on measured performance;

e Correlations to field performance: Ability of the tests to identify field sections with
high and low cracking performance;

e Test variability; and
e Cost involved in implementation.

In this part of the study, the effectiveness of each laboratory experiment was first evaluated by
comparing test results from PMFC-OId (plant mixed and field compacted - cores from field
sections) specimens to the measured in-situ cracking performance of roadway sections. Second,
the agreement between the results of different experiments was determined. The major purpose
was to determine the effectiveness of different testing methods in identifying the cracking
performance of pavements with different mixture properties. Another purpose of this part of the
study was to determine the cracking and rutting resistance of Mix 1 (PG70-22ER-Fine
gradation), Mix 2 (PG70-22ER-Coarse gradation) and Mix 3 (PG70-22-Coarse gradation), which
are asphalt mixtures that are now commonly used in Oregon for pavement construction. Finally,
the impact of compaction [(field compaction and Superpave Gyratory Compactor (SGC)] and
mixing (laboratory and plant mixing) on cracking test results were determined.
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3.2 OBJECTIVES

The major objectives of this part of the study are as follows:

Determine the agreement between the results of different experiments;

Determine the effectiveness of different testing methods in identifying the in-situ
cracking performance of pavements with different mixture properties;

Determine the cracking and rutting resistance of Mix 1 (PG70-22ER-Fine gradation),
Mix 2 (PG70-22ER-Coarse gradation) and Mix 3 (PG70-22-Coarse gradation) asphalt
mixtures that are now commonly used in Oregon for pavement construction;

Determine the correlations between SCB, IDT, BBF and DTCF test results and
measured field performance data;

Select the best cracking experiment by considering testing time, cost, efficiency,
complexity and practicality for use in district and contractor laboratories in Oregon;
and

Determine the effect of mixing (laboratory and plant mixing) and compaction method
(field roller compaction and laboratory gyratory compaction) on the results of the
selected cracking experiment.

3.3 MATERIALS

This section provides information about virgin binders, virgin aggregates and RAP aggregates
used in this study. All the materials were obtained from local sources. In this study, three types
of asphalt samples were used for testing and evaluation:

Plant Mixed-Field Compacted (PMFC) samples: These are samples taken from
various highway sections and used for laboratory specimen production. Parameters
obtained from PMFC samples were expected to reflect actual field performance.
However, since control on production variability and compaction is limited for PMFC
mixtures, binder content, gradation, RAP content and air-void content can vary from
target values.

Laboratory Mixed-Laboratory Compacted (LMLC) samples: The aggregates, virgin
binders and RAP material used to produce asphalt mixtures for field construction
were sampled from the Lakeside Industries plant in Portland, Oregon (Figure 3.1).
These materials were used to produce LMLC samples at the Asphalt Materials
Performance Laboratory at Oregon State University. Although laboratory compaction
and mixing methods are different from plant mixing and field compaction methods,
the binder content, gradation, RAP content and air-void content can be accurately
controlled to achieve target values for LMLC samples. In addition, specimens with
air-void contents, binder contents and gradations that are different from the plant
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production were prepared in this study to determine the impact of these factors on
cracking and rutting resistance of asphalt mixtures.

e Plant Mixed-Laboratory Compacted (PMLC) samples: Before construction, loose
asphalt mixtures were collected from the Lakeside Industries plant to produce PMLC
samples in the laboratory. Although PMFC samples are expected to provide more
realistic test results reflecting actual in-situ performance, compaction variability and
limited layer thickness for laboratory test specimen production required plant
sampling of production mixtures and compaction in the laboratory for specimen
production.

In this study, production mixtures were collected from the plant before construction to produce
PMLC specimens. Aggregates, binders and RAP materials used to produce the plant mixtures
were also sampled from the plant before construction to use for LMLC specimen production in
the laboratory. PMFC samples were collected (cored) from the roadway sections constructed
with these production mixtures. PMFC-OIld samples were collected from four different highway
sections (two sections with no cracking and two sections with cracking) to conduct different
cracking experiments in order to determine the effectiveness of each experiment in identifying
the cracking resistance.

Three different asphalt mixtures were used in this study. Mix 1 (M1) was comprised of 3/8”
nominal maximum aggregate size (NMAS) aggregates (fine gradation), 20% RAP and PG 70-
22ER (polymer modified binder) grade virgin asphalt binder. The binder content of M1 was 6%
by total weight. Mix 2 (M2) was comprised of 1/2” NMAS aggregates (coarse gradation), 20%
RAP and PG 70-22ER (polymer modified binder) grade virgin asphalt binder. The binder content
of M2 was 5.3% by total mixture weight. Mix 3 (M3) was comprised of 1/2” NMAS aggregates
(coarse gradation), 20% RAP and PG 70-22 (no polymer modification) grade virgin asphalt
binder. The binder content of M3 was 5.3% by total mixture weight. The gradation curves for
M1, M2 and M3 are presented in Figure 3.2 and Figure 3.3. The asphalt mix designs for the three
mixtures are provided in 0. It should be noted that mixture properties for M2 and M3 are
identical other than the binder type. M2 has a polymer modified binder (PG70-22ER) while the
binder for M3 (PG70-22) has no modification.
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Figure 3.1: Asphalt mix sampling at the production plant.
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Figure 3.2: Gradation curve for Mix 1 obtained from the plant.
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Figure 3.3: Gradation curve for Mix 2 and Mix 3 obtained from the plant.

Gradation, binder content and theoretical maximum specific gravity (Gmm) of RAP materials
were provided by Lakeside Industries (0). AASHTO T 308-10 was followed for binder
extraction and RAP content measurements. The quantity of binder in RAP materials for Mix 1
was determined as 5.26% while binder content of the RAP used for Mix 2 and Mix 3 production
was 5.1%. AASHTO T 30-10 was followed to determine the gradation of extracted RAP
aggregates. For five samples of RAP materials for Mix 1, Mix 2, and Mix 3, RAP aggregates
were extracted and their gradations were determined, as shown in Table 3.1 and Table 3.2,
respectively. Then, to obtain the final RAP aggregate gradation, the percent passing the #200
sieve was reduced by 1 percent. This correction was applied due to the aggregate breakdown in
the ignition oven test (AASHTO T 30-10). Detailed information about the RAP gradations,
binder contents and theoretical specific gravities are given in 0.

45



Table 3.1. RAP Aggregate Gradations-Mix 1

. Sample | Sample | Sample | Sample | Sample Final
Stockpile | *P | PR ] PP T TS | Average | G ation

S’S'?Z\;e Percentage Passing
3/4" 100.0 100.0 100.0 100.0 100.0 100.0 100.0
1/2" 100.0 100.0 100.0 100.0 100.0 100.0 100.0
3/8" 96.1 97.2 97.3 96.3 96.9 96.8 96.8
1/4" 79.7 79.6 77.8 77.0 78.0 78.4 78.4
#4 68.8 67.7 64.9 64.1 66.6 66.4 66.4
#8 46.9 45.6 43.3 43.1 46.5 45.1 45.1
#16 32.8 31.7 30.8 30.8 31.2 315 315
#30 24.3 23.9 23.3 23.7 23.8 23.8 23.8
#50 175 17.5 17.1 17.7 174 17.4 174
#100 13.1 12.8 12.4 13.1 13.2 12.9 12.9
#200 9.7 9.4 9.1 9.4 9.6 9.4 8.4

Table 3.2. RAP aggregate gradations-Mix 2 and Mix 3

. Sample | Sample | Sample | Sample | Sample Final
Stockpile | 4P | FOPE ] TP T T | Average | raation

SSI?Z\;e Percentage Passing
3/4" 100.0 100.0 100.0 100.0 100.0 100.0 100.0
1/2" 97.0 97.5 96.8 97.9 98.7 97.6 97.6
3/8" 88.0 86.1 87.7 89.7 89.9 88.3 88.3
1/4" 69.6 68.8 69.9 70.5 70.5 69.9 69.9
#4 59.9 59.3 59.4 59.0 60.4 59.6 59.6
#8 421 415 42.6 41.8 41.8 42.0 42.0
#16 31.1 30.6 31.6 31.2 30.6 31.0 31.0
#30 24.1 23.6 24.6 24.1 23.7 24.0 24.0
#50 17.6 17.1 18.0 174 17.6 17.5 17.5
#100 12.8 12.4 13.2 12.7 12.9 12.8 12.8
#200 9.5 9.3 10.1 9.6 9.7 9.6 8.6
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34 EXPERIMENTAL DESIGN

3.4.1 Experimental Design for Plant Mixed-Field Compacted Specimens

In this part of the study, the effectiveness of each laboratory experiment was evaluated by
comparing test results from PMFC-OId specimens to the measured in-situ cracking performance
of roadway sections. For this purpose, test samples for laboratory testing were collected from
two field sections with high cracking resistance (sections with no cracking) and two with low
cracking resistance (sections with severe cracking). The general experimental design is given in
| Table 3.3. Field specimens were collected from the following sections: Sections US20-U and
OR99-U with no cracking and sections OR99W-C and OR99EB with severe cracking. The
Pavement Management System (PMS) Data Sheets for these four sections are presented in 0.
DTCEF tests were not carried out with field specimens since it was not possible to obtain 6-inch-
tall specimens from field sections due to limited layer thicknesses. All the field cores and
| samples were taken along the wheel path as shown in Figure 3.4.

Table 3.3: Experimental Plan for Plant Mixed Field Compacted (PMFC) samples

Mix Strain . Total Total
Testtype Type Temp. levels Replicates Tests | specimens
Beam
fatigue secti40nsl 20°C 4t(30'n 3 12 12
(BBF) pstral
SCB 4 25°C N/A 9 36 20
sections
IDT 4 25°C N/A 6 24 24
sections
Resilient | 4 1 run N/A 5 20 0’
modulus | sections

Note:
! Four sections from ODOT SPR734 (Williams and Shaidur 2015):
1. Section with no cracking: US20-U - OR22:Sublimity Intchg Sect (RW2-WB): High traffic
2. Section with no cracking: OR99-U - OR99: Junction City 1: High traffic
3. Section with cracking (9,300ft/mile): OR99W-C - OR 99W:Brutscher St-Jct Hwy 151: High
traffic
4. Section with cracking (15,420ft/mile): OR 99EB: Jct Hwy 001-Comm. St.; High traffic
? Resilient modulus tests were conducted with IDT specimens. Thus, no extra specimens were cut for
resilient modulus testing.
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(d)

Figure 3.4: Field sampling (a) Cores for SCB and IDT tests (b) Slab samples for BBF test
(c) Cutting field slabs to produce blocks that can fit the lab saw (d) Cutting field
blocks.

3.4.2 Experimental Design for Plant Mixed - Laboratory Compacted
Specimens

In this part of the study, the agreement between the results of different experiments was
determined. The major purpose was to determine the effectiveness of different testing methods in
identifying the cracking performance of pavements with different mixture properties. Another
purpose of this part of the study was to determine the cracking and rutting resistance of Mix 1
(PG70-22ER-Fine gradation), Mix 2 (PG70-22ER-Coarse gradation) and Mix 3 (PG70-22-
Coarse gradation) asphalt mixtures that are now commonly used in Oregon for pavement

| construction. Table 3.4 shows the experimental plan followed in this part of the study. In order to
evaluate the effectiveness of each experiment, three mixes with different cracking performance
(Mix 1, Mix 2 and Mix 3) were used. Loose asphalt mixtures were sampled from the plant and
stored in air-tight buckets. Since mixes were sampled during construction, the possibility of
using cracking test results from production mixtures to predict long-term cracking performance
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can be determined in a future study. Cracking performance of these sections can be monitored
over the next 4-5 year period to evaluate the correlations between predicted performance
(laboratory testing) and long-term in-situ performance.

Table 3.4: Experimental Plan for Plant Mixed Laboratory Compacted (PMFC) samples

Note:

Mix Strain . Total
Test type Type Temp. levels Replicates Tests
M1
Beam 1 \p | 20°C 400 g 9
fatigue M3 ustrain
M1
DTCF M2 20°C 200 . 2 6
M3 ustrain
M1
SCB M2 25°C N/A 9 27
M3
M1
IDT M2 25°C N/A 6 18
M3
.| M1
Dynamic M2 1 run? 100_ 5 6
modulus M3 ustrain
Flow M1 0
number M2 54.7°C N/A 2 6
M3

! M1: Mix 1-PG70-22ER-Fine gradation

M2: Mix 2-PG70-22ER-Coarse gradation

M3: Mix 3-PG70-22-Coarse gradation
2 Samples were tested at temperatures of 4 °C, 20 °C, and 40 °C and the loading frequencies of 0.1, 0.5, 1, 5,
and 10 Hz. A loading frequency of 0.01 Hz was also used for 40 °C tests.

3.4.2.1 from viscosity versus temperature plots for the binder provided by Owens
Corning. A sample Preparation of PMLC Specimens

Loose production mixes sampled from the plant were stored in airtight buckets. In the
laboratory, these buckets were then placed in the oven at 110 °C for 2 hours. With the
help of a mechanical splitter, uniform sampling of the mix was carried out as shown in
Figure 3.5. Theoretical maximum specific gravity (Gy,m) of each mix type was measured
to be able to determine the required amount of asphalt mixture to achieve 7% air-void
content. The required amount for different samples were weighed out and again kept in
the oven at the compaction temperature for 2 more hours. The mixing and compaction
temperatures were obtained from viscosity versus temperature plots for the binder
provided by Owens Corning. A sample mixing and compaction curve for PG 70-22ER is
presented in Figure 3.6. The binder properties are all presented in 0. Cylindrical samples
were compacted using a Superpave Gyratory Compactor (SGC) in accordance with the
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AASHTO T312-12 specification. The slab samples for BBF tests were compacted using a
hydraulic roller compactor (Figure 3.7).

~

Figure 3.5: Mechanical Splitting of Asphalt Mixtures
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Figure 3.6: Mixing and Compaction Curve for PG 70-22ER
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(b)

Figure 3.7: Laboratory Compaction; (a) Superpave Gyratory Compactor and cylindrical
specimens; (b) Roller Compactor and beam specimens

3.4.3 Experimental design for laboratory mixed-laboratory compacted
specimens

In this part of the study, the impact of compaction (field compaction and SGC) and mixing
(laboratory and plant mixing) on cracking test results (only SCB) were determined. PMFC
samples were collected (cored) from the roadway sections constructed with the production

| mixtures described in Section 3.4.2. Table 3.5 shows the experimental plan followed in this part
of the study. By comparing test results from PMFC and PMLC specimens, the impact of
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compaction on test results was quantified. By comparing PMLC test results to LMLC test results,
the impacts of mixing and batching (laboratory and plant) were determined.

Table 3.5: Experimental Plan to Investigate the Effect of Compaction and Mixing on
Cracking Results

Mix Temp Total

Test type Type Comp. ' Repl. Tests
SCB M2t | PMFC? | 25°C 6 6
SCB M2 PMLC? | 25°C 4 4
SCB M2 LMLC* | 25°C 4 4

Note: M2: Mix 2-PG70-22ER-Coarse gradation
2PMFC: Plant Mixed-Field Compacted;
*PMLC: Plant Mixed-Laboratory Compacted:
*LMLC: Laboratory Mixed-Laboratory Compacted.

3.5 TEST METHODS

Test methods followed in this study (SCB, IDT, BBF, DTCF, resilient modulus, DM and FN
tests) to evaluate cracking and rutting performance of asphalt mixtures are presented in this
Section.

3.5.1 Semi-Circular Bend (SCB) Test

SCB tests were conducted in this study to determine the cracking performance of asphalt
mixtures. The test method for evaluating cracking performance of asphalt concrete at
intermediate temperatures developed by Wu et al. (2005) was followed.

3.5.1.1 Sample Preparation

130 mm tall samples were compacted in the laboratory according to AASHTO T 312-12.
Two samples with the thicknesses of 57 £ 2 mm were cut from each gyratory compacted
sample using a high-accuracy saw (Figure 3.8a). Then the circular samples (cores) were
cut into two identical halves (Figure 3.8b) using a special jig designed and developed at
Oregon State University (OSU).

Wu et al. (2005) suggested performing tests on samples with different notch depths (25.4
mm, 31.8 mm and 38.0 mm). However, Ozer et al. (2016) and Nsengiyumva (2015)
showed that reducing the notch depth reduces the variability. A similar conclusion was
also derived based on the results of this study. For this reason, in this study, a 15 mm
notch depth was selected for sample preparation. A notch along the axis of symmetry of
each half was created with the table saw using another special cutting jig developed at
OSU (Figure 3.8c). Notches were 15 £ 0.5 mm in length and 3 mm wide.
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Figure 3.8: Cutting and Notching Procedure for SCB Sample Preparation

3.5.1.2 Testing

Tests were conducted at 25 °C with a displacement rate of 0.5 mm/min (AASHTO TP
105-13). Samples were kept in the chamber at the testing temperature for conditioning the
day before being tested. The flat side of semi-circular samples was placed on two rollers
(Figure 3.9). As a vertical load with constant displacement rate is applied on the samples,
the applied load is measured (AASHTO TP 105-13). The test stops when the load drops
below 0.5 kKN. Fracture energy (Gs), fracture toughness (K;¢), secant stiffness (S) and
flexibility index (FI) are the testing parameters obtained from this test. Procedures
followed to calculate these test parameters are given in the next section.
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Figure 3.9: SCB Loading Set-Up and Test

3.5.1.3 Parameters Obtained from SCB Test Results

This section describes the parameters obtained from SCB test results (displacement vs.
load curves) including fracture energy (Gy), fracture toughness (Kj¢), secant stiffness (S)
and flexibility index (FI).

e Fracture Energy (Gy)

Fracture energy (Gy) is obtained by dividing the work of fracture (Ws) by the ligament
area (Aj;g) as shown in Equations 3.1 to 3.3. As the G; increases, the work required for
crack initiation and propagation increases. Therefore, asphalt mixtures with higher G;
values are expected to show higher resistance to cracking (Ozer et al. 2016). Work of
fracture is the area under load versus displacement (P-u) curve (Figure 3.10). The test
stops when the load drops below 0.5 kN. The remainder of the curve is extrapolated to
estimate the area under the tail of the P-u curve. Wy is the sum of the area under the curve
obtained from the test (W) and the extrapolated tail area (Wy;;) as it is shown Figure
3.10.
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Figure 3.10: Load versus displacement (P-u) curve (AASHTO TP 105-13)

W is calculated as follows (AASHTO TP 105-13):

Gs= % 3.1
Alig
W= f P du 3.2
Ajig=(r-a)*t 3.3
Where:
G = fracture energy (kJ/m?),
We = work of fracture (kJ),
P = applied load (kN),
u = load line displacement (m),
Ayg = ligament area (m°),
r = sample radius (m),
a = notch length (m), and
t = sample thickness (m).
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The quadrangle rule is used to calculate the area under the curve obtained from the test
(W) using Equation 3.4 (AASHTO TP 105-13):

n
1
W= Z(uiﬂ'ui)*(Pi)"'z*(ui+1'ui)*(Pi+1'Pi) 3.4
i=1
Where:
P, = applied load (kN) at the i load step application,

P.,; =applied load (kN) at the i+1 load step application,
y; = load line displacement (m) at the i step, and
u;;; = load line displacement (m) at the i+1 step.

A power function with a coefficient of -2 is used to fit the post-peak part of the P-u curve
starting from the point at which the P value is lower than the 60% of the peak load. After
fitting the curve, the coefficient c is obtained using Equation 3.5 (AASHTO TP 105-13).
Then the area under the extrapolated tail portion (W,;;) is estimated using Equation 3.6
(AASHTO TP 105-13).

_C
p_F 35
Wta”—deu—f@ dU—u—C 3.6
Uc Ue

Where:
u = integration variable equal to load line displacement (m), and
u. = load line displacement value at which the test is stopped (m).

Consequently, total area under the curve (W) is obtained as follows (AASHTO TP 105-
13):

Wf:W+Wtai| 3.7

e Fracture Toughness (K;c)

Fracture toughness (Kjc) is the stress intensity factor at peak load. It shows how much
energy is required for crack formation. A higher K¢ value indicates higher brittleness of
mixtures. The following equations are used to compute K;c (AASHTO TP 105-13):
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Where:

Poeak = peak load (MN),

r = sample radius (m),
t = sample thickness (m),
a = notch length (m), and

Yi0s) = the normalized stress intensity factor (dimensionless).

e Secant Stiffness (S)

Secant stiffness (S) is the ratio of the peak load to the vertical deformation required to
reach the peak deformation. Higher values for S indicate higher resistance to crack
initiation and higher brittleness (Harvey et al. 2015).

S (KN/ Ay peak load 311
(KN/mm)= Ax  vertical deformation at peak load '

e Flexibility Index (FI)

Flexibility index (FI) is the ratio of the fracture energy (Gys) to the slope of the line at the
post-peak inflection point of the load-displacement curve (Figure 3.11). FI correlates with
brittleness, and it was developed for asphalt materials by Ozer et al. (2016). Lower FI
values show that the asphalt mixtures are more brittle and have a higher crack growth rate
(Ozer et al. 2016). Flexibility index is calculated as follows:

Gt

FI=A bstm)

3.12
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Where:
Gy = fracture energy (KJ/m?),

abs(m) = absolute value of the slope at inflection point of post-peak load-displacement
curve,

A = unit conversion factor and scaling coefficient.

Peak Load

= Slope at Inflection Point (m)
o v
p—
o 2
)
B | / Critical Displacement (u1)
," Fracture
1 —; Energy (G) .
1’ (10: uc} \ N (e uf)
0f 1 2 ]
0 1 2 3 4 5 6

Displacement (mm)

Figure 3.11: Hlustration of load-displacement curve and slope at inflection point (m)
(Ozer et al. 2016)

3.5.1.4 Comparison of Fracture Energy (Gs) to Flexibility Index (FI)

Brittle mixtures require higher energy for crack initiation, but once the crack starts, it
propagates rapidly. Conversely, ductile mixtures need less energy for crack initiation, but
cracks propagate more slowly. Load-displacement curves of ductile and brittle mixtures
are shown in Figure 3.12. The area under the load-displacement curve is higher for the
brittle mixture compared to the ductile mixture. Thus, the brittle mixture seems to have
higher G; value. On the contrary, since the slope at the inflection point is also higher for
the brittle mixture, the FI value decreases. The ductile mixture has a smaller area under
the curve and smaller slope at the inflection point and it has higher FI than the brittle
mixture. It can be concluded that FI is a better performance indicator than G; since it
properly describes crack initiation and propagation stages of the load-displacement curve
(Ozer et al. 2016). Results of this study also show that FI is able to identify the effects of
several different mixture properties on cracking resistance.
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Figure 3.12: lllustration of load-displacement curve of ductile and brittle mixtures

3.5.2 Indirect Tension (IDT) Test

The IDT experiments are carried out by loading cylindrical specimens along their vertical
diametric planes. The peak load at failure is used to calculate the IDT strength of the specimen.
The ASTM D6931-12 specification is followed to conduct this experiment. The test setup is

shown in Figure 3.13.

Sample preparation and testing procedure:
e Cylindrical specimens of 150 mm diameter are produced using SGC per the
AASHTO T312 specification.

e The SGC specimen is cut into slices 50 mm in height using a high precision saw. A
minimum of three replicate specimens are prepared.

e Samples are placed in the environmental chamber set at 25 + 1°C for 2 hours to
ensure the specimen is at test temperature prior to beginning the test.

e In this study, deformation rate is set at 50 mm/min and a compressive load is applied

until the specimen fails. The load versus displacement curve is plotted and the peak
load is recorded.
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(b)

Figure 3.13: Indirect tension test; (a) Cylindrical specimens from SGC; (b) IDT test
apparatus

Using the measured peak load, tensile strength for each specimen (S;,) is calculated as:

2XP
Spp=—Tn 3.13
’ m X b, X D,
Where,
Pin = maximum load observed for specimen, n;
bn = thickness of the specimen, n;
D, = diameter of the specimen, n.

3.5.3 Bending Beam Fatigue (BBF) Test

The BBF test, or four-point bend test, is used to estimate fatigue life of pavement layers under
repeated traffic loading. In this test, failure is defined as the load cycle at which the specimen
undergoes a 50 percent reduction in stiffness relative to the initial stiffness. This test follows the
AASHTO T321 specification. The test setup is shown in Figure 3.14.

Sample preparation and testing procedure:

e Sample slabs are prepared using a laboratory roller compactor. The dimensions of the
prepared slab specimens were 400 mm (length) by 260 mm (width) by 60 mm
(thickness).
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e With the help of a saw, these slabs were cut into beam specimens of 380 £ 6 mm in
length, 50 £ 6 mm in height and 63 £ 6 mm in width. Three replicate test specimens
can be obtained from one slab.

e Samples are then placed in the environmental chamber set at 20 + 0.5°C for 2 hours to
ensure the specimen is at the test temperature prior to beginning the test.

e Clamps of the four-point bending device are raised and the sample is slid into
position. Once the specimen is placed, clamps are lowered and the LVDT is adjusted
to read between £2mm.

e The desired strain and loading frequency are entered into the test software. In this
study, 400 microstrain and 10 Hz loading frequency were selected.

e The test is terminated when the stiffness of the sample reduces to 50 percent of its
initial value. The percent reduction in stiffness versus number of cycles is plotted and
the number of cycles required for 50 percent reduction in stiffness is noted.

