A NEW DESIGN FRAMEWORK FOR FLEXIBLE LONG-LIFE PAVEMENTS

By

Mahdi Ghazavi

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Civil Engineering — Doctor of Philosophy

2023



ABSTRACT

Long-life pavements are designed and built to last for over 50 years without needing
major structural rehabilitation or reconstruction. Reported benefits of such pavements include
low life-cycle cost, less frequent repair and/or rehabilitation, lower user-delay costs and lower
environmental impact. Several approaches exist to design long-life pavements, all of which are
based on mechanistic-empirical principles. While designing long-life pavements, deep structural
distresses (e.g., bottom-up cracking) are designed to never develop, by limiting the maximum
critical stresses and strains. Only surficial distresses (e.g., top-down cracking, rutting etc.) are
allowed to occur, but they are managed via periodic maintenances (e.g., mill and overlay).
Several states in the US have built long-life pavements by enhancing structural design methods,
using better materials, improving specifications and construction practices. In Michigan, four
pilot long-life pavement sections were constructed between 2017 and 2019; two rigid and two
flexible pavements. Each pilot project included a long-life and an accompanying standard
(control) section constructed on the same highway. Modifications to standard designs and
materials were made to extend their service life. The focus of this dissertation is on evaluation of
the two flexible pavement projects. The scope of the study included as-built analysis of these
pilot long-life projects to determine their potential for meeting the intended design and service
lives. MDOT performed numerous field tests and collected material samples from these projects.
Extensive analysis of the field data and numerous laboratory tests were conducted to characterize
the material properties. As-constructed material properties were used in different mechanistic-
empirical (ME) design software to estimate the expected performance of all the pilot projects.
Based on the detailed laboratory and field testing and the mechanistic-empirical performance

predictions, recommendations were made in structural design, material selection, construction,



and quality control and quality assurance procedures. The main objective of this study is to
perform a thorough analysis of the pilot flexible long-life projects which were designed based on
state-of-the-practice methods and enhance the mechanistic-empirical design of these pavements
and propose alternative design approach for long life pavements to potentially reduce life cycle

cost and improve performance
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1 INTRODUCTION

The concept of perpetual or long-life pavements has been introduced in the USA and
Europe in the last few decades (1-4). Such roadways are defined as a flexible or rigid pavement
designed and built to last longer than 50 years without needing major structural rehabilitation or
reconstruction and requiring only periodic surface renewal in response to distresses that are
confined to the top surface. It is also recognized that many well-built, thick pavements that were
categorized as either full-depth or deep-strength pavements had been in service for decades with
only minor periodic surface rehabilitation to remove defects and improve ride quality. Therefore,
it is a practical reality to consider long-life pavement concept. The primary advantages of such
pavements include (4-8): (i) low life-cycle cost by avoiding deep pavement repairs or
reconstruction, (ii) less frequent repair and rehabilitation and contribute to highway safety and
congestion mitigation, (iii) low user-delay costs since minor surface rehabilitation of pavements
only require short work windows that can avoid peak traffic hours, (iv) low environmental
impact by reducing the construction materials amount over the pavement’s life, (v) more
relevance to a public-private partnership (PPP) because the longtime commitment typically
involved favors the use of materials, design features, and construction techniques that result in
long life and low maintenance.

A somewhat unified approach to designing long-life flexible pavements has been adopted
by many experts (9, 10) based on mechanistic-empirical analysis and design concepts. The
premise of this approach is that pavement distresses with deep pavement layer structure and
appropriate materials can be avoided or delayed if pavement responses—stresses, strains, and

deflections, are kept below critical values at the locations where the distresses initiate to occur.



Thus, pavement can be designed for an indefinite structural life for heavy vehicle loads and
repetitions without being too conservative.

Several states in the US have built long-life pavements by incorporating enhancements in
(i) structural design methods, (ii) materials evaluation and specification procedures, (iii)
construction practices and (iv) maintenance practices (5, 8, 11-14).

In Michigan, four long-life pavement sections were constructed as a result of Public Act
175 (2015) and the Roads Innovation Task Force (RITF) Report (15) (i) 30- year HMA on US-
131 in the Grand Region (constructed in 2017), (ii) 30-year concrete on 1-69 in the Bay Region
(constructed in 2018), (iii) 50-year concrete on US-131 in the Grand Region (constructed in
2018) and (iv) 50-year HMA on 1-475 in the Bay Region (construction in 2019-2020). Locations
of these long-life pilot projects are illustrated in Figure 1. As part of each project, several ‘test
sections’ were identified for sampling and testing, which are listed in Table 1. The focus of this
study is on the two flexible projects 1-475 with 50-year design life for the long-life sections and
20-year design life for the standard sections and US-131 with 30-year design life for the long-life
sections and 20-year design life for the standard sections. While designing these pilot projects,
modifications were made to standard designs and materials to extend the design life via (i)
increased layer thicknesses, (ii) improved materials, (iii) enhanced construction practices and
specifications, and (iv) upgraded design aspects (e.g., increased drainage freeboard). It is
essential to assess these pilot projects before further long-life projects are planned in Michigan.
As-built evaluation of these long-life pavements will assist Michigan Department of
Transportation (MDOT) in determining the potential of the four pilot projects for meeting their
intended design and services lives (50 and 75 years). MDOT has collected material samples from

the pilot projects for testing various engineering properties and characterizing the material used



in these pilot projects, which will be used to compare the performance predictions between the
standard and the long-life pavement designs and cross-sections.

Table 1 List of MDOT’s long-life pilot projects and standard and long-life test sections

Pavement . . . . . De_sign
type Project Test section Location (Station) | Direction life
(years)
Test section 1 | 1090+00 | 1100+00 NB 30
US-131 Test section 2 | 1127+52 | 1137+81 NB 30
Test section 3 | 1170+00 | 1180+00 NB 30
Test section 4 | 1210+10 | 1220+00 NB 20
HMA Test sect!on 1 | 0650+00 | 0660+00 NB 50
Test section 2 | 0745+00 | 0755+00 NB 50
1-475 Test sect!on 3 | 0770+00 | 0780+00 NB 50
Test section 1 | 0650+00 | 0660+00 SB 20
Test section 2 | 0745+00 | 0755+00 SB 20
Test section 3 | 0770+00 | 0780+00 SB 20
Test section 1 | 0340+00 | 0350+00 EB 20
1-69 Test sect!on 2 | 0367+00 | 0377+00 EB 20
Test section 3 | 0340+00 | 0350+00 WB 30
Test section 4 | 0396+00 | 0406+00 WB 30
JPCP Test section 1 | 0852+00 | 0862+00 | NB 50
(concrete) Test sect!on 2 | 0885+00 | 0895+00 NB 50
US-131 Test sect!on 3 | 0970+00 | 0980+00 NB 50
Test section 1 | 0850+00 | 0860+00 SB 20
Test section 2 | 0895+00 | 0905+00 SB 20
Test section 3 | 0977+00 | 0987+00 SB 20

Evaluation of all aspects (design, construction, materials, etc.) of the as-constructed
condition of the MDOT’s long-life pilot projects will produce valuable information. This
information will lead to adjustments to engineering design aspects and specifications that will

improve the overall performance of the standard pavement designs.



2 OBJECTIVES

The main goal of this dissertation is to perform a thorough analysis of the pilot long life
projects which were designed based on state-of-the-practice methods and propose alternative
design frameworks for long life pavements to reduce life cycle cost and improve performance.
Specific objectives include:

e Gather data on original pavement design and testing performed during
construction to assess as-designed and as-built characteristics of the pilot long life
projects

e Perform testing in the laboratory to compare material characteristics of layers in
terms of modulus (stiffness), resistance to fatigue cracking, rutting and low
temperature cracking. Use laboratory and field data to calibrate mechanistic-
empirical pavement models to predict the long-term performances of the
pavement sections

e Develop enhanced analysis and design methods for long life pavements
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Figure 1 Locations of the four long life pilot projects



3 LITERATURE REVIEW

In this chapter, the focus is on providing a review of the current methodologies for
structural design, material selection, construction best practices, and QC/QA specifications for
long-life pavements.

The concept of perpetual pavements or long-life pavement has been used by pavement
engineers in the past few decades. Long-life pavements are pavements that typically last longer
than 50 years with no major structural rehabilitation. In these pavements, only periodic surface
renewal is needed to remove or mitigate top surface distresses or improve the ride quality.
Southern Cross Drive in Australia, using full-depth or deep strength pavements concept, can be
mentioned as one of first long-life pavements which has been in service since 1960s with very
little maintenance. In the United States, many States like Michigan, California, Texas and
Washington have designed and constructed long-life pavements.

Although the main idea behind long-life pavements is to increase the thickness of the
pavement to avoid bottom-up cracking at the bottom of the HMA layer and limit the rutting on
top of the subgrade, several enhancements should be incorporated to reach the desired longer life
as compared to conventional pavements. These enhancements can be categorized to:

e Structural design methods

e Materials characteristics and selection methods

e Construction practices

e Quality control and quality assurance specifications

e Maintenance practices



Cost-related aspects should be fully taken into consideration to evaluate the economic
benefits of using long-life pavements by life cycle cost assessment or cost-benefit analysis. Some
of these aspects are as follows:

e Initial construction costs

e Costs relates to periodic maintenance and traffic management at road works
e Road user costs

e Costs related to accidents for both road users and construction workers

e Environmental impacts of road construction and maintenance

Apparent higher initial cost for the construction of long-life pavements is a disadvantage.
Based on the information provided by Michigan Department of Transportation (MDOT), there is
a range of 41% to 59% increase in the cost (of materials only) per lane mile for the long-life
sections as compared to the standard 20-year designs. However, when the entire construction
cost is considered (including the overhead costs that are the same in standard and long-life
pavements), the difference is about 15-20%. On the other hand, lower maintenance-related costs
could result in a lower life cycle cost for long-life pavements. Proper determination and
quantification of the factors affecting the life-cycle cost should be performed to be able to
compare conventional pavements with long-life pavements. Although lowering the life cycle cost
is probably the most important benefit of increasing the design life, it is not always feasible to
fund higher initial costs because of budget limitations. MDOT currently applies a “mix of fixes”
and most of the reconstruction projects are designed to the current 20-year standard design to
optimize pavement condition across the entire network. Based on the Roads Innovation Task
Force (RITF) Report (15), a summary of estimated funding projections required to meet and

maintain the 90 percent good/fair pavement goal (approved by the State Transportation



Commission) using current design standards compared to 20, 30 and 50-year design lives and
elimination of poor pavements on the state network within 10 years is presented in Table 2.

Table 2 Estimated Funding Projections

Funding Impacts Investments Needed Average Investments Needed
First 10 Years Next 40 Years
Current Standards 20-Year $15 hillion $3.9 billion/year
Design Life with Mix of Fixes
20-Year Design Standards $60 billion $9 billion/year
Reconstruct
30-Year Design Standards $111 billion $450 million/year
Reconstruct
50-Year Design Standards $140 billion $560 million/year
Reconstruct

The structural design of long-life pavement is mostly based on the concept of ‘fatigue
endurance limit’(FEL). In order to design a long-life pavement, it is necessary to provide enough
stiffness in the upper HMA layers to avoid rutting and enough total HMA thickness and
flexibility in the lowest HMA layer to avoid fatigue cracking at the bottom of the HMA layer.
Different researchers have proposed that there seems to be a strain level below which there is no
fatigue damage to HMA.. At this level, increasing the pavement thickness is no more beneficial
for avoiding fatigue cracking in the structure(16). Von Quintus (17) has defined the endurance
limit for flexible pavements as: “the horizontal asymptote of the relationship between the applied
stress or strain and the number of load repetitions, such that a lower stress or strain will result in
an infinite number of load repetitions”. The FEL concept is schematically shown in Figure 2.