Figure 3.14: Bending beam fatigue test; (a) Beam specimens prepared with roller
compactor; (b) four-point bending test apparatus

3.5.4 Direct Tension Cyclic Fatigue (DTCF) Test

The DTCF test is used to determine the damage characteristic curve of asphalt mixtures
subjected to direct tension cyclic fatigue loading. The fatigue test consists of two parts: first, a
dynamic modulus fingerprint test to estimate the stiffness of the specimen and then a cyclic
fatigue test. In this test, repeated cyclic tensile loads are applied to cylindrical asphalt specimens
(150 mm height and 100 mm diameter) until failure. The applied stress and axial strain responses
are measured and used to calculate the parameters characterizing cracking resistance. The test
process is controlled by the S-VECD fatigue program in the equipment software. This study
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followed the AASHTO TP 107 specification to conduct DTCF experiments. The test setup is
shown in Figure 3.15.

Figure 3.15: DTCF test setup

Sample preparation and testing procedure:

Cylindrical specimens of 150 mm diameter and 170 mm height are produced from SGC
specimens (AASHTO T312). Then, 100 mm diameter samples were cored and their
edges were cut off to obtain 150 mm tall samples.

The end plates and the ends of the specimen surface are wiped clean using a small
amount of acetone.

About 100 g of adhesive (DEVCON 10110) is weighed out and is distributed uniformly
on the end plates and ends of the sample. Then the sample and end plates are placed in
the gluing jig and suitable load is applied onto the specimen. The excess glue is scraped
off before the glue sets.

After the curing time has passed, the sample is taken out of the gluing jig and mounting
studs for the axial sensors are attached to the sides of the sample using epoxy cement.
The gluing process is illustrated in Figure 3.16.
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(b)
Figure 3.16: Gluing setup for DTCF testing

e The sample is placed in the environmental chamber set at 20 + 0.5°C for 2 hours to
ensure the sample reaches the test temperature before beginning the test.

e Once the sample attains temperature equilibrium, the sample is bolted to the bottom
support of the test equipment. The actuator is brought into position and the upper
loading platen is bolted to the specimen.

e LVDTs are attached to the specimen and the sample is left in the chamber for another
hour to reach the test temperature.

e A fingerprint dynamic modulus test is run at 10 Hz frequency at target temperature
with a target strain range of 50 to 75 microstrain. After the fingerprint test, the sample
is allowed to rest for a period of 20 minutes.

o After the rest period, the cyclic fatigue test is initiated with the peak-to-peak on-
specimen strain amplitude of 200 microstrain.

e The test is terminated after 100,000 cycles or when the specimen fails from fatigue
cracking.
3.5.5 Resilient Modulus (MR) Test
The resilient modulus is defined as the ratio of stress to strain for an instantaneous load. It gives

a measure of stiffness for the asphalt mixtures. In this study, the ASTM D7369-11 specification
| is followed to conduct resilient modulus experiments. The test setup is shown in Figure 3.17.
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Figure 3.17: Resilient modulus test setup

Sample preparation and testing procedure:

Cylindrical specimens of 150 mm diameter are produced using SGC (AASHTO
T312).

The SGC core is cut into slices of 50 mm height using a high precision saw. A
minimum of three replicate samples are prepared.

Samples are placed in the environmental chamber set at 25 £ 1°C for 2 hours to
ensure the specimen is at test temperature prior to beginning the test.

At the end of the conditioning period, an initial vertical contact load is applied to the
specimen. The contact load is 4% of the maximum load (0.04Pnnax) and is not less
than 22.2 N but not more than 89.0 N.

After applying the contact load, a cyclic load is applied to the specimen. The cyclic
load is calculated as:

Pcyclic = Pnax — Peontact 3.14

Resilient modulus is calculated automatically by the test software. It is essentially the
ratio of peak stress to peak strain for every load cycle.
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3.5.6 Dynamic Modulus (DM) Test

Asphalt concrete mixtures are viscoelastic materials that show both viscous and elastic behavior.
At lower temperatures and higher loading frequencies, elastic behavior becomes more dominant
while viscous components are more apparent at higher temperatures and lower loading
frequencies. DM tests are conducted to characterize the elastic modulus of asphalt concrete
mixtures at different loading frequencies and temperatures. DM tests are performed at low strain
levels (about 100pu€) to determine the elastic modulus in the linear viscoelastic range. The effects
of loading time and temperature on elastic modulus is modeled and presented in the form of
master curves (Norouzi et al. 2016).

The DM test is a strong indicator of asphalt mixture performance. Dynamic modulus and phase
angle are two performance variables obtained from DM tests. Dynamic modulus shows how stiff
an asphalt mixture is. A higher dynamic modulus value represents a higher stiffness. The time
delay between the time point at which peak stress is applied and the time point at which peak
strain is observed is used to calculate phase angle. The phase angle represents viscoelastic
characteristics of asphalt mixtures. A higher phase angle indicates that the samples are more
viscous, more susceptible to rutting and more resistant to cracking (Darnell and Bell 2015). In
this study, the AASHTO TP 79 specification was followed to conduct the dynamic modulus test.
The unconfined test was carried out. The test setup is shown in Figure 3.18.

Figure 3.18: Dynamic modulus test setup
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Sample preparation and testing procedure:

In this study, 170 mm tall samples were prepared by using gyratory compaction
according to AASHTO PP 60-14. Then, 100 mm diameter samples were cored and
their edges were cut off to obtain 150 mm tall samples.

The gauge points were attached to the specimen at a gauge length of 70 + 1 mm,
measured center-to-center of the gauge points. The process is illustrated in Figure
3.19.

Figure 3.19: Gauge point gluing setup

Specimens were then placed in the environmental chamber at the testing temperatures
for conditioning. Samples were kept in the chamber at the testing temperatures the
day before being tested. Each specimen was tested at 4°C, 20°C and 40°C
temperatures and 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz and 10 Hz frequencies. The frequency of
0.01 Hz was also used only for tests conducted at 40°C. These loading frequencies
simulate different traffic speeds. Higher frequencies represent higher vehicle speeds.

The specimen to be tested was placed between the bottom and top loading platens.
Then the specimen-mounted deformation-measuring system was installed on the
gauge points.

The chamber is closed and once the specimen reaches the test temperature, cyclic
loads that can create a strain level of 100ue are applied.

The calculation of dynamic modulus and phase angle is performed automatically by
the test software.
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e After conducting the tests, master curves were developed for dynamic modulus and
phase angle following the AASHTO PP 61-13 procedure. Master curves display
phase angle and dynamic modulus with respect to loading frequencies.

3.5.7 Flow Number (FN) Test

The flow number (FN) test is a performance test for evaluating rutting resistance of asphalt
concrete mixtures (Bonaquist et al. 2003). In this test, while constant deviator stress is applied at
each load cycle on the test sample, permanent strain at each cycle is measured (Figure 3.20).
Permanent deformation of asphalt pavements has three stages: 1) primary or initial consolidation,
2) secondary, and 3) tertiary or shear deformation (Biligiri et al. 2007). Figure 3.20 shows three
stages of permanent deformation. FN is the loading cycle at which the tertiary stage starts after
the secondary stage.

In this study, testing conditions and criteria for FN testing described in AASHTO TP 79-13 for
unconfined tests were followed. The recommended test temperature, determined by LTPPBind
Version 3.1 software, is the average design high pavement temperature at 50% reliability for
cities in Oregon with high populations and at a depth of 20 mm (0.79 in) for surface courses
(Rodezno et al. 2015). Tests were conducted at a temperature of 54.7°C with average deviator
stress of 600 kPa and minimum (contact) axial stress of 30 kPa. For conditioning, samples were
kept in a conditioning chamber at the testing temperature a day prior to being tested. To calculate
FN in this study, the Francken model was used (discussed below).
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Figure 3.20. Relationship between permanent strain and load cycles in FN test

(Biligiri et al. 2007)
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Minimum FN values (calculated by using the Francken model) for different traffic levels
recommended by AASHTO TP 79-13 are given in Table 3.6 (Rodezno et al. 2015).

Table 3.6: Minimum Average FN Requirement for Different Traffic Levels (AASHTO TP
79-13)

Traffic (million ESALs) | Minimum Average FN Requirement
<3 NA
3to<10 50
10 to <30 190
>30 740

Note: NA= not applicable.

3.5.7.1 Francken model

The Francken Model was developed for triaxial and uniaxial repeated-load tests for different
temperatures and stress levels (Francken 1977). A study carried out by Biligiri et al. (2007)
showed that this model calculates FN more accurately compared to other mathematical models.
This model can also represent all three stages of deformation (1.primary or the initial
consolidation of the mix, 2. secondary, and 3. tertiary or shear deformation) more properly.
Moreover, Dongre et al. (2009) confirmed the robustness of Francken model by fitting FN data
obtained from field projects. The model is given as follows:

ep(N)=ANP+C(ePN-1) 3.15
Where:
€p(N) = permanent deformation or permanent strain from F, test,
N = number of loading cycles, and
A B,CD = regression constants.

The rate of change of the slope of the permanent strain is obtained by taking the second
derivative of the Francken model (Equation 3.16). The inflection point, at which the sign
of the rate of change of slope changes is considered as the FN and indicates when the
tertiary stage begins. FN is the number of cycles at which the second derivative of the
Francken model is zero. The second derivative of the model is as follows (Dongre et al.
2009):

e

a_Ng =A*B*(B-1)*NB2+(C*D*eP™N) 3.16
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The model shown in Equation 3.15 is fitted to the permanent strain versus the number of
cycles for each sample. After estimating the regression constants (A, B, C, and D), to find
the number of load cycles at the inflection point, FN is computed at the point which
Equation 3.16 (second derivative of Francken model) is equal to zero. In this study, a
code developed by Coleri et al. (2017) is used to analyze the data and calculate regression
constants (A, B, C, and D) of the Francken model to find the FN for each test.

RESULTS AND DISCUSSION

3.6.1 Plant Mixed-Field Compacted (PMFC) Specimens

The purpose of testing PMFC samples was to evaluate the effectiveness of each test in
determining the cracking performance of in-situ asphalt pavements. The subsequent sections
present the results of SCB, IDT and BBF tests used in this study. DTCF tests were not carried
out with field specimens since it was not possible to obtain 6-inch-tall specimens from field
sections due to limited layer thicknesses.

3.6.1.1 Semi-Circular Bend (SCB)Test

SCB tests were conducted on the field specimens obtained from four different pavement
sections as discussed in Section 3.4.1. Cores of 150 mm diameter were obtained from
these sections. Two samples with the thicknesses of 57 mm were cut and semi-circular
samples were prepared to conduct SCB experiments by following the process outlined in
Section 3.5.1. For each field section, three notch depths were used (1.0 in., 1.25 in. and
1.5in.) and for each notch depth, three replicate specimens were tested in this study. A
total of 36 tests were conducted and four parameters (fracture energy, fracture toughness,
secant modulus and flexibility index) were calculated for each test.

The results of the SCB tests are presented in Figure 3.21 to Figure 3.24. Figure 3.21
shows calculated average fracture energy for each section while Figure 3.22 to Figure
3.24 depicts the fracture toughness, secant modulus and flexibility index of the four field
sections, respectively. It was observed that the fracture energy parameter was not able to
differentiate the fatigue performance of the field sections and cannot identify the sections
with poor cracking performance, while the flexibility index was successful in predicting
the in-situ cracking performance. The flexibility indices of tested samples from 99E and
99W (the sections with severe cracking — See 0 and Section 3.4.1) were much lower than
the samples from Junction City (OR99-U) and Sublimity (US20-U) (sections with high
cracking performance — See Appendix A and Section 3.4.1). Field performance data from
ODOT’s PMS for these four sections (See 0) shows that sections 99E and 99W had
severe cracking while Junction City and Sublimity sections were in good condition.
Therefore, it can be concluded that the flexibility index parameter is an effective
parameter in predicting cracking performance of asphalt concrete pavement structures.
From Figure 3.22 and Figure 3.23, it was also observed that fracture toughness (K,c) and
secant modulus (S) also correlate well with cracking resistance. Lower values of K¢ and
S indicate more ductile materials that have higher crack propagation resistance.
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Figure 3.22: Fracture toughness for PMFC samples
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Figure 3.23: Secant modulus for PMFC samples
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Figure 3.24: Flexibility index from SCB test for PMFC samples
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| Figure 3.25 illustrates the flexibility index values of laboratory mixed-laboratory compacted
specimens from another research study performed at Oregon State University (Coleri et al.
2017). In this study, SCB tests were carried out with samples with two RAP contents (30% and
40%), three different binder contents (6%, 6.4% and 6.8%), and three binder grades (PG 58-34,
PG 64-22 and PG 76-22). Four replicate samples were tested for each combination and a total of
72 tests were conducted.

| As is shown in Figure 3.25, FI increases as the binder content increases for mixtures with the
same RAP contents. Asphalt mixtures with lower binder contents are more brittle and more
susceptible to cracking. Results also show that asphalt mixtures with 30% RAP have higher FI
than the asphalt mixtures with 40% RAP. Higher RAP contents result in more brittle mixes and
less cracking resistance. Moreover, using softer binders increases Fl. As was expected, the
mixture with the softest binder grade (PG 58-34), the highest binder content (6.8%) and the
lowest RAP content has the greatest FI. Conversely, the mixture with PG 76-22 binder grade, 6%
binder content and 40% RAP content shows the lowest FI value. All these logical results further
suggest that slight changes in mixture properties can effectively be captured by the SCB test and
flexibility index parameter.
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Figure 3.25: Flexibility index for mixtures with different RAP contents (30% and 40%),
binder grades (PG 58-34, PG 64-22, and PG 76-22), and binder contents (6%, 6.4%0,
and 6.8%) (Coleri et al. 2017)
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3.6.1.2 Indirect Tension (IDT) Test

IDT tests were conducted with the field cores from the same four field sections discussed
in the previous section and Section 3.4.1. Similar to the SCB test, 150 mm diameter cores
were obtained from these sections. 50 mm thick slices were then cut from these cores. Six
replicate specimens were tested for each section and a total of 24 tests were conducted.
Tensile strength from each test was determined by following the procedure outlined in
Section 3.5.2. Test results for all field sections are presented in Figure 3.26. The colored
bars represent the average strength from six replicate experiments while the length of the
error bar on each bar represents the variability of the measured strength for each section
(error bar length = two standard deviations). It can be observed that the tensile strength
of 99E and 99W (severely cracked sections) are higher than that of Junction City and
Sublimity (no cracking sections). Higher tensile strength suggests lower ductility for
specimens from 99E and 99W sections and therefore cracking resistances of these two
sections are expected to be lower than the sections in Junction City and Sublimity. These
results agree with the data from ODOT PMS. Hence, it was concluded that the tensile
strength parameter obtained from IDT was successful in evaluating the fatigue
performance of in-situ pavements. Also, using the same test results, flexibility indices
were determined and shown in Figure 3.27. It can be observed that the flexibility indices
from IDT were in agreement with the flexibility indices for SCB test results given in
Section 3.6.1.1.
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Figure 3.26: Tensile strength for PMFC samples
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Figure 3.27: Flexibility index from IDT test for PMFC samples

3.6.1.3 Bending Beam Fatigue (BBF) Test

Asphalt concrete slabs obtained from the four pavement sections (Figure 3.4b) were cut
in the laboratory to obtain beam samples with 50 mm height, 63 mm width and 380 mm
length. Three replicate specimens for each section and a total of nine specimens were
prepared and tested at a 400ue strain level and 10 Hz loading frequency.

The results from the BBF test are presented in Figure 3.28. In this test, fatigue life is
defined as the number of load cycles that need to be applied to reach 50% reduction in
stiffness. It can be observed from Figure 3.28 that measured fatigue lives for the sections
99E and 99W are higher than the fatigue lives for the samples from sections Junction
City and Sublimity. These results contradict the performance data from ODOT’s PMS
(0). Hence, it can be concluded that the BBF test is not effective in predicting in-situ
pavement fatigue performance. Since BBF is accepted to be an effective test to
characterize bottom-up fatigue cracking resistance, it may not be capturing the cracking
resistance of the asphalt mixtures that are likely to fail from top-down cracking, which is
the most common distress type in Oregon (Williams and Shaidur 2015). Also, the
coefficient of variation between the replicates was high as compared to SCB and IDT
tests. Further investigations are necessary to study the effectiveness of the BBF test in
evaluating the pavement performance.

It should also be noted that field sampling for BBF testing is extremely time consuming
and labor intensive. For sections with thick asphalt layers, the heavy weight of the cut
asphalt block requires a small-scale crane or a forklift to remove the cut block from the
pavement. In addition, cutting BBF test samples from the heavy asphalt blocks requires
the use of a concrete chainsaw or a handheld chop saw to reduce the size of the field

74



block since it is not possible to fit the field block into the stationary laboratory saw

(Figure 3.4c). All these factors increase the cost of BBF testing with field cores and
reduce practicality.
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Figure 3.28: Fatigue life from BBF test for PMFC samples

3.6.1.4 Resilient Modulus (Mg) Test

The resilient modulus is a measure of stiffness (elastic properties) of the asphalt material.
Similar to SCB and IDT test, 150 mm diameter cores were obtained from the four field
sections. Slices of 50 mm were cut from these cores. Five replicate tests were conducted
for each section and a total of 20 tests were carried out. Results are presented in Figure
3.29. Higher resilient modulus values suggest lower ductility for specimens from 99E and
99W sections and therefore cracking resistances of these two sections are expected to be
lower than the sections in Junction City and Sublimity. These results agree with the
performance data from the ODOT PMS. These results are also in agreement with the
SCB and IDT results. Hence, it was concluded that the resilient modulus test can be an
effective experiment to evaluate the fatigue performance of in-situ pavements.
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Figure 3.29: Resilient modulus for FMFC samples

3.6.1.5 One-to-One Correlations Between the Output Parameters of Different Tests

Figure 3.30 illustrates the correlations between the output parameters of different tests.
Figure 3.30a shows that fracture energy and flexibility index parameters calculated using
SCB test results are not correlated. Since flexibility index was determined to be highly
correlated with measured field cracking performance, low correlation between flexibility
index and fracture energy is a result of the inability of fracture energy parameter in
explaining in-situ cracking performance.

Figure 3.30b depicts the correlation between flexibility indices obtained from SCB and
IDT tests. The strong correlation between the flexibility indices obtained from SCB and
IDT tests indicated that both tests can be used to characterize cracking resistance of
asphalt mixtures.

Figure 3.30c shows that the correlation between SCB flexibility index and BBF fatigue
life is low. Since flexibility index was determined to be highly correlated with measured
field cracking performance, low correlation between flexibility index and BBF fatigue
life is a result of the inability of fatigue life parameter to explain in-situ cracking
performance.

The strong correlation between resilient modulus and SCB flexibility index given in
Figure 3.30d proves that resilient modulus test can be an effective alternative to SCB
testing. However, it should be noted that resilient modulus test requires a high-cost
hydraulic or pneumatic test system to be able to apply cyclic loads.
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Figure 3.30: One-to-one correlation plots (a) flexibility index and fracture energy from
SCB (b) flexibility indices from SCB and IDT tests (c) SCB flexibility index and BBF
fatigue life (d) Resilient modulus and SCB flexibility index

3.6.2 Plant Mixed-Laboratory Compacted (PMLC) Specimens

The major purpose of testing PMLC samples was to determine the effectiveness of different
testing methods in identifying the cracking performance of pavements with different mixture
properties. Another purpose of this part of the study was to determine the cracking and rutting
resistance of Mix 1, Mix 2 and Mix 3 asphalt mixtures that are now commonly used in Oregon
for pavement construction. Table 3.4 shows the experimental plan followed in this part of the
study. In order to evaluate the effectiveness of each experiment, three mixes with different
expected cracking performance (Mix 1, Mix 2 and Mix 3) were used. Loose asphalt mixtures
were sampled from the plant and used for specimen preparation (See Section 3.4.2). The results
of SCB, IDT, BBF, DTCF, DM and FN tests are presented in the following sections.

3.6.2.1 Semi-Circular Bend (SCB) Test

SCB test samples were prepared in the laboratory using the production mix obtained from
the asphalt plant. The samples compacted were of 150 mm diameter and 130 mm height.
Two samples with the thicknesses of 57 mm were obtained from each compacted
specimen. These slices were cut into symmetrical semi-circular halves. For each mix
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type, three samples with three notch depths were prepared (0.6 in., 1.0 in. and 1.25 in.).
For each notch depth, three replicate samples were prepared. A total of 27 tests were
conducted, and flexibility index was calculated for every test.

Test results are presented in Figure 3.31. Mix 1 (modified mix with fine gradation) had
the highest flexibility index followed by Mix 3 (unmodified mix with coarse gradation)
and Mix 2 (modified mix with coarse gradation). Since Mix 2 and Mix 3 had identical
mix designs except the ER binder used in Mix 2, the average flexibility index for Mix 2
was expected to be higher than Mix 3. However, it can be observed that Mix 3 has a
higher flexibility index than Mix 2, which is incongruent with what was expected. This
unexpected result raised suspicion about the true binder contents of these two mix types.
Since binder content is expected to be the most significant factor controlling cracking
resistance of asphalt mixtures (Coleri et al. 2017), higher binder content for Mix 3 might
have increased the cracking resistance.
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Figure 3.31: Flexibility index from SCB tests for PMLC samples

Note: M1: Mix 1-PG70-22ER-Fine gradation

M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
N: Notch depth
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In order to evaluate this disparity in the experimental results of the SCB experiments for
Mix 2 and Mix 3, binder extraction was performed on each of the production mixes in
order to determine their binder contents. The binder contents for both mix designs for
Mix 2 and Mix 3 were supposed to be the same (5.3% from mix design), so the extraction
served as a check on the scheduled mix design properties. Mix 1 was also tested for
completeness and also to evaluate the accuracy of the extraction process. Extraction was
performed with three replicate samples of each mix type in order to determine the
average binder content for each mix type.

The procedure followed for the extraction of binder and determination of binder content
for each production mix type was adopted from ASTM D2172. The procedure is
outlined below and is shown in Figure 3.32.

Each production mix type was placed in the oven at 110°C for 2 hours to make the mix
workable (Figure 3.32a). Samples of approximately 4kg of each mix type were
collected and split using a mechanical splitter according to AASHTO R 47.

Once split, samples of approximately 0.5kg each were weighed and individually added
to the extraction bowl (Figure 3.32b). The initial mass of the sample and the paper
centrifuge filter disk were each recorded.

The bowl, mix and filter were assembled and inserted into the centrifuge extractor
(Figure 3.32¢). The lid was secured and 450 mL of Powersolv solvent was added to the
top of the extractor. The sample was allowed to condition for 30 minutes prior to
beginning the centrifuge extraction. After the conditioning time, the centrifuge
extractor was allowed to run at a speed of 350 RPM and a mixture of solvent and binder
was extracted.

Three additional washes with 250 mL aliquots and finally one wash with 200 mL were
conducted, increasing the speed of the centrifuge extractor by 150 RPM for each wash.

The extracted production mix aggregates were collected in a pan and allowed to air dry
for 30 minutes. The aggregates were then left in a drying oven at about 120 °C for 1-2
hours to evaporate the remaining solvent from the aggregates (Figure 3.32d). The final
mass of the sample and filter disk were obtained.

The binder content of each mix sample was calculated according to Equation 3.17 in
ASTM D2172 (shown as Equation 3.17 below). The terms W, (mass of water in the
test portion) and W, (mass of the mineral matter in the extract) in the equation were
neglected for simplicity and due to their minimal effect on the binder content
calculation. The trend in binder contents were of particular interest and not necessarily
the specific binder content percentages.
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Wy —W,) — (W5 + W,)

Asphalt binder content, % = TASTA * 100% 3.17
Where:
W, = mass of test portion;
W, = mass of water in test portion;
W3 = mass of extracted mineral aggregate; and
W, = mass of mineral in the extract

Sieve analyses were performed on extracted Mix 2 and Mix 3 to evaluate the
performance of the extractions and the gradation of the production mix samples (Figure
3.33). It can be observed that extracted aggregate and plant target gradations are close
for Mix 2 and Mix 3.

The binder contents and aggregate gradations for each mix sample were recorded in a
spreadsheet.

The extracted binder solution for each mix type were stored in sealed glass containers
for future use, if necessary.
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Figure 3.32: General procedure followed for extraction
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Figure 3.33: Comparison of plant and extracted aggregate gradations
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Table 3.7 shows the calculated binder contents of each production mix type obtained
from the extraction process.

Table 3.7: Calculated Binder Contents of Production Mix Samples

Sample _ Binder C_ontents _
Mix 1 Mix 2 Mix 3
1 6.2% 6.2% 6.3%
2 6.4% 5.9% 6.7%
3 6.7% 5.8% 6.4%
Average 6.4% 6.0% 6.5%
Std Dev 0.23% 0.16% 0.22%

Figure 3.34 shows a histogram of the binder contents for each production mix type with
error bars indicating one standard deviation above and below the calculated binder
content (length of the error bar is equal to two standard deviations).

Summary of Average Binder Contents
6.80%
6.60%
6.40%
6.20%
6.00%
5.80%
5.60%

5.40%

5.20%
Mix 1 M 2 Mix 3

Figure 3.34: Histogram of binder contents for production mix samples

From measured binder contents (Table 3.7 and Figure 3.34), it was observed that Mix 3
had a binder content approximately 0.5% higher, on average, than Mix 2. This result
validated the concerns over the experimental results of the SCB experiments. The binder
contents for Mix 2 and Mix 3 should have been equal according to the mix designs
(5.3%). This elevated binder content in Mix 3 can help to explain the higher FI of Mix 3
in the SCB test results.
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3.6.2.2 Indirect Tension (IDT) test

IDT test samples were prepared in the laboratory using the production mix obtained from the
asphalt plant. The samples compacted were of 150 mm diameter and 130 mm height. Two slices
of 50 mm were obtained from each compacted specimen. For each mix type, six replicate
experiments were conducted in this study. A total of 18 tests were conducted. In addition to the
tensile strength parameter, flexibility index was determined for each replicate experiment and
used for mixture cracking performance comparison.

Tensile strength and flexibility index parameters calculated by using IDT test results are

| presented in Figure 3.35 and Figure 3.36, respectively. It can be observed that the flexibility
index was highest for Mix 1, followed by Mix 3 and Mix 2. Although the flexibility index values
obtained from IDT tests were much higher than the flexibility indices obtained from SCB tests,
flexibility indices for both experiments followed similar trends. Average tensile strength values
for all three mixtures were determined to be close to each other. Tensile strength parameter
suggested that Mix 3 has the highest cracking resistance followed by Mix 1 and Mix 2.

Tensile Strength (ksi)

M1 M2 M3

Figure 3.35: Tensile strength from IDT tests for PMLC samples

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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Figure 3.36: Flexibility index from IDT tests for PMLC samples

Note: M1: Mix 1-PG70-22ER-Fine gradation

M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

3.6.2.3 Bending Beam Fatigue (BBF) Test

Beam samples were prepared by following the procedure described in Section 3.5.3. For
each mixture type, three replicate experiments were conducted. A total of 9 samples were
tested at 400ue strain level and 10 Hz loading frequency. Results are presented in Figure
3.37. Fatigue life of Mix 1 was the highest followed by Mix 3 and Mix 2. These results
are in agreement with the results from SCB and IDT tests. However, it can be observed
that the coefficient of variation between the replicates of the same mix is high. For
example, in Mix 1, replicate 2 had a fatigue life of about 500,000 cycles whereas
replicate 3 had a fatigue life of over 5,000,000 cycles. This high variability can introduce
bias into the test results leading to inaccurate evaluation of fatigue performance of asphalt
mixtures. For this reason, in order to reduce the effects of high variability on average
fatigue life, more replicate experiments should be conducted. However, it should be
noted to compacting and cutting beam specimens is much harder than preparing core
samples for IDT and SCB experiments. In addition, conducting one BBF experiment
takes about 1 to 5 days depending on the flexural strength of the mixture. Due to these
reasons, BBF test may not be as practical as SCB and IDT experiments. On the other
hand, since BBF is a repeated load test, results can be used for mechanistic-empirical
design while fracture tests (SCB and IDT) just provide a parameter that can be used to
rank the cracking resistance of different mixture types.
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Figure 3.37: Fatigue life from BBF tests for PMLC samples

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

0 presents the results of BBF tests conducted as a part of another ODOT research project
conducted by Oregon State University (Coleri et al. 2017). Results from this study further
confirmed that the BBF test results variability is significantly higher than all other tests.

3.6.2.4 Direct Tension Cyclic Fatigue (DTCF) Test

DTCF tests were conducted by following the procedure described in Section 3.5.4. Two
replicate samples were produced for each mix type and a total of 6 samples were tested.
In this study, fatigue life from the DTCF test was defined as the number of cycles
required to reach 50 percent reduction in original stiffness. Figure 3.38 illustrates the
DTCF test results. It can be observed that fatigue lives calculated for all three mixes are
close. The results for DTCF tests are in agreement with the results from SCB, IDT and
BBF tests. However, it can be observed that the coefficient of variation between the
replicates of the same mix is high. For example, in Mix 1, replicate 1 had a fatigue life of
about 29,000 cycles whereas replicate 3 had a fatigue life of about 130,000 cycles. This
high variability can introduce bias into the test results leading to inaccurate evaluation of
fatigue performance of asphalt mixtures. For this reason, in order to reduce the effects of
high variability on average fatigue life, more replicate experiments should be conducted.
However, it was experienced that the sample preparation and testing process for DTCF
was tedious, time consuming and requires a significant level of training.
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Figure 3.38: Fatigue life from DTCF tests for PMLC samples

M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

3.6.2.5 Dynamic Modulus (DM) Test

Samples for DM tests were prepared and tested by following the process described in
Section 3.5.6. Two replicate samples were produced for each mix and a total of six
samples were tested. Each specimen was tested at 4°C, 20°C and 40°C temperatures and
0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz and 10 Hz frequencies. The frequency of 0.01 Hz was also
used only for tests conducted at 40°C. In this study, Mastersolver V2.2, a spreadsheet
developed by Dr. Ramon Bonaquist of Advanced Asphalt Technologies, is used to
develop master curves and develop the parameters required to perform Level 1 MEPDG
analysis (Chapter 7.0). Figure 3.39 illustrates the dynamic modulus master curves for the
three mixes tested in this study. As expected, the non-polymer mix (Mix 3) had higher
stiffness than the polymer modified mixes (Mix 2 and Mix 1) as depicted in the figure.
The higher the dynamic modulus value, the higher the stiffness will be and therefore the
susceptibility to rutting will be lower.

The time delay between the time point at which peak stress is applied and the time point
at which peak strain is observed is used to calculate phase angle. Phase angle shows
energy absorption capacity of an asphalt mixture and represents viscoelastic
characteristics of asphalt mixtures. A higher phase angle indicates that the asphalt
mixture is more viscous, more susceptible to rutting and more resistant to cracking
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(Darnell Jr. and Bell 2015). Dynamic modulus and phase angle are inversely related to

each other. A mixture with a comparatively high dynamic modulus (high stiffness) at a
given frequency level has a low phase angle at the same frequency (Darnell Jr. and Bell
2015).

Figure 3.40 illustrates the phase angle master curves for the three mixes. The same shift
factor values, which were calculated and used for developing the master curves for DM
tests, are used to develop the master curves for phase angles. Therefore, these master
curves are not as smooth as the master curves of the dynamic modulus. The reference
temperature for all master curves is 20°C. The higher the phase angle, the more viscous
the mix is. Hence, it will have a higher resistance to cracking. However, mixes with very
high phase angles will lead to rutting issues. It can be observed from the figure that Mix 1
has higher phase angle compared to Mix 2 and Mix 3 when the loading frequencies for
highway speeds are considered (0.1 Hz to 10 Hz). Dynamic modulus and phase angle are
inversely proportional to each other. Therefore, from the dynamic modulus and phase
angle values, it can be concluded that Mix 1 has the highest resistance to cracking
followed by Mix 2 and Mix 3, respectively.

10,000
ﬁ F\/J\/J\’__,\_r\___r\»
2 .
o 1,000
=
-
©
o
S 100
R
£ v
z =
S 10 M1: PMLC
Q ~e~M2: PMLC
M3: PMLC
1
0.0000001 0.00001  0.001 0.1 10 1000 100000
Reduced Frequency (Hz)

Figure 3.39: Dynamic modulus for PMLC samples

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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Figure 3.40: Phase angle for PMLC samples
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M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

3.6.2.6 Flow Number (FN) Test

The flow number (FN) test is a simple performance test for evaluating rutting
performance of asphalt concrete mixtures (Bonaquist et al. 2003). High FN values
indicate that asphalt mixtures have high rutting resistance. Since the DM test is a non-
destructive test (low strain level), the same samples prepared for DM tests were used for
FN tests to compare the rutting resistance of HMA mixtures. Therefore, a total of six tests
were conducted (two replicate tests for each mix type). Figure 3.41 illustrates the flow
number results for all three mixes. From the figure, it can be observed that Mix 3 had the
highest flow number followed by Mix 2 and Mix 1. This trend follows the trend for the
dynamic modulus from the DM tests for the three mixes. Therefore, it can be concluded
that Mix 3 has the highest rutting resistance while Mix 1 has the lowest. It should be
noted that only Mix 3 meets the AASHTO TP 79-13 criteria for FN for the highest traffic
level (for Traffic >30 million ESALs, FN>740) (Rodezno et al. 2015).
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Figure 3.41: Flow number for PMLC samples

Note: Mix 1-PG70-22ER-Fine gradation
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3.6.3 Laboratory Mixed-Laboratory Compacted (PMLC) Specimens

In this part of the study, the impact of compaction (field compaction and SGC) and mixing
(laboratory and plant mixing) on cracking test results (SCB) were determined. This plan was
divided into two parts. The first part (as outlined in Table 3.5) was to compact specimens in the
laboratory using the mix obtained from the plant and obtain cores for Mix 2 from the actual
pavement sections constructed from the same mix. The aim was to evaluate the difference
between laboratory (PMLC) and field compaction (PMFC) on cracking results. In addition, using
the aggregates, RAP and binder used for mixture production at the plant, laboratory mixed-
laboratory compacted (LMLC) specimens were prepared. By comparing LMLC test results to
PMLC test results, the impact of mixing (laboratory versus plant mixing) on measured cracking
resistance was determined. The process followed to prepare LMLC specimens is given in
Chapter 4.0. The second part was to produce samples in the laboratory using SGC and a
laboratory roller compactor. The objective here was to ascertain the impact of compaction type
on cracking performance. For this portion, specimens prepared as a part of another ODOT
research project conducted by Oregon State University were used (Coleri et al. 2017). The mix
used for the second part had a PG58-34 binder, 40% RAP and 6% binder content. Air-void
content was the same as PMLC samples (7%). Four SCB test samples were extracted from
samples compacted with SGC and roller compactor (a total of 8 SCB specimens).
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SCB tests were conducted as described in Section 3.5.1. The only exception here was that the
thickness of field cores tested were 38 mm (design thickness for the constructed roadway
section) instead of 57 mm. Lower thicknesses for field cores are not expected to affect flexibility
index since fracture energy used to calculate flexibility index is calculated by dividing the area
under the displacement versus load curve by the ligament area (See Equation 3.3). The force
required to break a thinner sample will be less but since ligament area will also be smaller,
calculated flexibility index theoretically should not be affected by the specimen thickness.

SCB test results for LMLC, PMLC, and PMFC are presented in Figure 3.42. It can be observed
that cracking resistance of laboratory compacted specimens are significantly lower than the
cracking resistance of field compacted specimens. On the other hand, cracking resistance of
LMLC and PMLC specimens were determined to be close. These results suggested that the
mixing method (laboratory or plant) does not have any significant effect on measured cracking
performance. However, the compaction method significantly affects the measured response.
These results are in agreement with the results from a study conducted by Harvey et al. (2014).
Harvey et al. (2014) concluded that SGC compaction creates an unrealistic aggregate skeleton
due to excessive compactive effort, which creates an asphalt specimen with higher stiffness and
lower ductility. For this reason, SCB test results for SGC compacted specimens cannot be
directly compared to the results from field roller compacted specimens. Although compaction
type was determined to affect the measured cracking resistance, it is not expected to affect the
ranking of performance for different asphalt mixtures.

In order to further confirm this result, specimens prepared as a part of another ODOT research
project conducted by Oregon State University (Coleri et al. 2017) were used (PG58-34 binder,
40% RAP and 6% binder content). Samples for the same mixture were compacted using SGC
and roller compactor. SCB flexibility indices obtained for these samples are presented in Figure
3.43. Again, it was observed that SGC compacted samples yielded lower flexibility indices as
compared to roller compacted samples. Therefore, it can be concluded that mode of compaction
plays an important role in cracking results.
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3.7 SUMMARY AND CONCLUSIONS

Fatigue cracking is one of the predominant modes of distress in the state of Oregon. Hence, it is
necessary to understand the fatigue performance of asphalt mixtures that are being used in
asphalt pavement construction. In order to quantify this performance, a laboratory testing
procedure is necessary to predict the cracking performance of asphalt mixtures used for
pavement construction in Oregon. In this study, four candidate tests (SCB, IDT, BBF and DTCF
tests) were used to evaluate the fatigue performance of pavements and asphalt mixes used in
Oregon.

In this part of the study, the effectiveness of each laboratory experiment was first evaluated by
comparing test results from PMFC-OId (field sections) specimens to the measured in-situ
cracking performance of roadway sections. Second, the agreement between the results of
different experiments was determined. The major purpose was to determine the effectiveness of
different testing methods in identifying the cracking performance of pavements with different
mixture properties. Another purpose of this part of the study was to determine the cracking and
rutting resistance of Mix 1 (PG70-22ER-Fine gradation), Mix 2 (PG70-22ER-Coarse gradation)
and Mix 3 (PG70-22-Coarse gradation) asphalt mixtures that are now commonly used in Oregon
for pavement construction. Finally, the impact of compaction (field compaction and SGC) and
mixing (laboratory and plant mixing) on cracking test results (SCB) were determined.

The conclusions derived from this study are as follows:

e SCB and IDT tests are the most practical and reliable tests that can be used to
evaluate the cracking resistance of asphalt mixtures.

e The SCB test holds a slight advantage against IDT in terms of practicality since just
one gyratory sample is required for each mixture type whereas a minimum of two
SGC samples are required for IDT testing for each mixture type.

e The flexibility index parameter is an effective parameter in differentiating cracking
resistance of asphalt concrete mixtures.

e Test result variability for BBF and DTCF tests were determined to be very high.
These two tests were also determined to be ineffective in predicting the in-situ
performance of asphalt pavements. Specimen preparation and testing were also
determined to be complicated, time consuming and labor intensive.

e For Mix 3 (PG70-22-Coarse gradation), binder content of the production mix is
higher than the design binder content.

e Only Mix 3 meets the AASHTO TP 79-13 criteria for FN for the highest traffic level
(for Traffic >30 million ESALs, FN>740) (Rodezno et al. 2015).

e The mixing method (laboratory or plant) does not have any significant effect on
measured cracking performance.
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e Compaction method significantly affects the measured cracking resistance. SGC
compaction creates an unrealistic aggregate skeleton due to excessive compactive
effort which creates an asphalt specimen with higher stiffness and lower ductility. For
this reason, SCB test results for SGC compacted specimens cannot be directly
compared to the results from field roller compacted specimens. Although compaction
type was determined to affect the measured cracking resistance, it is not expected to
affect the ranking of performance for different asphalt mixtures.

As a part of this study, the four tests in consideration were ranked based on simplicity,
preparation and testing time, test equipment cost, and test results’ variability. The simplicity was
ranked on a scale from 1 to 5, 1 being the lowest and 5 being the highest. The ratings were based
on the consensus of opinion among the operators at Oregon State University. The time factor was
divided into preparation time and testing time. Preparation time included the time required for
sample preparation and cutting and did not include batching and mixing. For instance, all the
tests require almost about the same amount of time until mixing and compaction, but the time
required for cutting BBF test samples is much greater than the others. For DTCF testing, the test
sample needed to be glued to the loading platens, for which it takes about a day for the epoxy to
set. The values presented are the approximate time required for preparing three replicate
specimens. Testing time is the time required by one sample from the point of loading to the test
termination point. Testing cost is the approximate cost required for the test equipment. For
example, the SCB test can be conducted with an independent loading frame whereas the DTCF
test requires hydraulic test equipment, which increases the cost. The coefficient of variation was
calculated for all the PMLC tests. The rankings are as shown in Table 3.8. It can be observed that
SCB and IDT tests are the most practical experiments with lower test equipment costs and lower
test results’ variability. Although IDT test results have a lower level of variability when
compared to SCB test results, the SCB flexibility index parameter was observed to more
effectively identify the impact of different mixture properties on cracking resistance.

Table 3.8: Ranking of the Tests

Test simolicit Time Test equipment Coefficient of
Pty Preparation | Testing cost variation
time time
SCB 5 5-6 hours | 15-30 min $6,000 0.161
IDT 5 10 hours 15-30 min $6,000 0.088
BBF 2 1 day 1-5 days $30,000 0.977
DTCF 2 1.5 days 1-3 hours $65,000 0.550
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4.0 CONTRIBUTIONS OF MIXTURE PROPERTIES TO
DURABILITY

4.1 INTRODUCTION

Fatigue performance of asphalt mixtures is highly influenced by the binder and air-void contents,
binder grade, binder modification, gradation, volumetrics, RAP/RAS content and aging. Air-void
and binder contents are considered to be two major factors affecting the fatigue cracking
performance of asphalt mixtures. Higher binder content and lower air voids generally improve
cracking performance of asphalt pavements. For equal levels of compactive effort, a higher
binder content tends to reduce the air-void content of the mix resulting in an increase in mix
density. Although increasing mix binder content can be accepted to be a viable strategy for
increasing asphalt mix fatigue life, increased binder content also tends to create a softer mix with
lower rutting resistance. Over the last two decades, there has been an increase in the use of
modified asphalt binders in order to improve cracking resistance of pavements. Although binder
modification increases the initial cost of the constructed sections, the increase in service life can
significantly reduce long-term life cycle costs for agencies. Therefore, this portion of the study
focused on quantifying the impact of air-void content, binder content and polymer modification
on cracking resistance of asphalt mixes commonly used in Oregon.

The study was divided into two parts. The purpose of the first part was to reproduce the three
mixes from Section 3.4.2 in the laboratory (laboratory mixed-laboratory compacted samples).
Two binder contents (5.3% and 6%) and two air-void contents (5% and 7%) were used for each
mix type. Mix 1 and Mix 2 had polymer-modified binders while Mix 3 was a non-polymer
mixture. Mix 1 had a finer gradation while Mix 2 and Mix 3 had coarse gradations. The results
from this Chapter were also compared with the results from Section 3.6.2. The objective was to
identify the impact of the difference in mixing processes (laboratory and plant mixing) and short-
term aging (plant and laboratory short-term aging) on cracking and rutting resistance of asphalt
mixtures

4.2 OBJECTIVES
The major objectives of this part of the study were to:
e Determine the effects of gradation, binder content, air void content (density) and
binder type (PG70-22 versus PG70-22ER binder) on the cracking resistance of

asphalt mixtures.

e Develop laboratory data (master curves) to conduct Level 1 MEPDG analysis (See
Chapter 7.0).
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43 MATERIALS AND METHODS

4.3.1 Experimental Plan to Determine the Impact of Mixture Properties on
Durability

This part of the study intends to reproduce the three plant produced mixes that were used in
Chapter 3.0 to determine the most effective cracking experiments. In order to determine the
impact of other variables on cracking resistance, mixtures with different binder contents and
densities were also prepared in the laboratory. The benefits of increased binder content and
density in improving the cracking resistance of asphalt mixtures were quantified. As was shown
in Section 3.6.2.1, plant mixes can have properties different from the original mix designs due to
production variability and errors. By preparing and testing laboratory mixed-laboratory
compacted (LMLC) specimens, the impact of production variability on test results was also
eliminated. In this way, the impacts of binder content, density, polymer modification and
gradation on performance were more accurately quantified. This section summarizes the
experimental plan followed for asphalt mixtures with different gradations, binder contents, air-
void contents and binder types (ER and non-ER). The goal was to determine the impact of these
variables on mixture durability. The experimental plan followed for durability evaluation is
given in Table 4.1.

Table 4.1: Experimental Plan for Durability Evaluation

Mix 2 Air void | Binder Total

Test type Type Comp.* | Temp. content | content Repl. Tests
M1 0 0 0

SCB M2 LMLC? 25°C 5% 5.3% 4 48
M3 7% 6.0%

Dynamic M1 4 5% 5.3%

modulus mg LMLC | 1run 7% 6.0% 2 24
M1

Flow o 5% 5.3%

number mg LMLC | 54.7°C 7% 6.0% 2 24

Note: *M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
2 Comp.=Compaction;
¥ LMLC: Laboratory mixed-laboratory compacted;
*Samples were tested at temperatures of 4 °C, 20 °C, and 40 °C and the loading frequencies of 0.1, 0.5, 1, 5,
and 10 Hz. A loading frequency of 0.01 Hz was also used for 40 °C tests.
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4.3.2 Materials

This section provides information about virgin aggregates, RAP materials and virgin binders
used in this study. All the materials were obtained from local producers.

4.3.3

4.3.2.1 Aggregates

This part of the study intends to reproduce the three mixes that were used in Chapter 3.0
to determine the most effective cracking experiments for Oregon. Therefore, the same
gradations that were used to prepare asphalt mixtures at the plant were used for
laboratory mixture production. Virgin aggregates and RAP materials were obtained from
Lakeside Industries in Portland, Oregon while the asphalt binders were taken from the
Owens Corning Plant in Portland, Oregon. The aggregate gradations are presented in
Section 4.3.3.1.

4.3.2.2 Recycled asphalt pavement (RAP) aggregates

The RAP material was also obtained from Lakeside Industries in Portland, Oregon. RAP
content for all mixtures was 20%. All RAP aggregate properties were provided by the
Lakeside Industries and are presented in 0. AASHTO T 308-10 was followed for binder
extraction and RAP content measurements. The quantity of binder in RAP materials for
production Mix 1 was determined to be 5.26% while binder contents of the RAP used for
production Mix 2 and Mix 3 were both 5.1%. AASHTO T 30-10 was followed to
determine the gradation of extracted RAP aggregates. For five samples of RAP materials
for Mix 1, Mix 2, and Mix 3, RAP aggregates were extracted and their gradations were
determined, as shown in Table 3.1 and Table 3.2, respectively. Then, to obtain the final
RAP aggregate gradation, the percent passing the #200 sieve was reduced by 1 percent.
This correction was applied due to the aggregate breakdown in the ignition oven test
(AASHTO T 30-10).

4.3.2.3 Binders

Owens Corning in Portland, Oregon provided the virgin binders (PG 70-22 ER and PG
70-22). Temperature curves, mixing temperatures and compaction temperatures were
provided by Owens Corning as well. Binder properties and temperature curves are
presented in 0. Asphalt mixtures were prepared with two binder contents (5.3%, and
6.0%) in this study. These binder contents are the percentage of the total binder by the
weight of the mix, and they include the recycled binder as well. In this study, it was
assumed that all the RAP binder was completely blended with virgin binder (100 %
blending). RAP content for all tested mixtures was 20%.

Sample preparation
4.3.3.1 Target gradations

Mix 1 followed a Level 4 3/8 in. NMAS dense graded mix design and Mixes 2 and 3
followed a Level 4 % in. dense graded mix design. These mix designs are given in Figure

98



0.1 to Figure 0.8. Target gradations from the mix design and the gradations of virgin
aggregates and extracted RAP aggregates for Mix 1 are presented in Table 4.2 and Figure
4.1 while the gradations for Mix 2 and Mix 3 are shown in Table 4.3 and Figure 4.2.

Table 4.2. Target, extracted RAP, and stockpiled aggregate gradations for Mix 1

Sieve Size Percentage Passing
. Virgin .
Stockpile RAP Target Gradation
Aggregate
3/4" 100.0 100.0 100
1/2" 100.0 100.0 100
3/8" 100.0 96.8 99.4
1/4" 85.8 78.4 84.3
#4 64.7 66.4 65.1
#8 39.9 45.1 40.4
#16 28.1 31.5 28.1
#30 21.4 23.8 21.4
#50 14.5 17.4 14.8
#100 10.1 12.9 10.2
#200 8.0 8.4 7.7
Pan 0 0 0
100
90 —s—Virgin Aggregates
80
— —e—RAP
£ 70
[sT1]
£
ﬁ 60
'-% 50
£ 40
g
5 30
o
20
10
0
0.010 0.100 1.000 10.000 100.000

Sieve Size (mm)

Figure 4.1: Target, extracted RAP, and stockpiled aggregate gradations for Mix 1
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Table 4.3. Target, Extracted RAP, and Stockpiled Aggregate Gradations for Mix 2 and
Mix 3

Sieve Size Percentage Passing
Stockpile Virgin RAP Target Gradation
Adggregate
3/4" 100.0 100.0 100
1/2" 94.0 97.6 96
3/8" 81.1 88.3 85
1/4" 61.7 69.8 63
#4 50.4 59.6 50
#8 32.1 42.0 32
#16 22.3 31.0 22
#30 16.5 24.0 17
#50 11.5 17.6 11
#100 8.5 12.6 9
#200 6.4 8.6 6.6
Pan 0 0 0

100 =
20 —s—\Virgin Aggregates //

80 ——RAP /
70

60 Target

30
40
30
20
10

0

0.010 0.100 1.000 10.000 100.000
Sieve Size (mm)

Percentage Passing (%)

Figure 4.2: Target, extracted RAP, and stockpiled aggregate gradations for Mix 2 and 3
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4.3.3.2 Batching

After measuring the gradations of virgin and RAP aggregates, three replicates of each
combination of RAP content, binder content and binder grade were mixed according to
AASHTO T 312-12 and their G,,,, values were measured following the procedure
described in AASHTO T 209-12. All the measured theoretical maximum specific
gravities are presented in 0. Then, aggregates were batched to meet the final gradation to
reach 5% and 7% air contents. Knowing Gy, the bulk specific gravity (G ) required to
reach 5% and 7% air-void content of each sample were calculated using Equation 4.1.
G IS the density of asphalt mixture divided by the density of water at 23°C (Pavement
Interactive 2017) (Equation 4.2). The total volume of the samples was calculated by
using the known dimensions of the laboratory compacted sample. Then, the total mass of
the samples was calculated using Equation 4.3. Mass of aggregates and binders were
determined afterwards, and samples were batched for mixing and compaction. An
example of a batching calculation is given in 0.