During the evolution of fatigue endurance limit concept, different values have been
proposed by researchers as FEL typically ranging from 60 pe to 125 pe. Monismith has
suggested that the limiting tensile strain at the bottom of the asphalt layers should not be higher
than 60 pe, and that at the top of the subgrade the vertical strain should be limited to 200 pe (18).

Carpenter et al. (2003) conducted research to validate fatigue endurance limit theory. They



performed four-point bending test on asphalt specimens using a 10-Hz haversine load at 20°C at
different strain levels. Typical strain levels for this test ranges from 250 to 1000 pe. The
horizontal strain is calculated based on the vertical deflection at the center of the beam. Failure is
defined as the number of loading cycles requires to reduce the initial stiffness of the specimen to
a fraction of the initial stiffness. This fraction for typical mixes is assumed to be half of the initial
stiffness. Due to large number of loading repetitions required to fail the specimen in low strain
levels, the testing was conducted at strain levels from 250 to 1000 pe and the strain level vs

loading cycles relationships were extrapolated for strain levels below 250 pe.

log N

Compression Compression

Tension

N
Tension

Figure 2 Tensile strain with pavement thickness (log e = log of strain; log N = log of
number of cycles to failure) (14)

The extrapolated data showed that an asymptote occurred at a strain level of
approximately 70 pe. Similar testing was conducted by Asphalt institute in 2004 using the same
test but at the strain level of 70 pe. This test did not result in failure (50% of the initial stiffness)
after 4,000,000 cycles (19). Dissipated energy model has also been used by Carpenter et al. and
Peterson et al. to develop fatigue endurance limit. This model relates the rate of change in

dissipated energy to fatigue failure by quantifying accumulation of the damage in the specimen



from one cycle to the next(16). Both researchers found similar values of 70 to 100 pe depend on
the type of mix. Some of the mixes could bear 100 pe without reaching the failure.
3.1 Design Methodologies for Long-life Pavements

The main idea behind different approaches to designing perpetual pavements based on
mechanistic-empirical concepts is to avoid deep structural distresses by keeping pavement
responses below a certain limit. Using empirical methods like AASHTO 1993 method for
designing perpetual pavements leads to ever-increasing the thickness of the pavement, although
it has been shown that there is a limit beyond which increasing the thickness does not add to the
structural capacity of the pavement anymore. This thickness limit heavily depends on the
material used for different layers, load levels and load spectra (heaviest loads are of significant
importance) and climatic condition of the area where the pavement is constructed. Additionally,
in mechanistic-empirical methods, pavements can be analyzed for the heaviest loads and keeping
the responses of the pavement under a certain limit to avoid the distresses that initiate at the

critical locations of the pavement. This concept has been shown in Figure 3.
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Figure 3 Simplified flowchart for perpetual pavement design (1)

The general concept of perpetual pavements design is shown in Figure 4. It should be
emphasized that reaching to a longer life heavily depends on proper design, material selection,
construction practices and maintenance activities. In perpetual pavements design process, it is
necessary to define a limit for critical pavement responses below which structural damage does
not accumulate. This concept will be discussed in detail in chapter 4. If all or the majority of or
the loads experienced by the pavement are below that limit, the pavement can be considered as a
perpetual pavement. Most approaches to long-life design for flexible pavements consider

pavement responses for bottom-up cracking and rutting.
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Figure 4 Perpetual pavements design concept (14)

The main difference in long-life pavement design (compared to standard designs) is that
the responses below the “fatigue endurance limit” are not being considered in the damage
accumulation. Since the structure should be designed in such a way that the majority of the
critical responses, such as horizontal strain at the bottom of the asphalt layer for bottom-up
cracking, are lower than the endurance limit, the damage in the damage accumulation model
should be minimal.

Different design software can be used for long-life pavement design. They either use a
single value for the endurance limit (AASHTOWare Pavement ME) or a criterion for strain
distribution that can be controlled in specific percentiles (PerRoad). Recent studies showed that
FEL in asphalt concrete is not a single value and it highly depends on several factors such as

binder rheology, temperature, loading time and air void content (20-22). Both of these
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approaches will be used in this study to analyze the performance of the MDOT pilot long-life
projects.

AASHTOWare Pavement ME design software is probably the most common software
that now is being used by State DOTSs for designing or controlling the designs in the US. Recent
pilot flexible long-life projects US-131 and 1-475 have been designed using this software. In the
earlier versions of MEPDG, an optional FEL ranging between 75 and 125 e was incorporated to
the software, based on information from NCHRP project 9-38. Although, in the latest version
(2.6.0) that is being currently used by MSU research team, the range has been decreased to 50 to
100 pe.

PerRoad is a flexible perpetual pavement design software that was developed at National
Center for Asphalt Technology (NCAT) at Auburn university in conjunction with Asphalt
Pavement Alliance (APA), the National Asphalt Pavement Association (NAPA) and the State
Asphalt Pavement Associations (SAPA). The software is based on layered elastic analysis and a
statistical analysis procedure (Monte Carlo simulation) to predict the responses within the
pavement. The criteria for pass/fail the design can be selected based on the pavement response or
using transfer functions to convert the responses to different distresses in the pavement. The
advantage of this software is that it can compare the distribution of the tensile strain at bottom of
the HMA layer resulting from different loads, climatic condition and material stiffnesses with a
predefined criterion for this distribution. The default values for the strain distribution criteria are
developed through NCAT 2003 and 2006 test track experiments.