Gmm-G
air voids (%)= — " *100 4.1
Gmm
_mass per unit volume of asphalt mixture 49
mb= density of water '
total mass of sample = density of water*G,,*volume of sample 4.3

4.3.3.3 Mixing and compaction

Batched samples were mixed and compacted by following the AASHTO T 312-12
procedure. Before mixing, aggregates were kept in the oven at 10 °C higher than the
mixing temperature, RAP materials were kept at 110 °C (Mcdaniel and Anderson 2001)
and binder was kept at the mixing temperature for 2 hours. After mixing, prepared loose
mixtures were kept in the oven for 4 hours at 135 °C (AASHTO R 30-10) to simulate
short-term aging. The goal of short-term aging is to simulate the aging and binder
absorption that occurs during mixing phase of the production process. Then the aged
loose asphalt mixtures were kept in the oven for 2 more hours at the compaction
temperature prior to compaction.

4.3.3.4 Air void content

All the samples were prepared for the target 5% and 7% air-void content. Air-void
contents were measured for all the samples after compaction. To find the air void
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contents, the G,,,, of the samples were measured after compaction by following AASHTO
T 166-12. Air-void content for each sample was then determined by using Equation 4.1.
Air-void contents for all specimens were required to be within 7%+1% (Newcomb et al.
2015). In this study, all the samples met the requirement for air content while almost all
specimens (except 5 samples) had air-void contents within 7%+0.5%. The measured air-
voids for all the samples are presented in 0.

4.3.4 Testing methods

Three tests were carried out in this study (SCB, DM and FN) to evaluate cracking and rutting
performance of asphalt mixtures. SCB, DM and FN test methods followed in this study are
discussed in Section 3.5.

44 RESULTS AND DISCUSSION

This section presents the results of SCB, DM and FN tests for the experimental plan given in
Table 4.1. The purpose of this experimental plan was to determine the effects of binder content,
air-void content, binder modification and gradation on measured cracking and rutting
performance. The three mixes from Chapter 3.0 (Mix 1, Mix 2 and Mix 3), described in Section
3.4.2, were reproduced in the laboratory with two binder contents (5.3% and 6%) and two air-
void contents (5% and 7%). A more detailed investigation into the effect of gradation was also
performed and is presented in Chapter 5.0. A full factorial experimental plan with SCB, DM and
FN tests was followed for all air-void, binder content and mix type combinations (Table 4.1) and
results are presented in the subsequent sections.

4.4.1.1 Semi-circular bend (SCB) test

Samples were mixed and compacted to prepare specimens with 150 mm diameter and
130 mm height for each mix type and for each combination of binder content and air void
content used in this study. Four replicate SCB test samples were obtained from each
sample and a total of 48 samples were tested. The notch depth used was 15 mm (Ozer et
al. 2016; Nsengiyumva 2015) and flexibility index was the parameter considered to
evaluate the fatigue response of each sample.

Figure 4.3 compares the SCB results for plant mixed (PMLC) and laboratory mixed
(LMLC) samples. It was observed that mixing type (plant or laboratory) does not
significantly affect the measured flexibility index. Mix 3 was an exception for the reason
described in Section 3.6.2.1 (higher production binder content for Mix 3).

Results for the entire test factorial are presented in Figure 4.4. Binder content and air void
content significantly affected the measured flexibility index. Polymer modification (ER
mixes) created mixtures that are significantly more resistant to cracking. Coleri et al.
(2017) suggested a flexibility index of 10 as a threshold for cracking resistance
acceptance. It can be observed from Figure 4.4 that none of the cases with PG70-22
binder (Mix 3-Non-ER mix) has a flexibility index close to 10 (the highest one is less
than 6). This result suggested that polymer modification creates a significant
improvement in cracking resistance of asphalt mixtures. In addition, a 0.7% increase in
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binder content increases the flexibility index by 2 to 3 times. This observed significant
effect of increased binder content on cracking performance suggested that increasing the
binder content of asphalt mixtures currently used in Oregon can create significant savings
by improving pavement longevity. By comparing results for M2-BC6%-AV5% and M2-
BC6%-AV7%, it can be concluded that increasing asphalt density by 2% (an air-void
content reduction from 7% to 5%) can increase flexibility index from 8 to 20. For this
reason, producing asphalt mixtures that are easy to compact and utilizing intelligent
compaction technologies that are currently being implemented in Oregon can potentially
create a significant improvement in the cracking resistance of asphalt mixtures.

16

Flexibility Index

M2 M3 M1 M2

PMLC LMLC

Figure 4.3. SCB results comparing plant and laboratory compaction.

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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Figure 4.4. SCB results for the mixtures with different binder contents (5.3% and 6%o), and
air void contents (5%, and 7%).

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
BC: Binder Content
AV: Air Void Content

ANOVA table

Analysis of Variance (ANOVA) was performed to estimate the effects of mix type,
gradation, binder content and air void content on the dependent flexibility index (FI)
variable. The F value in ANOVA analyses shows the statistical significance of each
independent variable (Seber 1977). Flexibility indices were transformed logarithmically
and linearly correlated with the dependent variables. As shown in Table 4.4, all
independent variables are important except gradation. Mix type (ER or non-ER) had the
most significant effect on FI since it exhibited the highest F value. Binder content and air-
void content are the second and third most significant variables, respectively.
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Table 4.4. ANOVA Table for the Regression Model Correlating Fl Test Results with Mix
Type, Gradation, Binder Content and Air Void Content

Df Sum of Mean Sum E Value Pr (F)
Squares of Squares
MIX 1 2.10 2.10 45.81 0.0003
GRAD 1 0.03 0.03 0.64 0.4504
BC 1 1.02 1.02 22.25 0.0022
AV 1 0.37 0.37 8.17 0.0244
Residuals 7 0.32 0.046

4.4.1.2 Dynamic modulus (DM) test

In this part of the study, DM tests were conducted on three mixes with different binder
contents (5.3% and 6%) and air void contents (5% and 7%). Two replicate experiments
were conducted for each combination of the variables and 24 tests in total were
conducted at frequencies and temperatures indicated in 3.5.6. The testing procedure
described in AASHTO TP 79-13 for unconfined mixtures was followed. Dynamic
modulus master curves are presented in Figure 4.5, Figure 4.6 and Figure 4.7. These
master curves were used in Chapter 7.0 to perform mechanistic-empirical pavement
design simulations.

10,000
py—
< 1,000
Tt
[75]
=
3
5 100
Q
=> M1: BC 6.0; AVS
9 10 M1: BC 5.3; AV7
e M1: BC5.3; AVS
E M1: BC 6.0; AV7
g 1

0.0000001 0.00001 0.001 0.1 10 1000 100000
Reduced Frequency (Hz)

Figure 4.5. Master curves of dynamic modulus for M1 with different binder contents (5.3%
and 6%0), air void contents (5%, and 7%).

Note: M1: Mix 1-PG70-22ER-Fine gradation
BC: Binder Content
AV: Air Void content
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Figure 4.6. Master curves of dynamic modulus for M2 with different binder contents (5.3%
and 6%0), air void contents (5%, and 7%).

Note: M2: Mix 2-PG70-22ER-Coarse gradation
BC: Binder Content
AV: Air Void content
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Figure 4.7. Master curves of dynamic modulus for M3 with different binder contents (5.3%
and 6%0), air void contents (5%, and 7%).

Note: M3: Mix 3-PG70-22-Coarse gradation
BC: Binder Content
AV: Air Void content
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From Figure 4.5, Figure 4.6 and Figure 4.7, it can be observed that Mix 1 with a binder
content of 5.3% and air-void content of 5% was the stiffest and Mix 2 with binder content
6% and air void content 7% was the softest mixture of all combinations. Although
decreasing air-void content was determined to improve cracking resistance (See Figure
4.4), air-void content was not observed to have any significant effect on dynamic
modulus of mixtures. However, increasing binder content from 5.3% to 6% was observed
to significantly reduce the dynamic modulus of asphalt mixtures. It was also observed
that although the master curves for Mix 1 and Mix 3 are close, Mix 1 had a significantly
higher cracking resistance than Mix 3. This result suggested that although polymer
modification does not create a significant change in mixture stiffness, it improved
cracking performance due to increased ductility.

In order to evaluate the difference between field mixing and laboratory mixing, master
curves of Mix 1 (6% binder content and 7% air voids), Mix 2 (5.3% binder content and
7% air voids) and Mix 3 (5.3% binder content and 7% air voids) prepared by laboratory
mixing (LMLC) were compared with the master curves for the same three mixes with the
same properties obtained from the plant (PMLC). Figure 4.8 illustrates the master curves
for the above-mentioned samples. Although the ranking of the three mixes in terms of
stiffness was similar for LMLC and PMLC samples, it was observed that the stiffnesses
of the laboratory mixed samples were in general higher than plant mixed samples. One of
the important reasons for this difference might be the short-term aging simulation in the
laboratory. Four hours of aging at 135°C to simulate short-term aging for LMLC samples
may be creating stiffer mixes. However, further investigations are necessary to derive this
conclusion.
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Figure 4.8. Master curves of dynamic modulus comparing field mixed and laboratory
mixed samples.

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
LMLC: Lab Mixed-Lab Compacted
PMLC: Plant Mixed-Lab Compacted

Phase angle master curves for all test results are plotted in Figure 4.9, Figure 4.10 and
Figure 4.11. The same shift factor values, which were calculated and used for developing
the master curves for DM tests, are used to develop the master curves for phase angles.
The reference temperature for all master curves is 20°C.

In general, from Figure 4.9, Figure 4.10 and Figure 4.11, it is evident that decreasing
binder content reduces measured phase angles. This result suggests that mixtures with
higher binder contents will have higher cracking resistance. On the other hand, air-void
content does not significantly affect the phase angle of the asphalt mixtures.
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Figure 4.9. Phase angle master curves for M1 with different binder contents (5.3% and
6%0), air void contents (5%, and 7%b).

Note: M1: Mix 1-PG70-22ER-Fine gradation
BC: Binder Content
AV: Air Void content
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Figure 4.10. Phase angle master curves for M2 with different binder contents (5.3% and
6%0), air void contents (5%, and 7%b).

Note: M2: Mix 2-PG70-22ER-Coarse gradation
BC: Binder Content
AV: Air Void content
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Figure 4.11. Phase angle master curves for M3 with different binder contents (5.3% and
6%0), air void contents (5%, and 7%b).

Note: M3: Mix 3-PG70-22-Coarse gradation
BC: Binder Content
AV: Air Void content
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4.4.1.3 Flow number (FN) test

The flow number (FN) test is a simple performance test for evaluating rutting
performance of asphalt concrete mixtures (Bonaquist et al. 2003). High FN values
indicate that asphalt mixtures have high rutting resistance. Figure 4.12 presents the FN
values for all the three mixes with different binder contents and air void contents.

Suggested FN for the traffic level of 10 million to 30 million ESALSs is specified as 190
while the FN limit for roadways with ESALs more than 30 million were specified as 740
(AASHTO TP 79-13). In Figure 4.12, dashed and solid red lines show the recommended
FN for the traffic levels of 10 to <30 million and >30 million ESALS, respectively. FN
values for all the asphalt mixtures were greater than 740, which is the recommended FN
for the traffic level of more than 30 million ESALSs. These results suggest that all tested
mixtures are stiff enough to resist any rutting failures in the field. This result further
suggests that increasing binder content is not going to result in rutting failures in the field
while increased binder content will significantly improve cracking resistance of asphalt
mixtures. In other words, increasing binder content is an effective strategy to improve
pavement longevity.
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Figure 4.12. Flow number for mixes with different binder contents (5.3% and 6%o), air void
contents (5% and 7%).

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
BC: Binder Content
AV: Air Void Content
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ANOVA Table

Analysis of Variance (ANOVA) was performed to estimate the effects of mix type,
gradation, binder content, and air void content on the dependent flow number (FN)
variable. The F value in ANOVA analyses shows the statistical significance of each
independent variable (Seber 1977). FN values were transformed logarithmically and
linearly correlated with the dependent variables. As shown in Table 4.5, all independent
variables are important except gradation. Binder content had the most significant effect
on FN since it had the highest F value. Mix type (ER or non-ER) and air-void content are
the second and third most significant variables, respectively.

Table 4.5. ANOVA Table for the Regression Model Correlating FN Test Results with Mix
Type, Binder Content and Air Void Content

Df Sum of Mean Sum E Value Pr (F)
Squares of Squares
MIX 2 2.04 1.02 23.03 0.0008
BC 1 2.98 2.98 67.23 0.0001
AV 1 0.56 0.56 12.68 0.0092
Residuals 7 0.31 0.044

45 SUMMARY AND CONCLUSIONS

This portion of the study focused on quantifying the impact of air-void content, binder content,
gradation and polymer modification on cracking and rutting resistance of asphalt mixes
commonly used in Oregon. The study was divided into two parts. The first part was to reproduce
the three mixes from Section 3.4.2 in the laboratory (laboratory mixed-laboratory compacted
samples). Two binder contents (5.3% and 6%) and two air-void contents (5% and 7%) were used
for each mix type. Mix 1 and Mix 2 had polymer-modified binders while Mix 3 was a non-
polymer mixture. Mix 1 had a finer gradation while Mix 2 and Mix 3 had coarse gradations. The
results from this Chapter were also compared with the results from Section 3.6.2. The objective
was to identify the impact of the difference in mixing (laboratory and plant mixing) and short-
term aging (plant and laboratory short-term aging) on cracking and rutting resistance of asphalt
mixtures.

The following conclusions were derived from this portion of the study:

e Polymer modification plays an important role in imparting ductility to the mix and
thereby significantly increases the cracking resistance of the asphalt mix.

e Binder content significantly affected the measured flexibility index. A 0.7% increase
in binder content increases the flexibility index by 2 to 3 times. This observed
significant effect of increased binder content on cracking performance suggested that
increasing binder content of asphalt mixtures currently used in Oregon can create
significant savings by improving pavement longevity.

e Air-void content (density) significantly affected the measured flexibility index. A 2%
reduction in air-void content increases the flexibility index by 1.5 to 2 times. For this
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reason, producing asphalt mixtures that are easy to compact and utilizing intelligent
compaction technologies that are currently being implemented in Oregon can
potentially create a significant improvement in the cracking resistance of asphalt
mixtures.

Mixing type (plant or laboratory) does not significantly affect the measured flexibility
index.

According to DM test results, although decreasing air-void content was determined to
improve cracking resistance, air-void content was not observed to have any
significant effect on dynamic modulus of mixtures. However, increasing binder
content from 5.3% to 6% was observed to significantly reduce the dynamic modulus
of asphalt mixtures.

Although polymer modification does not create a significant change in mixture
stiffness, it improved cracking performance due to increased ductility.

The stiffnesses of the laboratory mixed samples were, in general, higher than that of
the plant mixed samples. One of the important reasons for this difference might be the
short-term aging simulation in the laboratory. Four hours of aging at 135°C to
simulate short-term aging for LMLC samples may be creating stiffer mixes.

FN values for all the asphalt mixtures were greater than 740, which is the
recommended FN for the traffic level of more than 30 million ESALSs. These results
suggest that all tested mixtures are stiff enough to resist any rutting failures in the
field. This result further suggests that increasing binder content is not going to result
in rutting failures in the field while the increased binder content will also significantly
improve the cracking resistance of asphalt mixtures. In other words, increasing binder
content is an effective strategy to improve pavement longevity.
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5.0 IMPACT OF INCREASED DUST CONTENT ON
CRACKING PERFORMANCE

5.1 INTRODUCTION

Aggregate gradation plays a prominent role in cracking performance of asphalt mixtures.
Increasing dust content and using finer gradations can reduce the required binder content for the
asphalt mix and reduce the initial production costs. This reduction in required binder content is
generally a result of the dust particles replacing the binder required to fill the voids in the
aggregate microstructure. However, increasing dust content and using finer gradations make the
asphalt mixes drier (reduces binder content) and reduce the asphalt film thickness around the
aggregates. Thus, reduced binder content and film thickness can reduce the cracking resistance
of the asphalt mixture. Reduced asphalt mixture performance can increase the maintenance costs
during the service life of the pavement structure.

In this part of the study, a new gradation was created by increasing the dust content. A new mix
design was developed for the created high dust content mix. The objective was to evaluate the
effect of increased dust content on fatigue performance of asphalt mixtures. SCB tests were
conducted to analyze the cracking performance of these mixtures. These results were compared
with the results from the control mixes prepared by following the ODOT mix design and target
gradations to determine the impact of high dust content on cracking performance.

5.2 OBJECTIVE

The major objective of this part of the study was to determine the cracking performance of
asphalt mixtures with higher dust contents. The impact of dust content on cracking performance
was determined by comparing two mixtures with similar volumetrics (similar mix designs) but
with different binder and dust contents.

53 MATERIALS AND METHODS
Materials and Experimental Design

It is possible to achieve similar mixture volumetrics by using different gradations and binder
contents. In order to reduce the amount of binder required to reach a specific density level with
equal compaction effort (same number of gyrations in a SGC), dust content of the mixture can be
increased. The additional dust introduced into the mixture can fill the voids between aggregates
with larger sizes and make it possible to reach the required density with less binder. On the other
hand, the same density with equal compactive effort can be achieved by increasing the binder
content of the asphalt mixture rather than increasing the dust content. Since excessive dust
particles in the asphalt mixture reduce the adhesion between aggregates and the binder, higher
dust-to-binder ratios in an asphalt mixture are expected to reduce durability. Although increasing
dust content to achieve required density is expected to reduce initial costs (material production
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costs), a possible reduction in cracking resistance for high dust mixtures can potentially increase
life-cycle costs.

In this study, in order to determine the effect of high dust content on performance, first two

| gradations (a fine and a coarse gradation) were selected. Figure 5.1 shows the gradation curves
selected for mixture production. The original gradation is the gradation used by Lakeside
industries to produce Mix 3 in this study while the finer gradation is the gradation selected to
investigate the high dust content effect on durability. The mix design binder content for the
“original gradation” mix was already specified as 5.3% by ODOT and used for production by the
plant (See 0). The binder content for the “finer gradation” mix was determined by following the
mix design procedure given in AASHTO M 323-12. The procedure followed to design the mix is
given in the next section (Section 5.3.1). After the binder content for the “finer gradation” mix
was determined, actual test specimens with 7% target air-void content were prepared. In this
study, a total of eight SCB tests (Section 3.5.1), four DM tests (Section 3.5.6) and four FN tests
(Section 3.5.7) were conducted to determine the effect of increased dust content on durability.
The experimental plan followed is given in Table 5.1.

Table 5.1: Experimental Plan for Dust Content Effect Evaluation

Test type _Pgl/ g; Comp. | Temp. 2?:;(: Agt?i.n%rea:rd.- \ﬁ;ii[j Repl. -1[2;?;
content
SCB | M3' | LMLC?| 25°C | PG 70-22 %24551?;;? % | 4 | 8
DYNAMIC | vz | LMLC | 1run | PGT022 | PRSP | % | 2 | 4
W | M3 | LMLC | sa7°C | PGT0-22 | SRR |7y | 2 | 4
Notes:

1 M3: Mix 3-PG70-22-Fine gradation
2LMLC: Laboratory mixed and Laboratory compacted
¥ Samples were tested at temperatures of 4 °C, 20 °C, and 40 °C and the loading frequencies of 0.1, 0.5, 1, 5,
and 10 Hz. A loading frequency of 0.01 Hz was also used for 40 °C tests.

*CA: Coarse gradation; FA: Fine gradation

The virgin aggregates and RAP aggregates described in Section 4.3.2 were used in this study.
The binder used in this study (PG70-22) was provided by Owens Corning in Portland, Oregon.
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Figure 5.1: Gradations selected to evaluate the effect of increased dust content on
durability.

5.3.1 Mix Design Process

After fixing the target gradation, four trial binder contents were chosen (5.0%, 5.5%, 6.0% and
6.5%) for mix design. Three replicate G,,,, samples for each binder content level (12 G,
samples in total) were mixed according to AASHTO T 312-12 and their G, values were
measured following the procedure described in AASHTO T 209-12. By following the batching
procedure described in Section 4.3.3.2, three replicate mix design batches for each binder content
level were prepared (12 samples in total). Mixed samples were short-term aged for 4 hours at
135°C and were compacted into cylindrical specimens of 150 mm diameter by fixing the number
of gyrations in the gyratory compactor to 100. The volumetrics [air void content (AC), voids in
mineral aggregates (VMA) and voids filled with asphalt (VFA)] were determined for each
sample. The binder content that met the criteria for AC, VMA and VFA was chosen as the
optimum binder content for the high dust mix. Figure 5.2 illustrates the relationship between air-
void content and asphalt content. It can be observed that an asphalt content of 5.1% yielded the
target 4% air voids. Hence, the optimum binder content was chosen as 5.1% and used for actual
test sample preparation (with a target air-void content of 7%) as described in the previous
Section (Section 0). The dust-to-binder ratio for the “original gradation” and the “finer
gradation” mixes were determined to be 1.42 and 2.2, respectively.
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Figure 5.2: Mix design curve — Binder content versus air-void content.

54 RESULTS AND DISCUSSION
5.4.1 Semi-Circular Bend (SCB) Test

SCB test results for the “original gradation” and “finer gradation” mixes are presented in Figure
5.3. Both mixtures had similar volumterics while for the “finer gradation” mix, some of the
required binder to fill the voids was replaced with dust particles. For this reason, design binder
content for the “finer gradation” mix is about 0.2% lower than the binder content for the
“original gradation” mix. It can be observed from Figure 5.3 that average flexibility index (FI)
for the “finer gradation” mix is about 25% lower than the “original gradation” mix. This result
suggested that increasing the dust content to achieve density targets with less binder content
could reduce in-situ cracking performance and reduce pavement longevity. For this reason, lower
dust-to-binder ratios should be targeted to improve cracking resistance of asphalt mixtures. As
stated in Section 5.3.1, the dust-to-binder ratio for the “original gradation” mix is 1.42. Without
changing the gradation, increasing the design binder content for this mix from 5.3% to 6% is
expected to reduce the dust-to-binder ratio to about 1.29. It can be observed from Figure 4.4 that
the flexibility index for the same mixture with 6% binder content (dust-to-binder ratio of 1.29) is
about 31% higher than the mix with a dust-to-binder ratio of 1.42 (FI increases from 3.85 to
5.55).
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Figure 5.3. SCB results for dust content effect.

Note: M3F: Mix 3-PG70-22-Finer gradation
M3: Mix 3-PG70-22-Original coarse gradation
BC: Binder Content
AV: Air Void Content

5.4.2 Dynamic Modulus (DM) Test

DM tests were conducted with *“original gradation” and “finer gradation” mixes. Two replicate
experiments were conducted for each combination of the variables and 4 tests were conducted at
frequencies and temperatures indicated in Section 3.5.6. The testing procedure described in
AASHTO TP 79-13 for unconfined mixtures was followed. Reference temperature for all the
master curves is 20°C. Dynamic modulus master curves are presented in Figure 5.4. The master
curve for the “finer gradation” mix was compared with the master curve for “original gradation”
mix. It was observed that the stiffness of the “finer gradation” mix was higher than the “original
gradation” mix. Higher dust content and lower binder content created a stiffer mix with lower
cracking resistance.
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Figure 5.4. DM master curves comparing finer and coarse gradations.

Note: M3F: Mix 3-PG70-22-Finer gradation
M3: Mix 3-PG70-22-Original coarse gradation
BC: Binder Content
AV: Air Void Content

Phase angle master curves for all test results are plotted in Figure 5.5. The same shift factor
values, which were calculated and used for developing the master curves for DM tests, were used
to develop the master curves for phase angles. Results were in agreement with the dynamic
modulus values. The results show that having a higher dust content (more aggregate surface
area) and about 0.2% lower binder content resulted in lower phase angle values for the “finer
gradation” mix. The lower phase angle for the “finer gradation” mix indicated that this mix is
less viscous, less susceptible to rutting and less resistant to cracking.
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Figure 5.5. DM master curves comparing finer and coarse gradations.