3.2 Material Selection Methods for Long-life Pavements
In order to design a perpetual or long-life pavement properly with current mechanistic

empirical design procedures, it is essential to characterize the potential materials and use the
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proper inputs for the design. The foundation of the pavement and each of the asphalt layers have
a certain role in the structure of the pavement. The top course is a sacrificial layer in long-life
pavements. This layer is usually designed to be rut resistant and cracking resistant. Proper
surface drainage is another desirable property of the surface layer. The intermediate or levelling
layer should provide durability and rut resistance. Since this layer usually experiences relatively
lower strain levels compared to the top and base course, use of high percentages of reclaimed
asphalt pavement (RAP) or recycled asphalt shingles (RAS) is probably more beneficial in the
intermediate layer. The base course should be designed to have high durability and fatigue
resistance. It is critical to understand the properties of these layers and the fluctuation in their
behavior with the climatic and environmental conditions. Each of the components the asphalt
mixture design including aggregates, binder type, percentage of RAP or RAS, design air voids
and potential additives should be selected carefully for each of the layers to meet the desired
properties in the pavement structure.

Public Act 175 requires MDOT to evaluate “...road materials and construction methods
that, when implemented, could allow the department to build high-quality roads in this state that
last longer than those typically constructed by the department, with a goal of roads lasting at
least 50 years, with higher quality roads and reduced maintenance costs”. As a result of this
Public Act, MDOT has developed a New Material Evaluation Procedure to assess new materials,
technologies and construction methods that could potentially improve the pavement
performance. Public Act 259 of 2001 or Pavement Demonstration Program is another
opportunity for MDOT to evaluate new materials, construction methods or design. This program
allows MDOT to construct up to four demonstration projects to evaluate new materials and

technologies.
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This section focuses on the required properties and role of different layers in a typical
flexible long-life asphalt pavement.
3.2.1 Foundation

The pavement foundation plays an important role during the construction and
performance of a perpetual pavement. The foundation serves as working platform during the
construction and has a significant role in providing assistance to the asphalt compactor to reach
the desired density in the upper layers. Also, it should be properly designed to minimize volume
changes in wet-dry and freeze-thaw cycles in soft clays and frost susceptible soils. Proper
drainage design in unbound layers is a key element to the design of long-life pavements. In some
of the States which frost design is considered for the pavement structure, the minimum total
pavement structure thickness is required to be equal or higher than 50% of the expected design
frost depth. Seasonal variations should also be evaluated to have a better estimation of moduli
changes in different seasons. This evaluation plays an important role in the design process to use
a rational value for using in mechanistic simulations. In-situ testing for pavement foundation
material can be a good strategy to develop a better understanding of the performance. Different
stabilization technics can be used to improve the performance and resilient modulus of the
unbound layers.

3.2.2 Base course of HMA

The most important role of the base layer of HMA in long-life pavements is to resist
fatigue cracking resulting from load repetitions due to traffic and distribution of loads to the
underlying unbound layers effectively to prevent excessive stresses and strains. The most
desirable material for the base course should be both flexible to endure high strain levels and stiff

enough to resist rutting and distribute the load to the underlying layers. Increasing the thickness
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of the structure results in lower strain levels at the bottom of the base course. Using polymer
modified binder is suggested to improve the fatigue life in the asphalt base layer (23). Newcomb
et. al (2002) suggests to use higher binder content and finer aggregates to improve the fatigue
resistance of the mix (1). Additionally, higher binder content makes the mix more durable and
facilitates the compaction of the HMA layer so that higher densities (lower air voids) can be
achieved (24-26). He also suggests to use the Superpave mix design for lower pavement layers
for this layer. According to Superpave mix design, mixes for lower pavement layers usually have
higher NMAS (nominal maximum aggregate size) and coarser aggregates. In the wet-freeze
areas, because of the prolonged contact with water, the moisture susceptibility of the base layer
should be considered. Kassem et al. (2008) suggested that coarse Superpave mixes could be
very permeable and moisture susceptible (27). Increasing the binder content and material density
improves the moisture resistance of the mixture. The low PG of the binder is suggested to be
similar to upper layers. The most important and informative performance tests for this layer are
fatigue, stiffness and moisture susceptibility test.

3.2.3 Levelling course of HMA

The intermediate layer for long-life pavements should be designed to have adequate
stability and durability (1). The contribution of aggregate skeleton in this regard is significant.
Using crushed aggregates with large nominal maximum aggregate size and coarser aggregates
can improve the aggregate interlock. Aggregate to aggregate contact leads to higher stability in
this layer. To test the aggregate interlock of the alternative mixes for this layer, Bailey method
can be used (28). The skeletal structure’s relationship to volumetric, segregation and compaction

can be characterized using this test (1).
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For proper selection of the binder grade for this layer, the high PG grade of the binder is
suggested to be same as the top layer to resist rutting (29). Although, according to the suggestion
the low PG grade can be relaxed one grade since the temperature gradient is asphalt pavements is
quite steep and this layer is estimated not to experience low temperatures similar to the surface
layer. Performing a rutting test like flow number and moisture susceptibility test and dynamic
modulus test should be considered for a proper design for this layer.

3.2.4 Top course of HMA

The top course requirements highly depend on local needs and experiences like traffic
conditions and environment (29). Generally, rutting resistance, surface cracking resistance, wear
resistance, impermeability, reducing the tire noise and surface drainage can be mentioned as
desired requirements for this layer. This layer is usually designed to have an acceptable
performance for 15 to 20 years and contain the surface distresses as a sacrificial layer that can be
renewed periodically.

Stone matrix asphalt (SMA\) is one of the recommended alternatives for this layer (14).
This mix is usually designed by using polymer modified binders, relatively stiff binders with
fibers or a mix of binder with specific mineral fillers. Some of the States like Maryland, Georgia
and Wisconsin have successfully used this mix in high traffic roads. Harm et al. (2001) suggests
to select the thickness of SMA based on the traffic level. The suggested thicknesses are 2 inches
for low traffic level, 4 inches for medium traffic level and 6 inches for high traffic levels (>25
million ESAL) (12). Texas requires a 2 to 3 inches of SMA under an optional porous friction
course (21).