Note: M3F: Mix 3-PG70-22-Finer gradation
M3: Mix 3-PG70-22-Original coarse gradation
BC: Binder Content
AV: Air Void Content

5.4.3 Flow Number (FN) Test

Flow number tests were conducted with each mix to determine the rutting resistance of “original
gradation” and “finer gradation” mixtures. Two replicate experiments were conducted for each
mix type. FN test results are presented in Figure 5.6. It can be observed that the FN for both
mixtures are higher than 740, which is the recommended FN for the traffic level of more than 30
million ESALSs. These results suggest that these two mixes are not susceptible to rutting failures
in the field. The “Finer gradation” mix was observed to have a higher rutting resistance than the
“original gradation” mix.
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Figure 5.6. FN test results for dust content effect.

Note: M3F: Mix 3-PG70-22-Finer gradation
M3: Mix 3-PG70-22-Original coarse gradation
BC: Binder Content
AV: Air Void Content

5.5 SUMMARY AND CONCLUSIONS

In this part of the study, a new gradation was created by increasing the dust content. A new mix
design was developed for the created high dust content mix, which provided about a 0.2%
reduction in required binder content when compared to the control mixture. This reduction in
required binder content is expected to be a result of the dust particles replacing the binder
required to fill the voids in the aggregate microstructure. The objective of this part of the study
was to evaluate the effect of increased dust content on fatigue performance of asphalt mixtures.
SCB tests were conducted to analyze the cracking performance of these mixtures. These results
were compared with the results from the control mixes prepared by following the ODOT mix
design and target gradations. Results showed that increased dust content makes the mix drier and
reduces the asphalt film thickness around the aggregates. Thus, reduced binder content and film
thickness reduces the flexibility index of the asphalt mix. Therefore, the mixture with a high
dust-to-binder ratio is expected to be more susceptible to fatigue cracking. For this reason,
decreasing the dust-to-binder ratio by limiting the dust content and/or increasing the binder
content will provide asphalt mixtures with higher cracking resistance.
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6.0 THE EFFECT OF LABORATORY LONG-TERM AGING
ON CRACKING PERFORMANCE OF ASPHALT MIXTURES

6.1 INTRODUCTION

The phenomenon of fatigue cracking in asphalt pavements is observed several years after
construction. The aromatic compounds, which are a constituent of the asphalt binder, have a
tendency to oxidize over time. The oxidation results in the creation of polar carbonyl compounds
that increase the elastic modulus and viscosity of the binder. In other words, stiffening of the
binder occurs (Glover et al. 2005). This process is known as aging. Aging of asphalt mixtures is
a continuous phenomenon, which starts during production and construction and is observed
throughout the service life of the pavement. This causes the asphalt mixtures to become brittle,
thereby making them more susceptible to cracking. In the past, aging was assumed to be
relatively consistent and reasonable correlations have been established between laboratory and
field aging (Bell et al. 1994). However, over the last decade, due to the increased use of recycled
materials and polymer modification, there is a need to understand the impact of aging on the
behavior of asphalt mixtures.

In Chapters 3.0 to 5.0, all LMLC samples were short-term aged to simulate the aging and binder
absorption that occurs during mixing phase of the production process. However, none of these
mixes were long-term aged to simulate aging within the first 5 to 15 years. In this Chapter, the
plant produced loose mixtures described in Section 3.4.2 were further aged in the oven at 85°C
for five days after short-term aging at 135 °C for 4 hours (these are called “long-term aged”
samples). After long-term and short-term aging, samples were prepared using the SGC and were
tested to determine their cracking performance. For this purpose, SCB tests were conducted to
measure the flexibility index of the aged samples. Flexibility indices for short and long-term
aged samples were compared to the flexibility indices for only short-term aged samples (Figure
3.31) to determine the impact of aging on cracking resistance. DM and FN tests were also
conducted to determine the impact of aging on mixture stiffness and rutting resistance.

6.2 OBJECTIVES
The major objectives of this part of the study were to:

e Determine whether the long-term aging process has any impact on the cracking
performance ranking of asphalt mixtures, and

e |dentify the effect of long-term aging on measured flexibility index values.
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6.3 MATERIALS AND METHODS

The three plant produced mixes described in Chapter 3.0 were used in this study to evaluate the
effect of aging. After splitting the mix obtained from the plant, the required amount of material
for SCB and DM samples were weighed out and short-term aged in the oven at 135°C for 4
hours. They were then placed in the oven at 85°C for five days. It was ensured that the mix was
stirred from time-to-time to obtain uniform aging. At the end of the fifth day, the mixtures were
heated to compaction temperature and were compacted using SGC (AASHTO T312-12). A total
of 12 SCB tests (Section 3.5.1), 6 DM tests (Section 3.5.6) and 6 FN tests (Section 3.5.7) were
conducted. The experimental plan is shown in Table 6.1.

Table 6.1: Experimental Plan for Aging Evaluation

Mix Total
Test type Type Comp. | Temp. | Repl. Tests
M1t
SCB M2 PMLC? | 25°C 4 12
M3
Dynamic M1
y M2 PMLC | 1run® | 2 6
modulus
M3
Flow M1
M2 PMLC | 54.7°C 2 6
number M3

Note:  *M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
2PMLC=Plant Mixed Laboratory Compacted;
¥ Samples were tested at temperatures of 4 °C, 20 °C, and 40 °C and the loading frequencies of 0.1, 0.5, 1, 5,
and 10 Hz. A loading frequency of 0.01 Hz was also used for 40 °C tests.

6.4 RESULTS AND DISCUSSION
6.4.1 Semi-Circular Bend (SCB) Test

SCB tests were conducted at 25°C to evaluate the fatigue response of laboratory long-term aged
asphalt samples. Four replicate experiments for each mix were produced and a total of 12 tests
were conducted. SCB test results are presented in Figure 6.1. The flexibility index values
obtained were compared with the results from unaged samples (Section 3.6.2.1). It was observed
that the flexibility index values for the aged samples, which are expected to be brittle, were lower
than that of the unaged samples for the same mix types. The reduction in FI was found to be
about 40%. However, it was evident that the performance rankings of the mix types do not
change irrespective of aging simulations in the laboratory. For the long-term aged samples, the
flexibility index for Mix 1 was higher and was followed by Mix 3 and Mix 2, respectively. The
same trend was observed for samples that were only short-term aged (Section 3.6.2.1). Figure 6.2
illustrates the correlation between the FI values of short and long-term aged samples and only
short-term aged samples. It can be observed that there is a strong linear correlation between the
average measured flexibility index values of short and long-term aged and only short-term aged
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samples (R?= 0.953). However, further research with a larger experimental plan is required to
validate this conclusion.

M short-term aged

u long-term aged

Flexibility Index
[#4]

Figure 6.1. SCB results comparing long-term aged and only short-term aged samples.

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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Figure 6.2. Correlation between FI for long-term aged and only short-term aged samples.
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6.4.2 Dynamic Modulus (DM) Test

DM tests were also conducted on long-term aged samples in the laboratory. Two replicate
experiments were conducted for each mix type. Therefore, six samples were tested at the testing
frequencies and temperatures given in Section 3.5.6. The testing procedure without any
confining pressure described in AASHTO TP 79-13 was followed. Dynamic modulus and phase
angle master curves are presented and discussed in the following sections.

Note:

6.4.2.1 Master curves for dynamic modulus

This section presents the dynamic modulus master curves for short and long-term aged
asphalt samples and for only short-term aged samples. The average of test results for two

replicate mixtures were used to develop each master curve as recommended by AASHTO
TP 79-13.

Master curves of dynamic modulus for the short and long-term aged and only short-term
aged samples of the three mixtures in consideration are presented in Figure 6.3.
Reference temperature for all the master curves is 20°C. As was expected, the aged
samples resulted in higher dynamic modulus values than the unaged samples. The
dynamic modulus rankings obtained from DM testing were also in agreement with the
rankings obtained from the SCB test results described in the previous section. In other
words, long-term aging did not affect the dynamic modulus ranking.
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Figure 6.3. DM master curves comparing aged and unaged samples.

M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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6.4.2.2 Master curves for phase angle

| Phase angle master curves for all test results are plotted in Figure 6.4. The same shift
factor values, which were calculated and used for developing the master curves for DM
tests, are used to develop the master curves for phase angles. Reference temperature for

| all master curves is 20°C. Figure 6.4 depicts that the long-term aged samples, which are
expected to be brittle, have lower phase angles indicating that their cracking resistance
when compared to the only short-term aged samples will be lower.
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Figure 6.4. Phase angle master curves comparing aged and unaged samples.
Note: M1: Mix 1-PG70-22ER-Fine gradation

M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

6.4.3 Flow Number (FN) Test

Flow number tests were conducted with each mix type to determine the rutting resistance of
long-term aged and only short-term aged mixtures. Two replicate experiments were conducted

| for each mix type. FN test results are presented in Figure 6.5. It can be observed that FN for
long-term aged mixtures are significantly higher than the FNs for only short-term aged samples.
However, long-term aging does not change the rankings of the mixtures for rutting performance.
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Figure 6.5. FN test results comparing aged and unaged samples.

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

6.5 SUMMARY AND CONCLUSIONS

In this part of the study, the plant-produced loose mixtures described in Section 3.4.2 were
further aged in the oven at 85°C for five days after short-term aging at 135 °C for 4 hours (called
as “long-term aged” samples). After long-term and short-term aging, samples were prepared
using the SGC and were tested to determine their cracking performance. For this purpose, SCB
tests were conducted to measure the flexibility index of the long-term aged samples. Flexibility
indices for long-term aged samples were compared to the flexibility indices for only short-term
aged samples to determine the impact of aging on cracking and rutting resistance. The following
conclusions were derived from this study:

e Laboratory long-term aging does not change the FI, FN and dynamic modulus
rankings of the three mixtures used in this study.

e However, long-term aging significantly reduces the flexibility index values of the
mixtures thereby making them brittle and more susceptible to cracking.
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7.0 MECHANISTIC-EMPIRICAL PAVEMENT DESIGN GUIDE
(MEPDG) SIMULATIONS AND LIFE CYCLE COST ANALYSIS

7.1 INTRODUCTION

This portion of the study focused on development of MEPDG models to quantify the impact of
polymer modification, binder content, gradation and traffic level on in-situ rutting and alligator
cracking (bottom-up cracking) performance. For this purpose, Level 1 MEPDG simulations (the
level with highest level of accuracy) were conducted by using the dynamic modulus and binder
dynamic shear rheometer test results for lab-mixed lab-compacted mixes given in Chapter 4.0.
Measured asphalt mixture properties (effective binder content) for all tested asphalt mixtures
were also used to improve model predictions. In this study, MEPDG longitudinal (top-down
cracking) cracking models were not used for simulations since the accuracy of these models were
determined to be low (Williams and Shaidur 2013). Findings of the NCHRP 9-30 (Von Quintus
et al. 2009) also suggested not including current longitudinal cracking models in the local
calibration guide.

In this study, a material cost-calculation tool developed by Coleri et al. (2017) was used to
calculate the asphalt mixture costs for different mixture types (with and without polymer
modification). Using the predicted performance curves and calculated material and agency costs,
life-cycle cost analyses (LCCA) were performed to determine the most cost-effective strategies.

7.2 MEPDG RUTTING AND FATIGUE CRACKING MODELS
7.2.1 Fatigue Cracking Models

Miner’s law is one of the most basic recursive-incremental damage accumulation methods used
in fatigue cracking prediction (Miner 1945). It is based on the cumulative damage theory and
defined as the ratio of number of cycles applied at each stress level to the number of cycles to
failure, as shown in Equation 7.1. For fatigue cracking, the number of cycles to failure in Miner’s
law is defined as the number of repetitions to fatigue cracking or allowable number of
repetitions. In mechanistic-empirical (ME) pavement design, the number of repetitions to fatigue
cracking are calculated for all trucks on a highway section with different loads, speeds and
temperatures via transfer functions developed by using laboratory fatigue cracking test results.
Then, damage created by a specific axle for a specific time interval (using load, speed and
temperature for the corresponding time interval) is calculated by dividing 1 by the calculated
number of repetitions to fatigue cracking. By summing up calculated damage created by all truck
axles for a specific design period whilst considering variable traffic, climate and changing
material properties, the total accumulated damage for the design period can be calculated.
Fatigue cracking is assumed to occur when the accumulated damage value reaches a value of “1’.
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Where:
n = Actual number of axle load applications within a specific time period
Nf_pma = Allowable number of axle load applications for a flexible pavement and HMA

overlays to fatigue cracking

Ji = Axle-load interval

m = Axle-load type (single, tandem, tridem, quad or special axle configuration)

l = Truck type using the truck classification groups included in the MEPDG

p = Month

T = Median temperature for the five temperature intervals used to subdivide each month

The most common type of model used to predict the number of load repetitions required for
initiation of fatigue cracking is a function of the tensile strain and stiffness of the mix. The
general form of the number of load repetitions equation (transfer function) used in MEPDG is
shown in Equation 7.2 (Witczak et al. 2004).

y = o (9 ()
Where:
Nt = Number of repetitions to fatigue cracking.
& = Tensile strain at the critical location.
E = Stiffness of the material.
Ky, Ko, K3 = Laboratory regression coefficients.
C = Laboratory to field adjustment factor.
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The damage transfer function for alligator (bottom-up cracking) calculation is given in Equation
7.3.

FCpottom = < 0009 > * (i) 7.3
1 + e(CiCP+C2xC+LogDlpottom)) | \60
Where:
FCgottom = Alligator cracking, percent of total area
Cy = Calibration coefficient
C, = Calibration coefficient
c? =-2x%C¢
cd = —2.40874 — 39.748(1 + Hyp ) 2856
Hyma = Total HMAC thickness, inches
Dlgottom = Bottom incremental damage, percent

7.2.2 Rutting Models
Rutting in the asphalt and unbound layers are separately predicted in MEPDG. Total surface

rutting is calculated by summing the predicted rutting in all layers. Asphalt layer rutting is
calculated by using the field-calibrated equations given below:

Apmay= Epmayhuma = ﬂrlkzgr(HMA)10k1nk2Br2Tk2B 2 1.4
Where:

ApHma) = Accumulated permanent or plastic vertical deformation in the HMA
layer/sublayer, inches

Ep(HMA) = Accumulated permanent or plastic axial strain in the HMA layer/sublayer,
inches/inches

hyma = Thickness of the HMA layer/sublayer, inches

n = Number of axle load repetitions
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T = Mix or pavement temperature, °F
k, = Depth confinement factor, inches

kis3 = Global field calibration parameters (from the NCHRP 1-40D recalibration;
k;=-3.35412, k,=1.5606, k3=0.4791)

Br.,, = Local or mixture field calibration constants; for the global calibration, these constants
were all setto 1.0

k, = (C; + C,D) * 0.328196P 7.5
C; = —0.1039 * (Hypa)? + 2.4868 % Hyp s — 17.324 7.6
C, = 0.0172 % (Hypa)? — 1.7331 * Hypyya + 27.428 7.7
Where:
D = Depth below the surface, inches
Hyya = Total HMA thickness, inches

The field-calibrated equation used to calculate unbound layers’ vertical deformation is given in
Equation 7.8 below:

%) -(2)’
04(N) = Bs1k1€xhs0ir (E_) e \n 7.8
-
Where:
6,(N) = Permanent or plastic deformation for the layer/sublayer, inches
n = Number of axle load repetitions
& = Intercept determined from laboratory repeated load permanent deformation tests,
inches/inches
& = resilient strain imposed in laboratory test to obtain material properties &,, § and p,
inches/inches
& = Average vertical resilient or elastic strain in the layer/sublayer and calculated by the

structural response model, inches/inches
hgoir = Thickness of the unbound layer/sublayer, inches
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| kq = Global calibration coefficients; k,= 2.03 for granular materials and 1.35 for fine-
grained materials

Bs1 = Local calibration constant for the rutting in the unbound layers (base or subgrade); the
local calibration constant was set to 1.0 for the global calibration effort. Note that B, represents
base layer.

| logB = —0.61119 — 0.017638(W,) 7.9
c 1
B
— 10° ( 0 ) 7.10
P (1 - (10%F)
aerbl
Co=1Ln = | = 0.0075 7.11
agM,™
Where:
W, = Water content, percent
M, = Resilient modulus of the unbound layer or sublayer, psi
ao = Regression constants; a,=0.15 and ay= 20.0
by o = Regression constants; b;=0.0 and by= 0.0

Since rutting in aggregate base and subgrade layers are not expected to be significant in Oregon
Williams and Shaidur (2013), calibration factors for aggregate base and subgrade layers are set
to 0 in this study.

7.3 LEVEL 1 MEPDG SIMULATIONS USING EXPERIMENTAL
RESULTS

Three hierarchical levels of inputs are available in MEPDG. Level 1 input represents the highest
level of accuracy and requires laboratory or field test results to characterize material properties.
Level 2 analysis requires binder, aggregate and general mixture properties and uses these input
variables to estimate HMA stiffnesses by using correlation functions embedded in MEPDG.
Level 3 analysis will provide the lowest level of accuracy. Average values for material properties
for the U.S. are selected by the user as input parameters. Experiments are not conducted to
measure any material properties to use as input variables for modeling.

In this study, MEPDG models were developed to quantify the impact of polymer modification,
binder content, gradation, and traffic level on in-situ rutting and alligator cracking (bottom-up
cracking) performance. For this purpose, Level 1 MEPDG simulations (the level with highest
level of accuracy) were conducted by using the dynamic modulus (presented in Chapter 4.0) and
binder dynamic shear rheometer test results. Measured asphalt mixture properties (effective
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binder content) for all tested asphalt mixtures were also used to improve model predictions (0).
Table 7.1 shows all the cases modeled with MEPDG to determine the impact of polymer
modification, binder content, gradation and traffic level on in-situ rutting and alligator cracking
(bottom-up cracking) performance.

Table 7.1: Cases Modeled with MEPDG.

Binder RAP Binder Climate Traffic Nlr”gfbe
content content | and mix (AADTT?)
models
M1t
0,
5.3% 20% M2 Portland 3,000 6
6.0%
M3
M1
0,
5.3% 20% M2 Portland 6,000 6
6.0% M3

Note: *M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
2 AADTT: Average annual daily truck traffic.

Mastersolver V2.2, a spreadsheet developed by Dr. Ramon Bonaquist of Advanced Asphalt
Technologies, was used to develop master curves and develop the parameters required to
perform Level 1 MEPDG analysis.

Williams and Shaidur (2013) performed a local calibration by using the pavement management
system data of Oregon Department of Transportation (ODOT). In this study, alligator cracking
(bottom-up) and rutting model calibration factors from Williams and Shaidur (2013) (Table 7.2)
were used to performed MEPDG simulations. Calibration coefficients from local calibration and
Level 1 inputs are expected to provide realistic performance predictions for the cases analyzed in
this study. However, it should be noted that MEPDG longitudinal (top-down cracking) cracking
models were not used for simulations since the accuracy of these models were determined to be
low (Williams and Shaidur 2013). Findings of the NCHRP 9-30 (Von Quintus et al. 2009) also
suggested not including current longitudinal cracking models in the local calibration guide.
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Table 7.2: Summary of Calibration Factors for Oregon (Williams and Shaidur 2013).

Calibration factor | MEPDG default value | Calibrated value
Alligator cracking
C1 1 0.560
C2 1 0.225
C3 6,000 6,000
AC rutting
Bri 1 1.48
Br2 1 1.00
Br3 1 0.90
Base rutting
Bsl 1 0
Subgrade rutting
Bsl 1 0

MEPDG models were developed for identical structures for all cases while the dynamic modulus
test results for different mixture types given in Chapter 4.0 were used for material
characterization. The typical structure used for model development for the initial rehabilitation is
shown in Figure 7.1a. A full friction interface is assumed for all layers. MEPDG rehabilitation
analyses were conducted. The top 1 inch of the 3 inch existing layer was milled for the analysis
(2 inch thick layer was left for modeling). After milling, 3 inch thick asphalt overlay was
constructed as the new layer. Level 1 parameters were entered for the top 3 inch overlay while
the existing asphalt layer was assumed to in “Fair” condition with a PG64-22 binder. After
running the initial rehabilitation model and finding the service life, the top layer from the model
was milled and a 2™ 3-inch overlay was constructed (Figure 7.1b). These simulations were
continued until the total service life of modeled structures exceed 50 years which is the analysis
period for Life Cycle Cost Analysis (LCCA). If a structure was not failing within a 50 year
period, a 50 year design life was assumed and used for LCCA. In this study, alligator cracking
was considered to be the only distress mechanism for LCCA since almost none of the sections
were failing from rutting.

Analyses were conducted with an initial traffic level of 3,000 and 6,000 average annual daily
truck traffic (AADTT) with an annual traffic growth rate of 3%. For the 2" and 3" rehabilitation
models, the last year’s traffic from the previous rehabilitation was used as the starting traffic
level for the following rehabilitation to maintain the continuous traffic growth for the section. A
climate station from Portland was used for simulations. The typical air temperature distribution
for Portland is given in Figure 7.2.

134



Figure 7.1: Cross sections of structures used for MEPDG modeling (a) initial rehabilitation

Density

(overlay) b) Structure after the 2" rehabilitation.
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Figure 7.2: Air temperature distribution for Portland.
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7.4 COST CALCULATION TOOL

In this study, a material cost-calculation tool developed by Coleri et al (2017) was used to
calculate the asphalt mixture costs for different mixture types (with and without polymer
modification) and binder contents. A screenshot of the developed tool’s input and output tabs are
given in Figure 7.3 and Figure 7.4, respectively. In order to use the tool, the user must input data
about their HMA mix design, such as target density, binder content and recycled materials
content. Input data about the geometry of the pavement section, such as length, lane width,
number of lanes and compacted layer thickness, should also be entered. The tool will
automatically calculate the volume and weight of HMA material that is anticipated for their
target density and pavement section geometry. The user must also input cost data for the
materials. The user can input their unit costs for binder, aggregate and recycled materials. Input
fields are shown in orange with blue text and calculated fields are shown in gray with orange
text. The total mix design cost for the pavement section is shown at the bottom of each mix
design spreadsheet in dark gray text.
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A B C D E
RAP & RAS Cost Calculator
Mix Design 1
Inputs:
Product Cost Unit Source Type
Binder Type 1| 5 375.00 [ton PG 64-22
RAP| S 20.00 |ton
RAS| S 40.00 |ton
Aggregate| S 13.00 |ton
Segment Property Measure Unit Source
Geometry Straight|- Assumption
Length 1.0{mi Assumption
Lane Width 12.0|ft Assumption
Number of Lanes 1.0|each Assumption
Compacted Layer Thickness 2.0|in Assumption
Mix Property Measure Unit Source
Compacted Density 150.0|Ib/ftA3 NAPA website
Target Binder Content 6.0% | by weight Estimate
RAP Content 20.0% | by weight Estimate
RAS Content 3.0% | by weight Estimate
Aggregate Content 71% | by weight Calculation
Binder Content (RAP material) 5.0% | by weight Estimate
Binder Content (RAS material) 15.0% | by weight Estimate
Virgin Binder Added 4.6% | by weight Calculation
Outputs: Measure Unit
Section Volume 10560|ftA3 (all lanes)
Section Tonneage 792 |tons (all lanes)
Mix Cost| $ 24,942.06 |segment |

Instructions Mixl | M2 I3 i Summary +)

Figure 7.3: Cost calculation tool input tab (Coleri et al. 2017).
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A B C D E

1 RAP & RAS Cost Calculator

2 Summary Page

3

4 |Section Costs: Binder Type RAP Content RAS Content
5 Mix 1 52494206 | PG6H4A-22 20% 3%
6 |Mix 2 $25,038.95 | PG 76-22 20% 3%
7 |Mix 3 $24,168.08 | PG58-34 20% 3%
8 |Mix 4 $ 26,432.34 | PG 70-22ER 20% 3%
9

10 |Summary:

11 Minimum Cost| 5 24,168.08 (Mix 3

12 |Maximum Cost| 5 26,432.34 (Mix 4

13

14 |Cost Differences: Lower Cost Option
15 Mix1to Mix 2| & 86.89 Mix 1

16 Mix1to Mix 3| & 773.98 (Mix 3

17 Mix1to Mix 4| & 1,490.28 Mix1

18 Mix2to Mix3| S 870.87 (Mix 3

19 Mix2to Mix4| 5 1,393.39 [Mix 2

20 Mix3toMix4| 5 2,264.26 (Mix 3

21

22

73 Comaprison of Mix Design Costs
24

25 526,500.00

26 526,000.00

27

28 525,500.00

79 £25,000.00
30 524,500.00
51 524,000.00
32

523,500.00
33

34 523,000.00

35
36
37

Mix 1 Mlix 2 Mix 3 Mlix 4

Instructions holinl Min2 M3 Pulined Summary

Figure 7.4: Cost calculation tool output tab (Coleri et al. 2017).
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In this study, the following costs were used to calculate the total material cost of asphalt
mixtures:

e RAP: $20/ton

e RAS: $40/ton

e Aggregate: $13/ton

e PG70-22 binder: $390/ton

e PG70-22ER binder: $490/ton

7.5 LIFE-CYCLE COST ANALYSIS

In this study, life-cycle cost analyses (LCCA) were performed by using the service lives for
pavement structures obtained from MEPDG simulations described in Section 7.3. Material costs
for each strategy (for the cases outlined in Table 7.1) were calculated by using the cost
calculation tool described in Section 7.4. Material production costs, plant operation costs and
profit were not considered in the analysis. Analyses were performed by only considering material
costs to be able to compare the impact of polymer modification, binder content, gradation and
traffic level on life cycle costs.

In this study, each section was assumed to be a single-lane having a width of 12 ft (3.7 m) and a
length of 1 mile, and material costs were calculated for all the sections based on the asphalt layer
thickness of the section. The cost calculation tool described in Section 7.4 was used to calculate
material costs.

After finding the service lives for each strategy using MEPDG, material costs were calculated for
each year at which the treatment was applied. Net present values (NPV) of material costs were
determined afterwards using a 4 percent interest rate for a 50 year analysis period, using
Equation 7.12. Analyses were also performed with a 5 percent interest rate to determine the
impact of interest rates on the cost effectiveness of each strategy. At the end of the analysis
period, NPV of the salvage value of the pavements were computed as the agency benefits and
added up to obtain a total NPV benefit.

T
C
NPV = Z Tt 7.12
(14t
t=0

Where:
Ci = estimated agency costs at year t,
r = interest rate, and
T = number of time periods.
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Example Calculation

For the case with PG70-22ER binder, fine gradation, 5.3% binder content and the Portland
climate, MEPDG simulations were performed by using the laboratory test results as the input
parameter. Service lives were determined to be 6.00 and 30.83 years for first and second
rehabilitations, respectively. Using the cost calculation tool, material cost was calculated to be
$41,017 for a 3 inch overlay construction for the 1-mile 1-lane section. After the pavement
failed, 1-inch of asphalt was milled and another 3 inch overlay was constructed. For this reason,
material costs for the overlays following the initial construction are equal to the cost for the
initial construction. Milling costs were not used for the analysis. Figure 7.5 shows example
diagrams used for LCCA. Using Equation 7.13, NPV for both cases were calculated as follows:

$41,017 $41,017 $41,017 36.83  $41,017

+ + - :
(1+0.04)0 ' (1+0.04)600 " (1 +0.04)3683 50 (1+ 0.04)50
= $78,857

NPVegoBc =

7.13

$50,000
41,017 41,017
$40,000 N41,017.00 N <

$30,000 ~
$20,000 ~

$10,000 S
50 ~
0 ) N

-$10,000
-$20,000
-$30,000 -30,213

Costs ()

-$40,000 _
Pavement life(years)

Figure 7.5: Diagram used for LCCA - PG70-22ER binder, fine gradation, 5.3% binder
content, and Portland climate.
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7.6 RESULTS AND DISCUSSION
7.6.1 MEPDG Performance Predictions

Level 1 MEPDG simulations were performed using the input parameters given in Section 7.3.
Predicted asphalt concrete rutting for all sections for the Portland climate are shown in Figure
7.6. It can be observed that rutting accumulation rates for the sections with 6% binder content
were higher than the sections with 5.3% binder content. The mixture with PG70-22ER binder,
coarse gradation and 6% binder content was determined to have the lowest rutting resistance.
The mixture without any polymer modification and coarse gradation had the highest rutting
resistance. It should be noted that PG70-22ER-FA mix had a 6% binder content in the mix
design while the design binder content for PG70-22ER-CA and PG70-22-CA mixes were 5.3%.

Results also show that none of the sections fail from rutting within the first 45 years for a failure
criteria of 0.5 inch rut depth while majority of the sections do not fail within the 50 year analysis
period. Since asphalt aging is going to significantly increase asphalt stiffnesses during this long
time period, it is highly likely that none of the sections will fail from rutting. For this reason,
alligator cracking was used as the only failure criteria for LCCA.
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Figure 7.6: Predicted asphalt concrete (AC) rutting for all mixes (a) AADTT=3,000 (b)

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation

AADTT=6,000.

Predicted bottom-up cracking for all sections (Table 7.1) for the Portland climate are shown in
Figure 7.7. It can be observed that cracking accumulation rates for the sections with 5.3% binder
content were higher than the sections with 6.0% binder content. The mixture with PG70-22ER
binder, coarse gradation and 6% binder content was determined to have the highest cracking
resistance. The mixture without any polymer modification and coarse gradation (M3) had the
lowest cracking resistance. It should be noted that PG70-22ER-FA mix had a 6% binder content
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in the mix design while the design binder content for PG70-22ER-CA and PG70-22-CA mixes
were 5.3%. When actual design binder contents are considered, mixtures with polymer
modification (PG70-22ER) have significantly higher cracking resistance.
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o
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\
5
\
\
y
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M2-BC5.3%
M3-BC5.3%
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Bottom-up cracking (% lane)
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(b)
Figure 7.7: Predicted bottom-up cracking (alligator) for all mixes (a) AADTT=3,000 (b)
AADTT=6,000.

Note: M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
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All rutting and cracking curves presented in this section are for the structure shown in Figure
7.1a (a 3 inch asphalt overlay on a 2 inch milled existing asphalt layer). To be able to determine
service lives after initial failure, simulations were also performed after first failure (structure in

| Figure 7.1b) by milling 1 inch from the existing overlay surface and placing a new 3 inch asphalt
overlay. Traffic levels were also adjusted for all simulations to have continuous 3% increasing in
AADTT throughout the analysis period. This process was repeated until the total life of all
constructed pavements reach or exceed the 50 year analysis period.

| Figure 7.8 shows the bottom-up cracking performance curves for the section with PG70-22ER
binder, fine gradation, 5.3% binder content and the Portland climate. In this study, the asphalt
overlay was constructed when the bottom-up cracking reached 5% of the lane area (rehabilitation
trigger value or failure criteria). Since total service life did not reach 50 years (analysis period)

| after two rehabilitations, the structure in Figure 7.1b was milled 1 inch and a 3 inch thick asphalt
overlay was constructed for the third time. Since the thickness of the section was increasing by 2
inches with every asphalt overlay construction, service life is increasing. Using the service lives

| for each construction (6.00, 30.83, and 50.00 years for the case in Figure 7.8) and calculated
costs, LCCAs were performed in the next section.

6

—— Cracking performance curves

Bottom-up cracking (% lane)
w

----- Failure Criteria

0 10 20 30 40 50 60 70 80 90 100
Pavement life (years)

Figure 7.8: Cracking performance curves for the section with for the section with PG70-
22ER binder, fine gradation, 5.3% binder content, and Portland climate.
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7.6.2 Life-Cycle Cost Analysis

LCCA was performed by following the process described in Section 7.5. Material cost of each

| strategy (for the cases outlined in Table 7.1) were calculated by using the cost calculation tool
described in Section 7.4. Material production costs, plant operation costs and profit were not
considered in the analysis. Analyses were performed by only considering material costs to be
able to compare the impact of polymer modification, binder content, gradation and traffic level
on life cycle costs. Table 7.3 shows the service lives and material costs for all cases. Calculated
salvage values and NPVs for all cases are also given in Table 7.3. Figure 7.9 compares the NPVs
for all cases. An interest rate of 4% was used for NPV calculations.

| 1t can be observed from Figure 7.9 and Table 7.3 that although increasing binder content
increases the mixture costs, for some of the cases, increased performance results with higher
cracking resistance and lower life-cycle costs. This result suggests that increasing the binder
content of an asphalt mixture can be an effective strategy to improve the condition of highway
network and reduce long-term costs. Since the cost of PG70-22 binder ($390/ton) is lower than
PG70-22ER ($490/ton) binder, life-cycle costs for the sections constructed with PG70-22 were
determined to be lower. For mixtures Mix 1 and Mix 3, increasing traffic makes the mixes with
high binder contents (6% rather than 5.3%) more cost effective. Results also suggested that for
sections with lower traffic levels, using non-ER mixtures can be more cost effective.

Table 7.3: Results of Life Cycle Costs Analysis.

Mix AAIZDTT ?I_;Slt Service Cost Service ?I'(;;Sét Service S\a;g\llﬁge NPV

life#l | T#2 () | lifet2 life#3 $

©) ®) ©) ¢ | ©
M1-BC5.3 | 3000 |41017 | 1083 | 41017 | 49.00 | - i 8229 | 66.681
M1-BC6.0 | 3000 |44.984 | 1317 | 44.984 | 5000 | - T [ 11849 | 70153
M2-BC5.3 | 3,000 | 41203 | 12.00 | 41203 | 50.00 | - § 9.839 | 69,169
M2-BC6.0 | 3,000 | 45170 | 14.83 | 45170 | 50.00 | - T [ 13397 | 68534
M3-BC5.3 | 3000 | 36119 | 1083 | 36,119 | 50.00 | - i 7823 | 58,637
M3-BC6.0 | 3,000 | 39254 | 12.67 | 39.254 | 50.00 | - i 9.047 | 61,736
M1-BC5.3 | 6,000 |41017| 6.00 | 41,017 | 30.83 411%0 50.00 | 30213 | 78.857
M1-BC6.0 | 6000 | 44984 | 792 | 44984 | 4892 | - i 6.290 | 77.071
M2-BC5.3 | 6,000 |41203| 7.00 | 41,203 | 39.92 4&{3 50.00 | 38,665 | 73.616
M2-BC6.0 | 6000 | 45170 | 883 | 45170 | 50.00 | - i 7977 | 75.996
M3-BC5.3 | 6,000 |36119| 6.00 | 36119 | 30.92 316é1 50.00 | 26,670 | 69.400
M3-BC6.0 | 6000 | 39254 | 7.67 | 39.254 | 4317 | - i 764 | 68.203

Note: * M1: Mix 1-PG70-22ER-Fine gradation
M2: Mix 2-PG70-22ER-Coarse gradation
M3: Mix 3-PG70-22-Coarse gradation
2 AADTT: Average annual daily truck traffic
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Figure 7.9: Calculated material cost NPVs for all cases for 4% interest rate.

In order to determine the impact of interest rate on NPV ranking of the analyzed cases, NPVs for
all cases were also calculated using a 5% interest rate (rather than the 4% initially used). Figure

7.10 shows the calculated NPVs for a 5% interest rate. Figure 7.11 shows the correlation

between NPVs calculated by using 4% and 5% interest rates. Although using a 5% interest rate
reduces the calculated NPVs (as expected), a strong linear correlation between NPVs for 4% and

5% interest rates suggests that increasing interest rate does not change the rankings and
conclusions except for the M2 low traffic case. For M2-AADTT:3,000, using a 6% binder
content becomes more cost effective when a 4% interest rate is used.
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Figure 7.10: Calculated material cost NPVs for all cases for 5% interest rate.
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7.7 SUMMARY AND CONCLUSIONS

This portion of the study focused on development of MEPDG models to quantify the impact of
polymer modification, binder content, gradation and traffic level on in-situ rutting and alligator
cracking (bottom-up cracking) performance. The material cost-calculation tool developed by
Coleri et al. (2017) was also used to calculate the asphalt mixture costs for different binder
contents and binder types. Using the predicted performance curves and calculated material costs,
life-cycle costs analyses (LCCA) were performed to determine the most cost effective strategies.

The analysis presented in this chapter have yielded the following conclusions:

Rutting accumulation rates for the sections with 6% binder content were higher than
the sections with 5.3% binder content.

The mixture with PG70-22ER binder, coarse gradation and 6% binder content was
determined to have the lowest rutting resistance. The mixture without any polymer
modification and coarse gradation had the highest rutting resistance.

Results also show that none of the sections fail from rutting within the first 45 years
for a failure criteria of 0.5 inch rut depth while the majority of the sections do not fail
within the 50 year analysis period.

Cracking accumulation rates for the sections with 5.3% binder content were higher
than the sections with 6.0% binder content.

Mixture with PG70-22ER binder, coarse gradation and 6% binder content was
determined to have the highest cracking resistance. The mixture without any polymer
modification and coarse gradation (M3) had the lowest cracking resistance.

When actual design binder contents are considered, mixtures with polymer
modification (PG70-22ER) have significantly higher cracking resistance.

Although increasing binder content increases the mixture costs, for some of the cases,
increased performance results in higher cracking resistance and lower life-cycle costs.
This result suggests that increasing the binder content of the asphalt mixture can be an
effective strategy to improve the condition of highway network and reduce long-term

costs.

For mixtures Mix 1 and Mix 3, increasing traffic makes the mixes with high binder
contents (6% rather than 5.3%) more cost effective.

For sections with lower traffic levels, using non-ER mixtures can be more cost
effective.

Although using a 5% interest rate reduces the calculated NPVs (as expected), a strong

linear correlation between NPVs for 4% and 5% interest rates suggests that increasing
interest rate does not change the rankings and conclusions except for the Mix 2 low
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traffic case. For M2-AADTT:3,000, using 6% binder content becomes more cost
effective when a 4% interest rate is used.
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8.0 SUMMARY AND CONCLUSIONS

This study focuses on characterizing the cracking performance of asphalt pavements in Oregon
by considering four tests commonly used to evaluate fatigue cracking resistance and proposing
implementation of the most cost-effective and efficient test procedure for agencies and
contractors. Also, the impacts of asphalt mixture properties, such as binder content, air-void
content, aggregate gradation, and polymer modification, and aging on cracking performance of
asphalt mixtures were investigated. Mechanistic-empirical (ME) design modeling and life-cycle
cost analyses (LCCA) were also conducted to determine cost and performance effectiveness of
asphalt mixtures with varying properties. Finally, recommended strategies were proposed for
Oregon to address the issue of early pavement fatigue failure based on the test results, statistical
analysis, ME models and LCCA.

The goal of this study is to provide a better decision-making structure during the pavement
design stage to address fatigue cracking susceptibility, with the intent of avoiding premature
pavement failure and expensive early maintenance and rehabilitation. Additionally, the study
aims to reliably facilitate an increase in recycled materials content in asphalt pavement through
advanced testing procedures and design recommendations proposed in this study. These
recommendations will reduce the life cycle cost of pavements in Oregon, reduce network-level
pavement roughness and increase the sustainability of the paving industry.

Conclusions based on the experimental and analytical findings, recommendations and additional
research are discussed in the following sections.

8.1 CONCLUSIONS
The major conclusions drawn from the results of this study are as follows:
Implementation of performance tester to evaluate fatigue cracking of asphalt concrete

1. SCB and IDT tests are the most practical and reliable tests that can be used to evaluate the
cracking resistance of asphalt mixtures. The SCB test holds a slight advantage against IDT in
terms of practicality since just one gyratory sample is required for each mixture type whereas
a minimum of two SGC samples are required for IDT testing for each mixture type.

2. The flexibility index parameter is an effective parameter in differentiating cracking resistance
of asphalt concrete mixtures.

3. Variability in test results for BBF and DTCF tests were determined to be very high. These
two tests were also determined to be ineffective in predicting the in-situ performance of
asphalt pavements. Specimen preparation and testing were also determined to be time
consuming and labor intensive.

4. For Mix 3 (PG70-22-Coarse gradation), the binder content of the production mix is higher
than the design binder content.

5. Mixing method (laboratory or plant) does not have any significant effect on measured
cracking performance.

6. Compaction method significantly affects the measured cracking resistance. For this reason,
SCB test results for SGC compacted specimens cannot be directly compared to the results
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from field roller compacted specimens. Although compaction type was determined to affect
the measured cracking resistance, it is not expected to affect the ranking of performance for
different asphalt mixtures.

Contributions of mixture properties to durability

7.

8.

10.

11.

12.

13.

Polymer modification plays an important role in imparting ductility to the mix and thereby
significantly increases the cracking resistance of the asphalt mix.

Binder content significantly affected the measured flexibility index. A 0.7% increase in
binder content increased the flexibility index by 2 to 3 times. This observed significant effect
of increased binder content on cracking performance suggests that increasing binder content
of asphalt mixtures currently used in Oregon can create significant savings and improve
pavement longevity.

Air-void content (density) significantly affected the measured flexibility index. A 2%
reduction in air-void content increases the flexibility index by 1.5 to 2 times. For this reason,
producing asphalt mixtures that are easy to compact and utilizing intelligent compaction
technologies that are currently being implemented in Oregon can potentially create a
significant improvement in the cracking resistance of asphalt mixtures.

According to DM test results, although decreasing air-void content was determined to
improve cracking resistance, air-void content was not observed to have any significant effect
on the dynamic modulus of mixtures. However, increasing binder content from 5.3% to 6%
was observed to significantly reduce the dynamic modulus of asphalt mixtures.

Although polymer modification does not create a significant change in mixture stiffness, it
improved cracking performance due to increased ductility.

The stiffness of the laboratory-mixed samples were, in general, higher than that of the plant
mixed samples. One of the important reasons for this difference might be the short-term
aging simulation in the laboratory. Four hours of aging at 135°C to simulate short-term aging
for LMLC samples may be creating stiffer mixes.

FN values for all the asphalt mixtures were greater than 740, which is the recommended FN
for the traffic level of more than 30 million ESALs. These results suggest that all tested
mixtures are stiff enough to resist any rutting failures in the field. This result further suggests
that increasing binder content is not going to result in rutting failures in the field, while
increased binder content will significantly improve cracking resistance of asphalt mixtures.
In other words, increasing binder content is an effective strategy to improve the longevity of
Oregon pavements.

Impact of increased dust content on cracking performance

14.

Increased dust content makes the mix drier and reduces the asphalt film thickness around the
aggregates. Thus, reduced binder content and film thickness reduces the flexibility index of
the asphalt mix. Therefore, mixtures with high dust-to-binder ratios are expected to be more
susceptible to fatigue cracking. For this reason, decreasing the dust-to-binder ratio by
limiting the dust content and/or increasing the binder content will provide asphalt mixtures
with higher cracking resistance.
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The effect of laboratory long-term aging on cracking performance of asphalt mixtures

15. Laboratory long-term aging does not change the FI, FN and dynamic modulus rankings of
the three mixtures used in this study.

16. Long-term aging significantly reduces the flexibility index values of the mixtures, thereby
making them brittle and more susceptible to cracking.

Mechanistic-empirical pavement design guide (MEPDG) simulations and life cycle cost
analysis

17. The mixture with PG70-22ER binder, coarse gradation and 6% binder content was
determined to have the lowest rutting resistance. The mixture without any polymer
modification and coarse gradation had the highest rutting resistance.

18. The mixture with PG70-22ER binder, coarse gradation and 6% binder content was
determined to have the highest cracking resistance. The mixture without any polymer
modification and coarse gradation (M3) had the lowest cracking resistance.

19. None of the sections fails from rutting within the first 45 years for a failure criteria of 0.5
inch rut depth while majority of the sections do not fail within the 50 year analysis period.

20. When actual design binder contents are considered, mixtures with polymer modification
(PG70-22ER) have significantly higher cracking resistance.

21. Although increasing binder content increases the mixture costs, for some of the cases,
increased performance resulted in higher cracking resistance and lower life-cycle costs. This
result suggests that increasing the binder content of asphalt mixture can be an effective
strategy to improve the condition of the highway network and reduce long-term costs.

22. For mixtures Mix 1 and Mix 3, increasing traffic makes the mixes with high binder contents
(6% rather than 5.3%) more cost effective.

23. For sections with lower traffic levels, using non-ER mixtures can be more cost effective.

8.2 RECOMMENDATIONS AND FUTURE WORK

8.2.1 Implementation of Performance Tester to Evaluate Fatigue Cracking of
Asphalt Concrete

This study constructs the beginnings of a performance-based balanced mix design method. It was
determined that typical FI values for production mixtures (plant-produced) range from 9 to 14.
However, more experiments need to be conducted to determine exact threshold for FI that will
provide acceptable long-term pavement cracking performance. In a future study, flow number
and SCB experiments should be conducted with several production mixtures from different
sources to develop a distribution of FI and FN for Oregon mixtures. Cracking and rutting
performance of the sections constructed with these mixtures should be monitored to determine
the acceptable thresholds for FN and FI.

The results showed that SCB testing and flexibility index parameter can effectively be used to
characterize the cracking resistance of asphalt mixtures. The effectiveness of SCB testing to
identify moisture sensitivity and low-temperature cracking resistance of Oregon asphalt mixtures
should also be determined.
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8.2.2 Contributions of Mixture Properties to Durability

The results showed that binder content significantly affected the measured flexibility index. A
0.7% increase in binder content increased the flexibility index by 2 to 3 times while the increased
binder content did not result in FNs lower than the required threshold (FN>740). This observed
significant effect of increased binder content on cracking performance suggested that increasing
binder content of asphalt mixtures currently used in Oregon can create significant savings and
improve pavement longevity. However, field verification of this finding needs to be sought.
Pilot sections should be constructed with mixes with binder contents higher than the design
binder contents. Suggestions with higher Fls (>15) should be selected for pilot section
construction to minimize the risk of cracking. Since rutting is going to be the expected failure
distress for these highly flexible mixtures, rutting performance of the sections should be
monitored for 2 to 4 years.

The results of this study also showed that air-void content (density) significantly affected the
measured flexibility index. A 2% reduction in air-void content increases the flexibility index by
1.5 to 2 times. For this reason, producing asphalt mixtures that are easy to compact can create
significant benefits. For this reason, in a future study, compactibility of asphalt mixes designed
with current mix design process (mostly controlled by gyration levels) should be determined by
preparing lab samples with the SGC and hydraulic roller compactor (HRC) (directly simulating
field compaction). The compactive effort required for different mix designs should be quantified
using the HRC. The impacts of filler content, gradation, aggregate size, binder type, binder
content, additives (rejuvenators and warm mix technologies), thickness of the layer being
compacted, maximum aggregate size to lift thickness ratio, and temperature (to evaluate the
impact of time between roller and paver) on compactive effort should be quantified by using
both SGC and HRC. Required gyration levels and parameters for mix design to achieve 95-96%
density during construction should be determined. Pilot sections should be constructed to
determine the effectiveness of using the suggested mix design process and guidelines to achieve
higher density.

8.2.3 Impact of Increased Dust Content on Cracking Performance

The results showed that increased dust content makes the mix drier and reduces the asphalt film
thickness around the aggregates. Thus, reduced binder content and film thickness reduces the
flexibility index of the asphalt mix. Therefore, the mixture with a high dust-to-binder ratio is
expected to be more susceptible to fatigue cracking. Similar analysis should be conducted to
determine the improvement in cracking resistance that can be created by reducing the dust
content of asphalt mixtures. The dust-to-binder ratio for the “original gradation” and the “finer
gradation” mixes were determined to be 1.42 and 2.2, respectively. The impact of reducing dust-
to-binder ratio to 1 to 1.2 range (by limiting the dust content and/or increasing the binder
content) on cracking and rutting performance of asphalt mixtures should be determined.
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8.2.4 The Effect of Laboratory Long-Term Aging on Cracking Performance
of Asphalt Mixtures

The results of this study showed that laboratory long-term aging does not change the FI, FN and
dynamic modulus rankings of the three mixtures used in this study. Although this result
suggested that it is not necessary to perform long-term aging to accurately rank the cracking
performance of different asphalt mixtures, additional mixtures with different RAP contents need
to be tested by following the same procedure to validate this conclusion. The possibility of
developing an aging versus flexibility index reduction curve to use for long-term aging effect
prediction should also be investigated.

8.2.5 Mechanistic-Empirical Pavement Design Guide (MEPDG) Simulations
and Life Cycle Cost Analysis

In this study, MEPDG simulations were conducted to determine the rutting and bottom-up
cracking performance of different asphalt mixtures. MEPDG longitudinal (top-down cracking)
cracking models were not used for simulations since the accuracy of these models were
determined to be low (Williams and Shaidur 2013; Von Quintus et al. 2009). Since top-down
cracking is the major distress mode in Oregon, using top-down cracking models for performance
prediction and LCCA will provide more realistic results. More effective models that can explain
the mechanism behind top-down cracking are currently being developed in research project
NCHRP 01-52. The analysis performed in this research study should also be performed with top-
down fatigue cracking as the main failure mode to evaluate the cost and performance
effectiveness of different high RAP strategies in Oregon.
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APPENDIX A






A.0 PAVEMENT MANAGEMENT SYSTEM DATA SHEETS
(PMS) FOR FIELD SECTIONS

Field specimens were collected from the following sections: Sections US20-U and OR99-U with
no cracking and sections OR99W-C and OR99EB with cracking. The pavement condition data

| were obtained from ODOT’s PMS database. Figure 0.1 through Figure 0.4 illustrate the PMS
data for the four sections.