Another alternative for using as a renewable sacrificial top course for long-life pavements

is open graded friction course or OGFC (8). OGFC is a porous mix designed with polymer
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modified binder or asphalt rubber binder to provide a wearing course that reduces tire splash,
spray, noise, hydroplaning and aging (8). This mix has a relatively high void structure that
enables it to move the water rapidly from the surface. This mix is similar to Gap Graded
Superpave (GGSP) that Michigan is currently using as the surface layer for pilot long-life
projects. GGSP is a binder rich, gap graded mix designed with polymer modified binder.

Based on the climatic conditions, high PG grade of the binder of the top course should be
properly chosen to avoid rutting. The selection of the low PG grade of the binder is vital in
mitigating thermal cracking. Since this layer is designed to be wear resistant, high-quality
aggregates with low potential for abrasion should be selected. Using high percentages of RAP
and RAS is not recommended in the wearing course.

3.3 Construction Practices and QC/QA specifications for Long-life Pavements

Proper construction of the pavement is so important in achieving the longevity in the life
of the pavement. The variability in different construction factors can negatively impact the
performance of long-life pavements. The construction of a long-life pavement begins with the
subgrade and extends to the bottom of the asphalt layers. Each of the unbound layers serves as a
part of the structure and a platform for the construction of the subsequent layer. Improving the
properties of unbound layers with stabilization is one of the common technics used in the
construction of the long-life pavements. Lime, Portland cement, asphalt and chemical admixtures
are among the options that can be used to improve the properties of the unbound layers. Proper
installation of the drainage system in the unbound layers is another key point in the construction
of the unbound layers. A relatively more rigorous quality control and quality assurance plan for
controlling the compaction and uniformity of compaction along the project can significantly help

in achieving the desired longer life. Additionally, conducting field test such as dynamic cone
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penetrometer (DCP), falling weight deflectometer (FWD) and light weight deflectometer can
reveal the weak areas along the project during the construction.

Regarding the asphalt base course, mixtures with nominal maximum aggregate size
(NMAS) of 19 to 25 mm designed with lower air voids, are relatively easier to compact in the
field (29). Reducing the air voids results in higher modulus in HMA layers and makes them less
permeable that leads to less susceptibility in moisture damages as well. Lower air voids result in
higher durability in the mixture. It has been suggested that 3% more compaction can result in
15% less thickness required due to improved fatigue behavior (2, 30).

For increasing the durability of the mixtures following suggestions are presented (12):
e Minimum lift thickness of 3 to 6 times greater than nominal maximum aggregate size to
increase the density of the mix
e Dust control in the plant for better mixture production
e Tacking each lift before paving for increased bonding between the layers
e Reducing the variability in the bottom HMA layer by using virgin aggregates
e Using material transfer device to prevent segregation
e Revised in-place density testing to provide more uniform density in the layers
e Increased required density for the middle layer of HMA

One of the most common and significant construction issues is segregation. Segregation
is defined as lack of homogeneity in the asphalt mix and may occur due to improper handling of
the mix. It can occur due to either fine and coarse aggregate separation during production,
transportation or placement of the HMA, or temperature differentials during paving or
transportation. This issue can be reduced by using material transfer device to properly mix and

place the mix during the construction. Material transfer device remixes the mixture before paving
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and compaction that makes the mix and temperature more uniform. Segregation makes the
pavement more susceptible to top-down cracking and consequent moisture damage (31, 32).

Another important construction issue is debonding. If debonding occurs, the structure of
the pavement cannot transfer the load to the desired location and leads to higher stresses and
strains in the upper layers and early pavement failures (33).

Longitudinal joints are another potential construction-related issue. Typically,
longitudinal joints in construction have less density compared to other parts and these joints
might be more permeable that makes the pavement more susceptible to moisture and other
damages. The best practice in this regard is to use echelon paving or full width paving to
eliminate the longitudinal joints. When echelon paving is not possible due to different
limitations, other technics can be used to improve the joint quality like wedge joints, joint heaters
and joint sealants (34).

The drainage system has a significant role in the performance of the pavements and in
perpetual pavements it is extremely important. Proper construction of the underdrains designed
for unbound materials in the pavement foundation has a great effect on the longevity of the

pavement.
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4 RESEARCH PLAN

41 CHAPTER 1: GATHERING POST-CONSTRUCTION DATA

As part of this task, the Roads Innovation Task Force (RITF) report, project plans, and
available materials information was reviewed. The RITF report includes a comprehensive
synthesis of the literature, inputs from other DOTS, county road associations (and county road
departments), academia, industry, relevant associations, and pavement demonstration reports. A
review of the RITF report revealed important information about potential enhancements to
traditional pavement design and construction practices to achieve a longer structural life. A
summary of the recommended enhancements listed in the RITF report to achieve long-life
pavements is illustrated in Figure 5. As shown in Figure 5, structural design, materials
characteristics, construction practices, and QC/QA specifications are all thoroughly considered,
and recommendations have been made.

Table 3 and Table 4 summarize the recommended enhancements to HMA and PCC long-
life projects and the information on whether these were or were not met (red shading) in the four
pilot projects. It should be noted that the recommended enhancements shown in Figure 5 should
be treated as wish list, not like a specification to be followed. Each project is different and some
deviations from these recommendations is inevitable. The fact that there are some red shadings
in these tables does not necessarily mean that there should be a concern for potential poor

performance in those pavement sections.
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Recommended Enhancements For Flexible Long-Life Pavements (Based on RITF Report)

Structure
30-Yr

HMA (8-12",
depending on
traffic)

10" Agg base
26" Sand subbase

Thinner median lane(when>3 lanes)
(designed at 75% of design traffic)

50-Yr

HMA (>12",
depending on
traffic)

12" Agg base

24" Sand subbase
(Class 2 with a permeability req.)

Thinner median lane(when>3 lanes)
(designed at 50% of design traffic)

MEPDG design
reliability = 99%

Materials
Surface
GGSP only
NO RAP/RAS
Levelling

RAP/RAS: Tier
2 (18-27%)

RAP/RAS: Tier
1(0-17%)

Film thickness>9.0
microns (all layers)

Fines-to-effective binder
ratio<1.2 (all layers)

Polymer modified
binder in HMA layers

MSCR testing

No recycled engine-oil
bottom (REOB) in binders

Construction
30-Yr
Initial IRI<65 in/mile

Bottom of subbase>2'
above the ditch flow line

In place HMA
density>93% Gmm

HMA longitudinal
joint density>92%

50-Yr
Initial IRI<55 in/mile

Bottom of subbase>3'
above the ditch flow line

In place HMA
density>94% Gmm

HMA longitudinal
joint density>92.5%

Intelligent compaction

Material transfer device
for all mainline HMA

Require echelon paving

Bond coat specifications
and application rates

No utilities below
pavement layers

Underdrains
(subbase &
subgarde)

Outside lanes
designed at 14"

Figure 5 Recommended enhancements for flexible long-life pavements

QC/QA

Tightening of PWL
acceptance requirements
30-Yr

If PWL<75%:
Removed&replace

50-Yr

If PWL<90%:
Remove&replace

Belt sample verification of
HMA aggregate, consensus properties,
Gsb and Gse



Table 3 RITF recommended enhancements and comparison with implementations in US-131 HMA project

Pavement type and design life

Standard - 20 years

Long-life - 30 years

Test section number

Test section 4 NB

Test section 1 NB

Test section 2 NB

Test section 3 NB

Construction

1.75”5E10 1.5” GGSP 1.5” GGSP 1.5” GGSP
8-12" HMA 3”3E10 2.5” 4E30 2.5” 4E30 2.5” 4E30
Structure 4.5” 2E10 7.25” 3E30 7.25” 3E30 7.25” 3E30
10" Agg base 6” Aggregate Base 12” Aggregate Base 12” Aggregate Base 12” Aggregate Base
26" Sand subbase 18” Sand Subbase 24” Sand Subbase 24” Sand Subbase 24” Sand Subbase
Thinner median lane (when > 3 lanes) NA Not applicable as it was a two-lane pavement.
surf GGSP only 5E10 GGSP- No RAP/RAS GGSP- No RAP/RAS GGSP- No RAP/RAS
urtac® " "No RAP/RAS 19%-Tier 2 GGSP- No RAP/RAS | GGSP- No RAP/RAS GGSP- No RAP/IRAS
Leveling | RAP/RAS Tier 2:18-27% 16 %- Tier 1 9%- Tier 1 9%- Tier 1 9%- Tier 1
Base RAP/RAS Tierl: 0-17% 24 %- Tier 2 13 %- Tier 1 13 %- Tier 1 13 %- Tier 1
Surface Film thickness > 9.0 microns 8.8 10 10 10
Leveling (all layers) ' 9.2 9.5 9.5 9.5
Base 8.1 9.8 9.8 9.8
Surface . A . 0.94 1.27 1.27 1.27
Leveling (Fa'mz/;gg’“"e binder ratio < 1.2 0.97 0.83 0.83 0.83
Materials Base 1.11 0.83 0.83 0.83
Surface 64-28 (Virgin: PG 70-28P (Virgin: PG 70- | 70-28P (Virgin: PG 70- 70-28P (Virgin: PG 70-
64-28) 28P) 28P) 28P)
Leveling F_’olymer modified binders 64-28 (Virgin: PG 70-28P (Virgin: PG 70- | 70-28P (Virgin: PG 70- 70-28P (Virgin: PG 70-
in HMA Layers 64-28) 28P) 28P) 28P)
Base 58-22 (Vlzrg)ln. PG58- 64-28 (Vlggl)n. PG 64- 64-28 (Vlggl)n. PG 64- 64-28 (Virgin: PG 64-28)
MSCR testing NA No MSCR testing was required
All No REOB in binders NA REOB not used
layers Limitations or prohibitions of recycled NA Recycled materials were used for unbound layers. (Recycled concrete aggregate
materials base)
Initial IRI < 65 in/mile 28.1 (in/mile) 29.2 (in/mile)
Bottom of subbase >2' above the ditch flow line NA Unknown

In place HMA density >93% Gmm

5E10 avg= 94.06%

GGSP avg= 91.60%

3E10 avg= 93.84%

4E30 avg= 95.30%

2E10 avg= 94.60%

3E30 avg=94.89%

HMA longitudinal joint density >92%

5E10 avg=92.27%
3E10 avg=92.44%

4E30 avg= 93.36%

Echelon paving for the top layer.

consensus properties, Gsh and Gse

Material transfer device for all mainline HMA NA Unknown

Require echelon paving NA Only the top layer was paved using echelon paving.

Bond coat specifications and application rates NA Unknown

No utilities below pavement layers NA Gas pipe below the pavement crossing horizontally.