Oregon State Highway Report

SECTION: OR 22 SUBLIMITY INTCHG SECT (RW2-WE) HWY NO: 162
DIRECTHIM: W BEGIN MP: 12.11
TYPE: DGAC THE END MP: 13.80
SURFACE: C-MIX LENGTH: 1.62
AGE: & REGIOM: 2 DIST: 03

CONSTRUCTION HISTORY

DATE THHEM MTRL THEM MTRL THEW MTRL CPPR THEM BASE THHN SUB V-FILE COM &

2010 2 C 3 c ] c 1 A5 0.1 GE 41V-15 C13430
COMMENTS: 17 thicker near siructures

TRAFFIC

ADT: O 20 YEAR ESALS: O SPEED: 55

CURRENT DISTRESS

% FATIGUE: % % PATCHING: 0% % RAVELING: 0%
# T-CRACKS /0.1 MILE: © # POTHOLES / MILE: 0 % BLEEDING: 0%

CONDITHIN HISTORY

1334 1393 1996 1997 1994 1999 2009 2003 2004 2006 2008 2010 2092 2094 2016

RATING: 00 100 100 100 el B3 a3
RUT: 0.10
IR:
SKID:

CONDITION GRAPH

100 i L & &

355

as

g 385

EL] * * *—

rs

ar T T T T T T T T T T T T T T 1
1334 1335 1336 1337 1538 1339 2001 2003 2004 2006 2008 2010 2012 2014 2016

‘fear

Figure 0.1: PMS for OR-22 Sublimity Section




SECTION:
DIRECTION:
TYPE:
SURFACE:
AGE:

Oregon State Highway Report

OR 88W: JCT HWY 058 - FLAT CREEK
5

DGAC THEK

B-MIX

23

HWY NO:
BEGIN MP:
END MP: 102.82
LEMGTH: 0.16
REGION: 2 DIST: 04

0ot
108.78

CONSTRUCTION HISTORY

DATE THKN MTEL THEM MTRL THKM MTEL CPFE THHKM BASE THKN SUB ¥Y-FILE LCON#

1893 2 B 3 B 5 B 12 PA 001 GE 24v-125 C11252
COMMENTS:  108.52-108.80 4" ovly of PCC
TRAFFIC
ADT: 12.000 20 YEAR ESALS: §,000,000 SPEED: 30
CURRENT DISTRESS
% FATIGUE: 0% % PATCHING: 0% % RAVELING: 7%
# T-CRACKS / 0.1 MILE: 0 # POTHOLES / MILE: O % BLEEDING: 0%
COMNDITION HISTORY
1994 1935 1996 1997 1998 1939 2004 2003 2004 2006 2008 2040 2042 2014 2046
RATING: 298 g3 93 a3 g5 a0 80 =T a0 85 85 g2 74 74 57
RUT: 0.13 021 018 018 035 0.44 034 030 035 0.24
IRI: 172 181 191 184 231 194 185 148 165
SKID: 48 52 47 40 53 54
COMDITION GRAPH
100 T W ¥ > '_____-_
— a
a0 ~ T tat L —
—o =
80 —a
70
o 60 \\‘i_
= 50
&
40
30
20
10
1994 1935 1996 1997 1998 1989 2001 2003 2004 2006 2008 2040 2042 2014 2046
Year

Figure 0.2: PMS for OR-99W JUNCTION CITY



SECTION:
DIRECTION:
TYPE:
SURFACE:
AGE:

Oregon State Highway Report

OR 99W: BRUTSCHER ST - JCT HWY 151 HWY NO: 091

S BEGIN MP: 21.80
DGAC THK END MP: 23.76

C-MIX LENGTH: 1.93

14 REGION: 2 DIST: 03

CONSTRUCTION HISTORY

DATE THKN MTRL THKN MTRL THKN MTRL CPPR THKN BASE THKN SUB Y-FILE CON#

2002

2 c2 2 c2 6.5 L 2 34V-25 C12504

COMMENTS:  23.17-23.76 - rebuilt

“i963 15 B 2 B 2 AG AT AG V275 C0B195
COMMENTS: widen to 5 lanes, 1.5"B ovly JCP under A-lanes & median, 22.89-23.2 (1956) aV-137

"1937

1 AU 3 AU 6 AG 2V-241

COMMENTS: 22" wide, ovly extg 5" bit road, PCC 21.03-22.44

TRAFFIC
ADT: 35,000 20 YEAR ESALS: 6,000,000 SPEED: 35
CURRENT DISTRESS
% FATIGUE: 44% % PATCHING: 0% % RAVELING: 0%
#T-CRACKS /0.1 MILE: 1 # POTHOLES / MILE: © % BLEEDING: 0%

CONDITION HISTORY

1

994 1995 1996 1997 1998 1999 2001 2003 2004 2006 2008 2010 2012 2014 2016

RATING:
RUT:

IRI:
SKID:

22 32 24 18 17 22 100 100 91 86 60 62 54 46
0.46 0.71 047 059 010 018 031 025 032 033 029 038
145 167 178 205 &7 90 9 16 110 103 104 110
47 56 52 50 47 51 52 48 46

CONDITION GRAPH

100

MRS

90

80

70

60

50

Rating

40

30
20 A

o e o

——

10

1994 1995 1996 1997 1998 1999 2001 2003 2004 2006 2008 2010 2012 2014 2016

Year

Figure 0.3: PMS for OR-99W BRUTSCHER ST




SECTION

DIRECTION:

TYPE
SURFACE
AGE

Oregon State Highway Report

: OR 99EB: JCT HWY 001 - LIBERTY ST HWY NO: 072
S BEGIN MP: 0.43
: DGAC THK ON CTB END MP: 3.34
: C-MIX LENGTH: 2.91
;12 REGION: 2 DIST: 03

CONSTRUCTION HISTORY

DATE THKN MTRL THKN MTRL THKN MTRL CPPR THKN BASE THKN SUB V-FILE CON#

2004 2 C 2 B 37V50 C12986
COMMENTS: 2.58-3.34 - 2"ovly/2.5"inly
1984 2B 2 B TTTHTTTCT 8 CE L 1BVA133 C00491
COMMENTS:  3.34-3.63 widen & ovly
TRAFFIC
ADT: 25,000 20 YEAR ESALS: 10,000,000 SPEED: 55
CURRENT DISTRESS
% FATIGUE: 65% % PATCHING: 0% % RAVELING: 0%
# T-CRACKS / 0.1 MILE: 8 # POTHOLES / MILE: 1 % BLEEDING: 0%
CONDITION HISTORY
1994 1995 1996 1997 1998 1999 2001 2003 2004 2006 2008 2010 2012 2014 2016
RATING: 75 55 55 50 50 40 40 40 98 92 65 52 43 35
RUT: 021 020 019 026 030 005 022 013 016 019 020 022
IRI: 108 113 118 116 117 63 63 105 75 81 80 91
SKID: 53 52 47 52 53 54 56 48 56
CONDITION GRAPH
100
=y
90 \
g0
70 .\ \.\
60
g —o_ \‘
£ 50 —e
T 4 *—eo \.\
\.
30
20
10
0 T T T T T T T T T T T T T T |
1994 1995 1996 1997 19%8 1993 2001 2003 2004 2008 2008 2010 2012 2014 2016
Year

Figure 0.4: PMS for OR-99EB JCT HWY







APPENDIX B






B.0 MIXDESIGN SHEETS FOR PLANT MIXTURES

This section presents the bituminous mix design summary and consensus aggregate properties of
Mix 1, Mix 2, and Mix 3 provided by Lakeside Industries Portland, Oregon.

Figure 0.1 through Figure 0.4 show the mix design properties of Mix 1. Figure 0.5 through
Figure 0.8 show the mix design properties of Mix 2 and Mix 3.
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CAEE0H I PARTEENT OF TRANSMIRTATION

MAIEREALE LABDIRTGRY
10 AIRS0ET AQAD BE ST ERL 0D
BALEN, QR 5734780 Fax S0SR3I050
Contract Mo G1485 EA: CONO3333 E.A Mo NHPP-SH23GT) LabMNao, {6-MDOD2E
ProjeclNama:  LIS30 MW McHamas R - HW Bridgs Ava Amsprimant 1 Daté:
Higkresy: Lorwed Columibla River Highway County:  Multmamah Ayt I Dale:
Bagin MP; B.40 Eml MP: 1303 Amendment 3 Dabec
Contractar: Ear Conbacors Oreqan, Ims
Projoct Managor:  Marpe Wost Use: Leval 4 287 Donso by
BITUMINCGUS MiIX DESIGN REVIEW
Lab Mama: Lak=sids Indusii=s Cerbifed Mix Design Technlcizn:  Launs MNetagn
[ix Producar: Lakoside Industias Contractar Mix Deslgn No.: LaM418
Aaphait Eupplier: Couemnz Coming Traresfare=d foom Lab Na,:
Baphait Srada: P FO-22ER Aslrip dnfermatiors k.
s [EGUET Fl: 1.0av
Stockpite Information
Elochplis Bt 127 - 413 220 AP
Snochpilo Solenss Q5-004-1 0503441 05-004-1 Frons fw
Biechplla Parsenisgn - bl 2300 B7.0F 200 on ag oo
Bulk Speciic Gravity (Gzb) 2883 2335 2,840 2,845 Ry Jus] AR Jaa] BAGD
Joh Mix Farmofa
Blave % Foas Pavviteg Coarss 5 Adplalt [y WL Ramim Spaciie
""""""""" - of Mkt {Fh Grasd mam
347 [13m) Tas “'I\-H'lll'lﬂ I ok bt q ._l__ b _::r;ﬂ 5
& [12.5nm) —_— 1 Basg - B0 2480
8" [(3.5mm) —_— m Lawallky
47 [B25mMmM] e 34 | Temporry
m-q. t-lTE.I'nl'ﬂ]: e rrr—— ﬁ :'.--.... - — Pesssm—T N T el o I LS I ¥ 1 T TP — - W T T A
B T ERIEMM]) e 40 WA 154 VFA: 74
Mo 16 (1 1BMME s 3R I. Poroznl 412 B Rap: 53 Combinad Aggregate Grwity {Geh); 23T
Moo (0E0mml: 3 | mumber of Gevetona: 100 Bmb Ba=plo Waight: 4500
Ho Joq0a0mmk . 45 | Wik Targat {Yak 44 Hixing Temp Fange: 315-122F
Wo A0 DASmIAE 40 | Tensile Strangil Ralio: a7 . Plzooment Tamp Range: 300007 F
o 200 0.076mm|: TT I
Form pllenca Bingz g the formaton uhmined sar ke, Ohis mid dosign B
Hlatempnt: does comply with specficafune, Tatm| Leh Changes: . Bamd |
I O 7 ) N B Y=, 17 Yo=Y S
Resigvand by Skinatiure Data

= Fles, Prefect Manager, Chri Darnan, Paeieets; Blumbhoes; Reqon 1 06 Coord: Ko Conracies Dragon, ng.
Lary lig, Poeements

Figure 0.1: ODOT mix design summary-Mix 1
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LS bchlpmee Rd. N Bridga Ave. I cLAaSE Dense Graded 30°

14905 LEVEL (2 3.4} F
Lakeside hsbdusires PROJECT MAMNYEER ki Wl
Laurs Makan WOT JnF B 1D M0 LARA1G

BIDETEM & a7l

AGGREGATE & OTHER CONSTITUENTS [RAP, BL. SAND, LEME, ET)

STOCKPILE SIZES #a-68 H4 AP i
SOUREE MUMBER 050061 | 050s-1 Front Aus
STOCHAPILE PERCERTAGE TPt o Er o
Bulk Spocfic Gravily [l 2 EA5 2340 26440 :
[Frmaranl Spocie cravly o R EITT el |
Gesign desalopad with “drybace” Gmm (17 [ W] JOB MiX FORMULA
L5 Ale Gradalon PRI
MIXTURE AT DESIGN ASPHALT CONTENT S g 1| BABFR
TAORITIUNT GREETG Tty [ oe] 2 A0 VT8 mme 1]
{ETTE Iy N o KT T | T ) I TES mmg 1] TR
BT LT e L TRAT KESNERTT) 1) e
EFEETvn Bpaahe Gravily ((.a] 27 Wa" 8.3 e} 4
Lk Ay ha <081 . LATE] [ Fa,
AEaorbod ASENGN, G 1 el EEE] o & 236 mm) ET 0506
i L i . 18 11,18 niem] FIT8 [T
P !y Foalie 15 2. 50 (.60 mm) Fi [E]
A Vars, v ] 10 L S0 (0.3 0 mm) 1k 0524
VLA %G 15.4 Flex. 100 {550 1ar) 1l EYE
WEA, S ey Fdg, 20 [OLTS mim EE EE
Tensic Sirengih Rati (18R] BT e [T
T3R Compaclion Blows M, =" e T
ey 12.83 SRR COnTant, B (T ]
[AEA RaT dept - mm pancing HAE AL P (¥
Gmb Sample Wog g0 JAF Gy Virgin Bindar Feg, 175
{rlmizer of Gyrations 10 Ailignp, A
Cais| P, B filst ﬂ’rn:ntmenl. £ &,
[Drainr_hm'. Y [apon graced] Azpfizll Brard I:hwrpa_ﬁum'n_u
[Date e B e | s phall Grade Fa-2IER .
IL‘-I'-I'.‘IT Signalura e —— %Ing [, mnge 5. 373 F
CMET Caud @ 44014 Flacemars lpmp._ range | M0 - 30T F
Asohat Baisr (a1 T ] Toas
COMPBENTS: peun c:-uueasm [T ST (G 1.7
REASORT: PR g

Figure 0.2: ODOT mix design summary-Mix 1 (continued)



1K Ny ) Bl LEYELE | ey ee]

R
| | | 55k (= T8} LR
] LA GELE ._“l.u.__._._.q.._u-.ﬁ R F0E Jod i
[} R AILE (i s Asuir) Byl
IR EEH ™ A e s A
sty 5o Rarcen) pEan
i [T wd W
B | [a] 1] e
[ARID) D 2RE pausqalies
T (R [ [ == e BEL T |
(WA CH AR I wirE Vil L TLiT I_.u_._lu__._._:hﬂ.uuﬂw 1Moy
(s uimady 1 TER LR IR AR DD
A __._....__.|1..|..._ [} P RIR T ] R ﬂ__.-u._..Em.J
o e &EUF LDEF gl i g g e ()
ol I el T G i i
.._....”. py IS 1A _.l__._un-.._.!n....n_lu._".mm._a.._
FoiE R i : i 125 F: & RIS 432 e ol 1D B i |
e e ) L EE T T o L 4k AP BT, el B RN (B
I : SRl o = I
R e Ak e - =
i . BT il ores s
nﬁgﬂﬂ Bug jo o EseEiy ped Qe ogeds SppeL QIHSYY
' Ll Ei #l 2l LE L Tail 1331 romdl
HELE LHLE .mhw ﬁ._.n FLE'E [sa] ._._._..q_lﬂna.“_ﬂ_iti
23 Lol Fa BT T T T3 AR TR ar
I s iz Rl JUE e
COLEL Feail | . | OEEWE L {
LRI Cl= 2 Bt B ELFE ]
Sl I T (R I T )
C [ s i . T
ziaEsy i+ i1-pd ek

By=Eaubby PRIEa] J& UGAOICSaY PUE APACIS AHIZ0GE 50-1 GLHEWY

Figure 0.3: Specific gravity and absorption of coarse and fine aggregates-Mix 1
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This section represents the bituminous mix design summary, and consensus aggregate properties
of Mix 2 and 3 provided by Lakeside Industries Portland, Oregon.

OREGON DEPARTMENT OF TRANSPORTATION

MATERIALS LABORATORY

800 AIRPORT ROAD SE 503.586.3000

SALEM, OR 97301-4798 Fax: 503.986.30236
Contract No.: C14607 EA: COND3539 F.A. No JTA-S047(109) Labk Ne.  16-MD0019
Project Name:  LIS26 @ Brockwood/Helvetia (Shute Rd) Amendment 1 Date:
Highway: Sunset Highway County: Washington Amendment 2 Date;
Begin MP: 0.00 EndMP:  0.00 Amendment 3 Date:
Contractor: Wildish Standard Paving Co.
Project Manager: Ron Larson Use: Level 4 1/2" Dense Mix

BITUMINOUS MIX DESIGN REVIEW

Lab Naime: Lakeside Indusiries Certified Mix Design Technician: Laura Nelson

Mix Producer: Lakeside Industries Contractor Mix Design No.: LANO509

Asphalt Supplier: Owens Coming : Transferred from Lab No.: 09-MD0022

Asphalt Grade: PG 70-22ER Antistrip Information: : %
Gb (60°/60° F): 1037

This JMF updated for 2016,

Stockpile Information

Stockpile Size 172" - #4 #4 - #8 #4-0 RAP
Stockpile Source 05-004-1 05-004-1 05-00441 Front Av
Stockpile Percentage 280 8.0 44.0 20.0 0.0 0.0 0.0
Bulk Specific Gravity (Gsh) 2883 2.667 2.660 2889 0.100 0.100 0.100
‘Job Mix Formula |
Sieve Y, Pass Paving Course % Asphalt by Wt. | Maximum Specific
314" (19mm) rerreeemee 100 Wearing ¥ i _of Miture {Ph) _ Gravity (Gmm):
12" (12.5mm) e — 96 Base | 5.3 2.502
378" (9.5mm) R - Leveling i
14" (6.25mm)  —meeeeeeee 63 Temporary |
No.4 (475mm); .——— &0
No. 8 (2.3Bmm}:  cmee 32 VMA: 14.8 VFA: 73
No.16 (1.18mm): ______ 22 Percent A/C in Rap: 5.1 Combined Aggregate Gravity (Gsb): 2,67
No.30 (0.60mm): _____ 17 | Mumber of Gyrations: 100 Gmb Sample. Weight: 4740
No.50(0.30mm): . 11 Void Targat (Va): 40 Mixing Temp Range: 315-322 F
[Ne.100 (0ASmm): 9 |Tensile Strength Ratio: 92 Placement Temp Range: 300-307 F
No. 200 (0.075mm); -—-—-rm-- 5.6 ' .
g;n;ﬂi::ge Based on the information submitted for review, this mix design Total Lab Charges:
3] Maed Doits
Reviewed by Signature Date
C: Files; Project Manager; Chris Durnan, Pavements; Bitum/nous; Region 1 QA Coord; Wildish Standard Paving Co.

Larry llg, Pavements

Figure 0.5: ODOT mix design summary — Mix 2 and Mix 3
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ODOT CONTRACTOR MIX DESIGN SUMMARY

PROJECT US26 @ Braskwood! Helevita (Shute Rd) IMIX CLAES Dense Graded 172"
CONTRACT NG, C14607 ILEVEL (2,3,4) 4

MIX PRODUCER Lakeside Indusiries PROJECT MANAGER Ran Larson
LCMDT {print) Laura Nelson CMDT JMF MIX ID NO. LANGS0S/ 13-MD0023

BID ITEM # 1430

AGGREGATE & OTHER CONSTITUENTS (RAP, BL. SAND, LIME, ETC.)

STOCKPILE SIZES 1/2"-#4. #4485 #4-0 RAP

SOURCE NUMBER 05-004-1 05-0041 05-004-1 Front Ave

STOCKPILE PERCENTAGE (Pep) 28 8 44 20

Bulk Specific Gramvty {G,p) 2.603 2.687 2.650 2.589

PRarent Specic wravity {Oe.) 2785 2,781 2777 2.795

2502
2403
2671
Effective Specific Gravity {G.e) 27148
GIADINET Apparent GFaviy (Soaf 2.783
Absorbed Asphalt, % Py 068
Effecive ASPhalt COrtent, % (Faar 483
P:}_w / pbe Ratio 1.42
Air Vaids, % (V) 4.0
VIMA, % 14.8
VFA, % 73
Tensfie Strengih Ratio (TSR} 92
TSR Compaction Blows
VIR 12.8
APA RUt dapth - mm 26
Gmb Sample Weight @ JMF 4740
Number of Gyrations 100
Dust Pull, % NA
Ibraindown % {open graded)
IDate Si2aile I —
CMDT Signature | ¢ B
CMDT Card# | < ol
COMMENTS:  sleno cHosEn? Pledom |

REAGONT .

History af mix

JOB MIX FORMULA

Aggregate Gradation
Sieve

34" (19 mm) 100

W' (12E mm) 56 CA
38" (2.5 mmj 85 U.651
14" (6.3 mm) a3

[N 4 {475 mm) 50 FA
No. 8 (2.36 mm) 32 0.374
MNo. 16 (1.18 mm} 22 0.442
No. 33 (0.80 mm) 17 (.525
i?xio. 54 (0.30 mim) i1 0.514
INo. 100 (6.150 mm) 9 0.52
iNo. 200 {6.075 mm) 8.6 0.577

A Average 0.492
FA Std Dev. 0.5672

Asphalt cortent, % (Fy) 53
IRAFAC 5 (P 8.1

Virgin Binder Repl., % 19.2
Antistrip, % NA f
Agg. Treatment, % NA ;
Asphalt Brand Owens Corning
Asphalt Grade T0-22ER
fMixing termp. range 315F-322F
IPlacemert tem p. range 3UOF-307F
Asphalt SpGeriGby 77 o+ | 7 1.033
ASprial SpT{Ghy B0 ™F 1.037

Figure 0.6: ODOT mix design summary- Mix 2 and Mix 3 (continued)
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Figure 0.7: Specific gravity and absorption of coarse and fine aggregates— Mix 2 and Mix 3
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Figure 0.8: Field worksheet for HMAC (plant report) — Mix 2 and Mix 3
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C.0 BINDER PROPERTIES PROVIDED BY THE PLANT

Figure 0.1 through Figure 0.4 illustrate the binder consensus properties and mixing and
compaction curves for PG70-22 and PG70-22ER binder types.

CERTIFICATE OF ANALYSIS sample ID; i
For Owens Corning
Trumbull Asphalt Testing Performed by BLM
11910 NW ST. HELENS ROAD Owens Corning Rocfing & Asphalt
DATE _ Portland OR 97231 11910 NW St Helens Road
Sample Date 913116 Porfland Oregon 87231
AASHTO
[Product: PG 70-22 | MP 320 table 1 Specification
Test B Result Test Method |Specification
Appearance N Homogenous, ﬁ; _uf water, ;:E%m _[_ - |
Penetration, 100g /5 seconds B 47 |ASTMDS [0.1dmm
Specific Gravity @ 15.6 "C ~_|AASHTO T228 |Report
Rotational Viscosities |
@135.0°C Pas ) 0606  |AASHTOT316 |<3.00Pas
Softening Paint, Ring & Ball, °F 1 128  |ASTMD36 |Report
Flash Point, COC °C 327  AASHTOT48 1230 °C minimum
DSR @ 70.0 °C (ORIG) G* kPa 1327.00 | Report
Phase Angle @ 70.0 °C 83.9 |AASHTO T315 Report
DSR @ 70.0 *C G*/sin delta, kPa 1.33 | - __1.00 minimum
Rolling Thin Film Oven ' |
|Mass enange, 163.0 °C. % I |- -@_71_ _!_AA_SHIO T240 _ |-1.00 maximum
DSR @ 70.0 °C (RTFO) G" kPa 3592.00 | |Report
Phase Angle @ 70.0 °C 80.5 |AASHTO T315 |Report
DSR @700 °C Gisindelta, kPa_ o 3.64 | 220 minimum
|
PAV.2.1Mpa @20hours ___ Perform _ |AASHTOR28  100°C
DSR @ 28.0 °C (PAV) G* kPa 4.25E+00 Report
Phase Angle @ 26.0 *C 42.9 AASHTO T315 Report
HE_J_EF!_ @ 28.0 °C G*(sin delta) kPa. - 28:1 - 5000 maximum
BBR @-12.0 °C MPa. Est. Stiffness 187 |300 maximum
BERPAV@-120°C(mvalue) 0309 = |MsHTOTH3 2 0300minkwm
' |
_— ] ISR o _
Thus report is for the exclusive use of staled client No copy or cther reproduction in any form should ba made without the clienl’s written
permission The test results, opinians, o interpretations contained herein are based upon work performed in a laboratory seting Qwens Coming
and its Trumbull Asphalt Division assume no respensibility and make no warranty or other representation whalsoever regarding ne actual
performance of the malenal, products of processes reperted on herein
This material was found to meal AAS HTO M320 Table | specifications, Analysis by Brendan McGillicuddy (NBTC #Al1162)
Reporied by Frank Burg

Figure 0.1: PG 70-22 binder consensus properties

C-1




Paving Asphalt PG 70-22

700

500

400

\
\
300
| | Compaction Range

o 148.3-1563.2°C
o
2
7]
=]
o
2
5

200

\
Mixing Range
1604 -1652°C
150 \‘
\
\
\
\
100 L
1hd 140 100 il T ML aB0 L1 zat ] B 1801 190

Temperature, °C

Specific Gravity at 15°C: 1.039
Source: Portland, OR

Mixing &nd Comp Iculated are based on the latest edition of Asphalt Instittes’ SuperPave Mix Design (SP-2) publi They are calculated using "
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Every care has been taken in tha prep of thiz To the exdent permitted by i law, all andfor express of impliad, as to the accuracy of the information
are disclaimed, and na liability is accepled for the accuracy or completeness of the same.