Underdrains (subbase and subgrade) NA Unknown

Outside lanes designed at 14' NA Outside lanes designed at 12°

Tightening of PWL acceptance requirements NA No change in PWL acceptance requirements.
QC/0A If PWL<75% R_er_nov_e & replace NA No change in PWL acceptance requirements

Belt sample verification of HMA aggregate NA Unknown
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Table 4 RITF recommended enhancements and comparison with implementations in 1-475 HMA project

Pavement type and design life Standard - 20 years Long-life - 50 years
Test section number TS-1SB TS-2 SB TS-3SB TS-1NB TS-2NB TS-3NB
1.75” 5E10 1.75” 5E10 1.75” 5E10 2” GGSP 2” GGSP 2” GGSP
Thickness >12" HMA 2.5” 5E10 2.5” 5E10 2.5” 5E10 2.5” 4E30 2.5” 4E30 2.5” 4E30
3.5”3E10 3.5”3E10 3.5”3E10 6.5” 3E30 6.5” 3E30 6.5” 3E30
» » 12”7 Agg. »
" 6” Agg. Base » 6” Agg. Base 12” Agg. ’
12" Aggregate base (RCA used) 6” Agg. Base (RCA used) (RCI?:\sueSEd) Base 12” Agg. Base
Structure 24" Sand subbase 18” Sand 18” Sand 18” Sand 24” Sand 24” Sand 24 Sand Subbase
(class 2 with a permeability req) Subbase Subbase Subbase Subbase Subbase
;I::\Lnsr;er median lane (when >3 NA Not applicable as it was a two-lane project
MEPDG Design reliability= 95% 95%
99% NA NA NA 95%
GGSP- No GGSP- No
Surface GGSP only 5E10 5E10 5E10 RAP/RAS RAP/RAS GGSP- No RAP/RAS
No RAP/RAS 31%- Tier3 | 31%-Tier3 | 31%- Tier3 giﬁ%k’g giﬁfﬁk@ GGSP- No RAP/RAS
Leveling | RAP/RAS Tier 2:18-27% 31%- Tier 3 31%- Tier 3 31%- Tier 3 17%-Tier 1 17%-Tier 1 17%-Tier 1
Base RAP/RAS Tierl:0-17% 25%- Tier 2 25%- Tier 2 25%- Tier 2 19%-Tier 2 19%-Tier 2 19%-Tier 2
Surface Film thickness > 9.0 microns 73 73 73 10 10 10
Leveling (all layers) ' 8.5 8.5 8.5 9.3 9.3 9.3
Base 8.3 8.3 8.3 9.6 9.6 9.6
Surface . _— . 1.11 111 1.11 1.37 1.37 1.37
Leveling (Fa:m;/;gg;t“’e binder ratio < 1.2 111 111 111 0.95 0.95 0.95
Base 1.15 1.15 1.15 0.91 0.91 0.91
Materials PG 64-28 PG 64-28 PG 64-28 PG 70-28P PG 70-28P PG 70-28P
(Virgin: PG (Virgin: PG (Virgin: PG (Virgin: 70- (Virgin: (Virgin: 70-28P)
Surface 58-34) 58-34) 58-34) 28P) 70-28P) )
e PG 64-28 PG 64-28 PG 64-28 PG 70-28P PG 70-28P -
Fi’glﬁp/f;rﬂgsgrfd binders (Virgin: PG (Virgin: PG (Virgin: PG (Virgin: 70- (Virgin: PG 70'2858(3;"9"”' 70-
Leveling 58-34) 58-34) 58-34) 28P) 70-28P)
PG 58-28 PG 58-28 PG 58-28 PG 64-28 PG 64-28 PG 64-28 (Virgin: PG
(Virgin: PG (Virgin: PG (Virgin: PG (Virgin: PG | (Virgin: PG 58-34)
Base 52-34) 52-34) 52-34) 58-34) 58-34)
MSCR testing NA No MSCR testing was required
No REOB in binders NA No information
All Limitations or prohibitions of NA Recycled materials were used for unbound layers. (Recycled
layers recycled materials concrete aggregate base)
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Table 4 (cont’d)

Construction

Initial IR1 < 55 in/mile

49.3 (in/mile)

46.4 (in/mile)

Bottom of subbase >3'
above the ditch flow line

NA

In place HMA
density >94% Gmm

5E10 avg=94.69%
3E10 avg=94.91%

GGSP avg=95.91%
4E30 avg=95.28%
3E30 avg=95.16%

HMA longitudinal joint
density >92.5%

5E10 avg=90.80%

GGSP avg=96.12%

Material transfer device

No information

and Gse

for all mainline HMA NA
Require echelon paving NA Only the top layer was paved using echelon paving.
Bond coat specifications and No information
application rates NA
No utilities below pavement lavers NA Some utility lines crossing perpendicular to the road, but those
P Y are not significant for pavement performance.

Underdrains (subbase and subgrade) NA No information
Outside lanes designed at 14' NA Outside lanes designed at 12’
Intelligent compaction (50-yr) NA Not used.
Tlgh_temng of PWL acceptance NA No change in PWL acceptance requirements.
requirements

QCI/QA If PWL<90% Remove & replace NA No change in PWL acceptance requirements
Belt sample verification of HMA
aggregate consensus properties, Gsb NA No information
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4.1.1 Pavement Cross-Sections

The cross-sections of the standard and the long-life sections were obtained from the
letting plans and verified with the MDOT engineers during the interviews. The structural

properties are shown in Table 3 for US-131 project and Table 4 for 1-475 project.

4.1.2 Mix Designs

Job mix formulae (JMF) and concrete mix designs are critical information that can
explain the behavior of the asphalt mixture and the concrete slab in the field and laboratory tests,
respectively. Several concrete mix design documents were available, and their intended use was
not always apparent. To identify the exact concrete mix designs used for the construction of the
mainline pavement, it was necessary to summarize the mix design data. This activity allowed
comparing the composition of the different mixes and knowing the w/cm ratios. Besides, the
desired strength, F-T requirements, and other important information were summarized readily.
4.1.2.1 1-475 HMA Pavement Project

Table 5 presents the critical JMF details for all the mixes used in the different layers of
both the standard and long-life sections of the project.