Figure 0.2: PG 70-22 binder mixing and compaction curve



CERTIFICATE OF ANALYSIS
For Owens Corning

Sample ID: T06090116-01

Trumbull Asphalt Testing Performed by BLM
11910 NW ST. HELENS ROAD Owens Comning Roofing & Asphalt
DATE 9/2/16 Portland OR 97231 11810 NW St Helens Road
Sample Date 9/1/16 Portland Oregon 87231
Tank 6 AASHTO
Product: PG 70-22ER MP 320 table 1 Specification
Test o Result TestMethod ~|Specification
Appearance | Homogenous, free of water, no foam | B I o
Penetratin, 100g /5seconds | 64 |ASTMDS 0dmm
Specific Gravity @ 156 °C 1.034 |AA5HTO T228 |Report -
Rotational \ﬁsmsitie_s - B - - _
@1350"CPas 0712 [AASHTO T316 |<3.00 Pas
Softening Point, Ring & Ball,*F 126 - ~ |ASTM D36 B IR?PEH =
FlashnPont COC'C 310 |mAsHTOT48 230 °C minimum
DSR @ 700 °C (ORIG) G* kPa . 1112.00 | Report
Phase Angle @ 70.0 °C , 76.5 |AASHTO T315 'Report
OSR@700°CGuindeta ke | 114 P .00 minimum
Rolling Thin Film Oven ' ! |
Mass change, 163.0 °C, % , -0.128 _ |AASHTO T240 |-1.00 maximum
DSR @ 70.0 °C (RTFO) G kPa 2572.00 Report
Phase Angle @ 70.0 °C : 74.61 :AASHTO T315 l Report
DSR @ 70.0 °C G'sin delta, kPa i 2.67 ] B 12.20 minimum
Elastic Recovery T |
Per cantRecovey 77% | 69  |mswiomor |50% perODOT
| | |
PAV,21Mpa@20hous | Performed ___AASHTOR28 _100°C .
DSR @ 28.0 °C (PAV) G* kPa 2.33E+00 [ |Report
Phase Angle @ 28.0 °C | 437 AASHTO T315 \Report
|osr @ 280 *C G (sin detta) kPa I 147 15000 maximum
BBR @-12.0 "C MPa. Est. Stifiness | 147 | 300 maximum
|eo7 Pav @ 120 °C (mvalue) | 0332 AASHTOT313 |0.300 minimum

| Reported by Frank Burg

and its Trumbull Asphalt Division assumeé no responsibility and make no warmanty of other rep

This report is fof the exclusive use of stated clienl. Mo copy or other reproduction in any form should be made without the chient's written
nermission The test resulis, opimons, of interpretations contained harein are based upon work performed in & laboratory satting Owens Coming

0 whalsoaver reg

performance of the matenal, products or processes reported on heremn

This material was found to meet AASHTO M320 Table | specifications, Analysis by Brendan McGillicuddy (NBTC#162)

g the actual

Figure 0.3: PG 70-22ER binder consensus properties
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Asphalt Binder PG 70-22ER

Mixing and Compaction Curve
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Corning and its Trumbull Asphalt Division assume no responsibility and make no warranty or other representation whatsoever regarding the
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Figure 0.4: PG 70-22ER binder mixing and compaction curve
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D.0 EFFECTS OF RECYCLED ASPHALT PAVEMENT AND
BINDER CONTENT ON THE FLEXURAL STIFFNESS OF
ASPHALT CONCRETE USING BBF

Twelve beam samples were tested using the four-point bending beam fatigue device. Four
different mixture variations were used, with three replicates for each variation. The variations
being tested consisted of a 6% binder content with 30% RAP content mixture, a 6.4% binder
content with 30% RAP content mixture, a 6.4% binder content with 40% RAP content mixture
and a 6.8% binder content with 40% RAP content mixture.

The stiffness and cycle number were first plotted from each of the test results to examine how
the stiffness decreased with the applications of the cyclic loads. The results were plotted per
binder content in the mixture and can be seen below in Figure 0.1 through Figure 0.3:

6.0% BC Fatigue Stiffness

——6.0BC_30RAP_PGS5834_R1 —— 5.0BC_30RAP_PG5834_R2 6.0BC_30RAP_PG5834_R3

525000
z 475000
=
o 425000 |
=
& 375000
=
& 325000
m
% 275000
Z
= 225000
w
—_— e,
175000

0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000
Cycle Number

Figure 0.1: Flexural fatigue stiffness versus cycle number for 6.0% BC
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6.4% BC Fatigue Stiffness
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Figure 0.2: Flexural fatigue stiffness versus cycle number for 6.4% BC
6.8% BC Fatigue Stiffness
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Figure 0.3: Flexural fatigue stiffness versus cycle number for 6.8% BC

Immediately, it can be seen that a high level of variability exists between replicates of the same
binder and RAP contents. Each of the three replicates for each mix variation were cut from the
same asphalt block, thus the discrepancy between replicates is not a sample preparation issue.
From the above plots, it can be seen that the flexural fatigue stiffness of each beam decreases at a
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negative exponential rate. In general, the stiffness decreases rapidly over the first 50,000 to
100,000 loading cycles before transitioning to a constant rate of stiffness reduction.

Plotting the percentage of stiffness reduction against the number of cycles using a logarithmic
scale provides a clearer interpretation of the flexural performance of each mixture variation. The
beam sample is considered as failed once it reaches a 50 percent reduction in initial stiffness. To
effectively compare each mix variation, the number of cycles required to achieve a 50 percent
reduction in initial stiffness was determined.

For various reasons, four of the beam samples did not reach the 50 percent stiffness reduction
failure criteria at the conclusion of the testing. In these situations, the existing data was modeled
using a Weibull distribution. A trendline was then fit to a portion of the data and the cycle
number at which the sample reached 50 percent of its initial stiffness was estimated using the
equation of the trendline.

Conclusions

The number of cycles required to reach a 50 percent reduction in stiffness are shown in Table 0.1
below, along with the average value for each mixture variation. There were several outliers in
the data which were not considered when determining the average number of cycles to failure.
The samples not considered were Replicate 2 (R2) from the 6.0BC_30RAP mixture, and
Replicates 1 and 3 (R1 and R3) from the 6.4BC_30RAP mixture.

Table 0.1. Number of Cycles Required to Reach a 50% Reduction in Stiffness

6.0BC_30RAP 6.4BC_30RAP
Number of Cycles of Failure Number of Cycles of Failure
R1 R2 R3 AVG R1 R2 R3 AVG
232,003 | 1,085,838 | 357,006 | 294,505 - 658,520 499 658,520
6.4BC_40RAP 6.8BC_40RAP
Number of Cycles of Failure Number of Cycles of Failure
R1 R2 R3 AVG R1 R2 R3 AVG
21,000 | 387,007 | 213,002 | 207,003 1,060,525 | 559,646 | 1,153,434 | 924,535

By comparing the number of cycles to failure for each mixture, as can be seen below in Figure
0.4, conclusions can be drawn regarding the effects of binder and RAP content in an asphalt
pavement mixture. In both the 30% and 40%RAP cases, holding the RAP content constant and
increasing only the binder content will increase the fatigue life of the mixture. This is as
expected, since additional binder will increase the pavement’s flexibility. By comparing the
6.4BC_30RAP and 6.4BC_40RAP mixtures, one can see that increased RAP contents will have
a negative impact on the fatigue life of the pavement, which is also to be expected since aged
RAP is less flexible than virgin material. Comparing the 6.0BC_RAP30 mixture to the
6.4BC_RAP40 mixture shows that these two mixtures have similar fatigue lives despite having
significantly different mixture characteristics. One could draw the conclusion that by increasing
the binder content in a mixture, the RAP content could also be increased without a loss in
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performance of the asphalt pavement. This strategy could be implemented to decrease the
material costs while also improving the sustainability of a roadway.

Fatigue Life from BBF Test Results

Replicate 1 Replicate 2 Replcate 3 mAverzge

NUMEBER OF CYCLES TO FAILURE
(500 IMITIALSTIFFMESS)
]

T
vvvvvv I

6.0BC_30RAP 6.4BC_30RAP 6.4BC_40RAP 6.8BC_40RAP

Figure 0.4: Number of BBF cycles required to reach failure of samples with varying RAP
and binder contents.
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E.0 GMM AND AIR VOIDS

Table 0.1 shows G, and air voids for Mix 1:

Table 0.1: G, and air voids for Mix 1

A B C D E F
D sa nr;n pizsir? fair, sr::fpslg ]icnszli:;, s;n na:spsleoifn Gmb Gmn13 voAiI;s
Al(g) B (g) water, C (g) | (MEC) | (8/em) |- )
SCB_5.3AC_5.0AV_S1 5430.5 5440.5 3192.0 2.415 2.562 5.73
SCB_5.3AC_7.0AV_S1 5319.0 5352.0 3102.0 2.364 2.562 7.73
SCB_6.0AC_5.0AV_S1 5331.0 5341.0 3098.0 2.377 2.518 5.61
SCB_6.0AC_7.0AV_S1 5238.0 5256.0 3011.0 2.333 2.518 7.34
DM_5.3AC_5.0AV_S1 7143.0 7155.0 4205.0 2421 2.562 5.49
DM_5.3AC_5.0AV_S2 7127.0 7139.0 4194.0 2.420 2.562 5.54
DM_5.3AC_7.0AV_S1 7009.0 7026.0 4084.5 2.383 2.562 6.99
DM_5.3AC_7.0AV_S2 6992.0 7007.0 4067.5 2.379 2.562 7.16
DM_6.0AC_5.0AV_S1 7025.5 7035.0 4087.0 2.383 2.518 5.36
DM_6.0AC_5.0AV_S2 7017.5 7026.0 4084.0 2.385 2.518 5.27
DM_6.0AC_7.0AV_S1 6874.5 6889.0 3956.5 2.344 2.518 6.90
DM_6.0AC_7.0AV_S2 6868.5 6885.0 3949.0 2.339 2.518 7.09
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Table E-2 shows Gy, and air voids for Mix 2:

Table 0.2: G and air voids for Mix 2

A B C D E F
'D sanr:]palzsirc:fair, SSrSasiSr:;Ie s;nnizsleoifn Gmb Gmm vgil:;s
A(g) in air, B (g) | water, C(g) (A/(B-C)) | (g/cm3) (%)

SCB_5.3AC_5.0AV_S1 5441.5 5451.0 3212.0 2.430 2.561 5.10
SCB_5.3AC_7.0AV_S1 5343.6 5365.6 3129.8 2.390 2.561 6.68
SCB_6.0AC_5.0AV_S1 5365.5 5373.5 3142.5 2.405 2.526 4.79
SCB_6.0AC_7.0AV_S1 5248.5 5259.0 3032.5 2.357 2.526 6.68
DM_5.3AC_5.0AV_S1 7131.0 7140.5 4217.0 2.439 2.561 4.76
DM_5.3AC_5.0AV_S2 7127.0 7137.0 4206.5 2.432 2.561 5.04
DM_5.3AC_7.0AV_S1 6987.0 7004.5 4058.5 2.372 2.561 7.39
DM_5.3AC_7.0AV_S2 6978.0 6998.0 4074.0 2.386 2.561 6.82
DM_6.0AC_5.0AV_S1 7020.0 7029.0 4100.5 2.397 2.526 5.10
DM_6.0AC_5.0AV_S2 7015.0 7025.5 4103.5 2.401 2.526 4.96
DM_6.0AC_7.0AV_S1 6869.0 6884.5 3969.5 2.356 2.526 6.71
DM_6.0AC_7.0AV_S2 6875.0 6895.0 3978.0 2.357 2.526 6.70
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Table 0.3 shows G, and air voids for Mix 3:

Table 0.3: Gmand air voids for Mix 3

A B C D E F
mass of mass of mass of
ID sample in SSD sample Gmb Gmm | Air voids
air, A (g) sa.mple in | inwater, | (A/(B-C)) | (g/cm3) (%)
air, B (g) C(sg)
SCB_5.3AC 5.0AV_S1 5434.0 5445.0 3206.4 2.427 2.550 4.81
SCB_5.3AC_7.0AV_S1 5305.0 53304 3097.2 2.376 2.550 6.84
SCB_6.0AC_5.0AV_S1 5393.6 5402.6 3166.6 2.412 2.538 4.96
SCB_6.0AC_7.0AV_S1 5281.8 5301.2 | 3064.4 2.361| 2.538 6.96
DM_5.3AC_5.0AV_S1 7088.5 7103.5 4175.0 2421 2.550 5.08
DM_5.3AC_5.0AV_S2 7095.5 7108.5 4184.0 2.426 2.550 4.85
DM_5.3AC_7.0AV_S1 6943.5 6970.0 4044.5 2.373 2.550 6.92
DM_5.3AC_7.0AV_S2 6936.5 6961.5 4043.5 2.377 2.550 6.78
DM_6.0AC_5.0AV_S1 7075.5 7089.5 4173.0 2.426 2.538 4.41
DM_6.0AC_5.0AV_S2 7055.5 7052.0 4140.0 2.423 2.538 4,53
DM_6.0AC_7.0AV_S1 6898.0 6910.5 | 3986.5 2.359 | 2.538 7.05
DM_6.0AC_7.0AV_S2 6906.5 6919.0 3995.0 2.362 2.538 6.93
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F.O ANEXAMPLE OF BATCHING SHEET

| The following example (Table 0.1 and Table 0.2) shows the procedure of calculating the quantity
of materials for the Mix 1 with 20% RAP, 5.3% binder content and binder grade of PG 70-22ER.

Table 0.1: Quantity of virgin aggregates and RAP materials for the mixture with 20%
RAP, 5.3% binder content, and binder grade of PG 70-22ER

stockpile Virgin RAP
stockpile percentage, P 80 20 Comparison: Combined vs. Target
total percentage 100 combined aggregate
sieve size percentage passing |%retained |[cum. Retained [%passing target %apass| Diff Diff*2
3/4" 100.0 100.0 0.0 0.0 100.0 100 0.0 0.0
1/2" 100.0 100.0 0.0 0.0 100.0 100 0.0 0.0
3/8" 100.0 96.8 0.6 0.6 99.4 99.4 0.0 0.0
1/4" 85.8 78.4 15.0 15.7 84.3 84.3 0.0 0.0
#4 64.7 66.4 19.3 35.0 65.0 65.1 0.1 0.0
#3 39.9 45.1 24.1 39.1 40.9 40.4 -0.5 0.3
#16 28.1 31.5 12.2 71.2 28.8 28.1 -0.7 0.5
#30 21.4 23.8 6.9 78.1 21.9 21.4 -0.5 0.2
#50 14.5 17.4 6.8 84.9 15.1 14.8 -0.2 0.1
#100 10.1 12.9 4.4 89.3 10.7 10.2 -0.5 0.2
#200 8.0 8.4 2.6 91.9 8.1 1.7 -0.4 0.1
pan 0 0 8.1 100.0 0.0 0 0.0 0.0
binder conent 5.26( rootmean sguare error
stockpile Virgin RAP Virgin RAP (agg) RAP (total) |Virgin Agg |RAP Agg
stockpile percentage, Ps 80 20 80 20 20
tu:_:utal p?rcentage 100 : batch mass, grams
sieve size percentage retained
3/a" 0.0 0 0.0 0.0 0.0 0.0 0.0
12" 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3/8" 0.0 3.2 0.0 35.5 37.4 0.0 58.3
1/a" 14.2 18.4 629.8 204.0 215.3 629.8 238.3
#a 21.1 12 935.8 133.0 140.4 035.8 151.8
#3 24.8 21.3 1099.9 236.2 249.3 1099.9 282.3
#16 11.8 13.6 523.3 150.8 159.2 523.3 189.9
#30 6.7 7.7 297.1 85.4 90.1 297.1 113.5
#50 6.9 6.4 306.0 71.0 74.9 306.0 68.1
#100 4.4 4.5 195.1 49.9 52.7 195.1 17.4
#200 21 4.5 93.1 45.9 52.7 03.1 42.8
pan 8 8.4 354.8 93.1 98.3 354.8 7.9
total weight
4434.93 1108.73| 1170.288917 44349 1170.29




Table 0.2: Quantity of binder, RAP materials, and total aggregates for Mix 1 with 20%
RAP, 5.3% binder content, and binder grade of PG 70-22ER

target binder content % 5.3
aggregate mass, g 5543.658599
mixture mass, g 5853.916155
RAP binder (gr) 61.56
virgin binder (gr) 248.70
Gmm 2.362
Gmb 2.434
airvoid content (%) 5
gyratory height 0.13
mass of sample in GC (g] 5575.158243

F-2



	LIST OF FIGURES
	LIST OF TABLES
	1.0 INTRODUCTION
	1.1 Key objectives of this study
	1.2 Organization of the report

	2.0 LITERATURE REVIEW
	2.1 FATIGUE CRACKING MECHANISMS IN ASPHALT PAVEMENTS
	2.2 FACTORS AFFECTING FATIGUE CRACKING
	2.2.1 Air-Void and Binder Content
	2.2.2 Binder Modification
	2.2.3 Aging
	2.2.4 Binder Performance Grade
	2.2.5 Mixture Segregation
	2.2.6 Aggregate Gradation and Volumetrics
	2.2.7 Aggregate Type

	2.3 TEST METHODS TO EVALUATE FATIGUE CRACKING PERFORMANCE OF ASPHALT CONCRETE
	2.3.1 Bending Beam Fatigue (BBF)
	2.3.2 Indirect Tension (IDT)
	2.3.3 Repeated Direct Tension
	2.3.4 Simplified Viscoelastic Continuum Damage (S-VECD)
	2.3.5 Semi-Circular Bend (SCB) Test

	2.4 FATIGUE CRACKING MODELS
	2.4.1 Mechanistic-Empirical Pavement Design Guide (MEPDG) Models
	2.4.1.1 Shell Oil Model
	2.4.1.2 Asphalt Institute (MS-1) Model

	2.4.2 Continuum Damage Models
	2.4.2.1 Continuum Damage Mechanics-Based Fatigue Model
	2.4.2.2 Simplified Viscoelastic Continuum Damage (S-VECD) model

	2.4.3 Parameters to Evaluate Fatigue Cracking Performance
	2.4.3.1 Paris Law of Crack Propagation
	2.4.3.2 Dissipated Energy Approach
	2.4.3.3 Critical Strain Energy Release Fate
	2.4.3.4 Pseudo Strain Energy Release Rate


	2.5 PREDICTION OF FIELD FATIGUE CRACKING PERFORMANCE USING LABORATORY TEST RESULTS
	2.5.1 Bending Beam Fatigue Test
	2.5.2 Indirect Tension Test
	2.5.3 Simplified Viscoelastic Continuum Damage (S-VECD) Test
	2.5.4 Semi-Circular Bend Test

	2.6 SUMMARY

	3.0 IMPLEMENTATION OF PERFORMANCE TESTER TO EVALUATE FATIGUE CRACKING OF ASPHALT CONCRETE
	3.1 INTRODUCTION
	3.2 OBJECTIVES
	3.3 MATERIALS
	3.4 EXPERIMENTAL DESIGN
	3.4.1 Experimental Design for Plant Mixed-Field Compacted Specimens
	3.4.2 Experimental Design for Plant Mixed - Laboratory Compacted Specimens
	3.4.2.1 from viscosity versus temperature plots for the binder provided by Owens Corning. A sample Preparation of PMLC Specimens

	3.4.3 Experimental design for laboratory mixed-laboratory compacted specimens

	3.5 TEST METHODS
	3.5.1 Semi-Circular Bend (SCB) Test
	3.5.1.1 Sample Preparation
	3.5.1.2 Testing
	3.5.1.3 Parameters Obtained from SCB Test Results
	3.5.1.4 Comparison of Fracture Energy (,G-f.) to Flexibility Index (FI)

	3.5.2 Indirect Tension (IDT) Test
	3.5.3 Bending Beam Fatigue (BBF) Test
	3.5.4 Direct Tension Cyclic Fatigue (DTCF) Test
	3.5.5 Resilient Modulus (MR) Test
	3.5.6 Dynamic Modulus (DM) Test
	3.5.7 Flow Number (FN) Test
	3.5.7.1 Francken model


	3.6 RESULTS AND DISCUSSION
	3.6.1 Plant Mixed-Field Compacted (PMFC) Specimens
	3.6.1.1 Semi-Circular Bend (SCB)Test
	3.6.1.2 Indirect Tension (IDT) Test
	3.6.1.3 Bending Beam Fatigue (BBF) Test
	3.6.1.4 Resilient Modulus (MR) Test
	3.6.1.5 One-to-One Correlations Between the Output Parameters of Different Tests

	3.6.2 Plant Mixed-Laboratory Compacted (PMLC) Specimens
	3.6.2.1 Semi-Circular Bend (SCB) Test
	3.6.2.2 Indirect Tension (IDT) test
	3.6.2.3 Bending Beam Fatigue (BBF) Test
	3.6.2.4 Direct Tension Cyclic Fatigue (DTCF) Test
	3.6.2.5 Dynamic Modulus (DM) Test
	3.6.2.6 Flow Number (FN) Test

	3.6.3 Laboratory Mixed-Laboratory Compacted (PMLC) Specimens

	3.7 SUMMARY AND CONCLUSIONS

	4.0 CONTRIBUTIONS OF MIXTURE PROPERTIES TO DURABILITY
	4.1 INTRODUCTION
	4.2 OBJECTIVES
	4.3 MATERIALS AND METHODS
	4.3.1 Experimental Plan to Determine the Impact of Mixture Properties on Durability
	4.3.2 Materials
	4.3.2.1 Aggregates
	4.3.2.2 Recycled asphalt pavement (RAP) aggregates
	4.3.2.3 Binders

	4.3.3 Sample preparation
	4.3.3.1 Target gradations
	4.3.3.2 Batching
	4.3.3.3 Mixing and compaction
	4.3.3.4 Air void content

	4.3.4 Testing methods

	4.4 RESULTS AND DISCUSSION
	4.4.1.1 Semi-circular bend (SCB) test
	ANOVA table
	4.4.1.2 Dynamic modulus (DM) test
	4.4.1.3 Flow number (FN) test
	ANOVA Table

	4.5 SUMMARY AND CONCLUSIONS

	5.0 IMPACT OF INCREASED DUST CONTENT ON CRACKING PERFORMANCE
	5.1 INTRODUCTION
	5.2 OBJECTIVE
	5.3 MATERIALS AND METHODS
	5.3.1 Mix Design Process

	5.4 RESULTS AND DISCUSSION
	5.4.1 Semi-Circular Bend (SCB) Test
	5.4.2 Dynamic Modulus (DM) Test
	5.4.3 Flow Number (FN) Test

	5.5 SUMMARY AND CONCLUSIONS

	6.0 THE EFFECT OF LABORATORY LONG-TERM AGING ON CRACKING PERFORMANCE OF ASPHALT MIXTURES
	6.1 INTRODUCTION
	6.2 OBJECTIVES
	6.3 MATERIALS AND METHODS
	6.4 RESULTS AND DISCUSSION
	6.4.1 Semi-Circular Bend (SCB) Test
	6.4.2 Dynamic Modulus (DM) Test
	6.4.2.1 Master curves for dynamic modulus
	6.4.2.2 Master curves for phase angle

	6.4.3 Flow Number (FN) Test

	6.5 SUMMARY AND CONCLUSIONS

	7.0 MECHANISTIC-EMPIRICAL PAVEMENT DESIGN GUIDE (MEPDG) SIMULATIONS AND LIFE CYCLE COST ANALYSIS
	7.1 INTRODUCTION
	7.2 MEPDG RUTTING AND FATIGUE CRACKING MODELS
	7.2.1 Fatigue Cracking Models
	7.2.2 Rutting Models

	7.3 LEVEL 1 MEPDG SIMULATIONS USING EXPERIMENTAL RESULTS
	7.4 COST CALCULATION TOOL
	7.5 LIFE-CYCLE COST ANALYSIS
	7.6 RESULTS AND DISCUSSION
	7.6.1 MEPDG Performance Predictions
	7.6.2 Life-Cycle Cost Analysis

	7.7 SUMMARY AND CONCLUSIONS

	8.0  SUMMARY AND CONCLUSIONS
	8.1 CONCLUSIONS
	8.2 RECOMMENDATIONS AND FUTURE WORK
	8.2.1 Implementation of Performance Tester to Evaluate Fatigue Cracking of Asphalt Concrete
	8.2.2 Contributions of Mixture Properties to Durability
	8.2.3 Impact of Increased Dust Content on Cracking Performance
	8.2.4 The Effect of Laboratory Long-Term Aging on Cracking Performance of Asphalt Mixtures
	8.2.5 Mechanistic-Empirical Pavement Design Guide (MEPDG) Simulations and Life Cycle Cost Analysis


	9.0 REFERENCES
	A.0 Pavement Management SYSTEM data Sheets (PMS) for Field Sections
	B.0 Mix design sheets for plant mixtures
	C.0 Binder Properties provided by the plant
	D.0 Effects of Recycled Asphalt Pavement and Binder Content on the Flexural Stiffness of Asphalt Concrete using BBF
	E.0 Gmm and air voids
	10.0
	F.0 An example of batching sheet