Table 5 1-475 Mixtures design characteristics

Design
ID PG Layer ('Z/S) N(r':]"g)s ESAL | Ndes V(E/’('))A \(/(%‘
(Million)

GGSP 70-28P Top 6.27 19 N/A 109 17.79 83.14
4E30 70-28P | Leveling | 5.58 12.5 50 109 14.87 79.82
3E30 58-34 Base 5.40 19 50 109 14.20 78.88
5E10-Top 58-34 Top 6.07 9.5 10 96 15.42 80.54
5E10-Lev 58-34 Leveling | 6.07 9.5 10 96 15.42 80.54
3E10 52-34 Base 4.79 19 10 96 13.71 78.12

Notes: GGSP = Gap Graded Superpave, Ndes = number of design gyrations, Pb = Binder

content, VMA = Voids in Mineral Aggregate, VFA = Voids Filled with Asphalt, PG =
Performance Grade.
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4.1.2.2 US-131 HMA Pavement Project
Table 6 presents the critical JMF details for all the mixes used in the different layers of

both the standard and long-life sections of the project.

Table 6 US-131 Mixtures design characteristics

ID PG Layer Po NMAS Design Nges | VMA VFA
(%) (mm) ESAL (%) (%)
(Million)
GGSP | 70-28P Top 6.39 9.5 N/A 109 18.28 83.59
4E30 | 70-28P Leveling 5.21 12.5 30 109 15.21 80.28
3E30 64-28 Base 4.90 12.5 30 109 14.29 79.01
5E10 64-28 Top 5.90 9.5 10 96 16.14 81.41
3E10 64-28 Leveling 5.07 125 10 96 14.18 78.84
2E10 58-28 Base 4.48 19 10 96 13.08 77.06
Notes: GGSP = Gap Graded Superpave, Nges = number of design gyrations, Pb = Binder content,
VMA = Voids in Mineral Aggregate, VFA = Voids Filled with Asphalt, PG = Performance Grade.

4.1.3 Field Tests

The MDOT conducted different field tests on different layers of all four projects to
estimate their in-field moduli. The field tests included light weight deflectometer (LWD),
dynamic cone penetrometer (DCP), and falling weight deflectometer (FWD). This section
presents the analyses of all the available data for each of these field tests.

4.1.3.1 Light Weight Deflectometer (LWD) Data Analysis

Light weight deflectometer (LWD) tests were conducted on each pavement foundation
layer (base, subbase, subgrade layers). Results of LWD tests were analyzed to estimate elastic
moduli of each pavement foundation layer. The following equation was used to calculate the

force applied during the test (per drop) (35).
FLWD =4/ nghc

Equation 1

where Fowp is the force applied by the LWD equipment (Ibs.), m is the drop mass (22 1bs.), g is

the acceleration due to gravity (32.17 ft/s?), h is the drop height (19.7 inches), and C is the spring
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constant (267290 Ib/ft) [18]. The following Boussinesq’s elastic half-space equation was used to
determine the LWD elastic modulus (35).
. (1 - VZ)G()I'

Erwp = d, Equation 2
where ELwp is the LWD elastic modulus; v is the Poisson’s ratio [0.35 and 0.40 for tests
performed on base and subgrade layers, respectively]; o, is the applied stress (ksi); r is the radius
of the plate (12 inches); do is the average deflection (mm); and f is the shape factor [8/3 (rigid

plate on granular material) and =/2 (rigid plate on material with intermediate characteristics) for

tests performed on base and subgrade layers, respectively] (35).

4.1.3.1.1 1-475 Project

Table 7 presents the descriptive statistics for the elastic moduli of unbound layers that
estimated using the LWD data for the 1-475 project. Figure 6 compares the different layer moduli
calculated for the inner (IL) and outer lanes (OL) of the various test sections for both the long-
life and standard sections. It is observed that the subgrade moduli vary significantly along the
NB direction while such differences were not observed with between the IL and OL for the same
sections. However, it was noticed that the subgrade moduli for both the NB and SB TS-3s are
higher and more variable than that of TS-1 and TS-2.

Figure 6 provides a graphical comparison of the elastic modulus of test sections from
LWD tests. Except for the TS-1 of the SB pavement, the variability of the subbase is not
significant. Base moduli values do not vary much within the NB sections and have higher elastic
moduli than the standard design pavement sections. Higher variation is observed for base moduli
of the SB standard pavement sections. TS-2 and TS-3 have the highest base moduli among all
the standard and long-life sections.
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Table 7 Descriptive statistics of layer moduli obtained using LWD data - 1-475 HMA

project
Layer Test section Nuc;nber of Mean Stapdgrd Minimum Maximu
rops deviation m
Long-life/ Northbound
Subgrade TS1 20 2.272 0.883 0.680 4.139
modulus TS2 22 1.107 0.474 0.570 1.913
(ksi) TS3 20 4.301 2.091 0.924 8.742
Subbase TS1 22 4.895 0.446 4.020 5.826
modulus TS2 20 3.898 0.634 2.666 5.534
(ksi) TS3 22 4,122 0.498 2.953 4.830
Base TS1 22 12.533 1.826 8.470 16.580
modulus TS2 22 11.823 1.820 7.997 13.942
(ksi) TS3 22 13.271 1.352 10.871 16.390
Standard/ Southbound
Subgrade TS1 22 1.367 1.112 0.460 3.819
modulus TS2 22 1.450 0.904 0.431 3.294
(ksi) TS3 22 4.603 3.131 0.493 11.262
Subbase TS1 22 6.342 0.850 4.559 8.588
modulus TS2 22 4.180 0.400 3.378 4.902
(ksi) TS3 22 3.966 0.339 3.129 4.868
Base TS1 22 7.279 1.802 3.256 10.603
modulus TS2 22 14.652 2.386 10.323 20.546
(ksi) TS3 22 9.188 0.959 7.808 11.212
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(b) Southbound standard design
Figure 6 Interval plots comparing subgrade (SG), subbase (SB), and base (B) moduli values
between different lanes and test sections of the Northbound (NB) long-life and Southbound
(SB) standard design pavements — 1-475 HMA project
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4.1.3.1.2 US-131 Project

Subgrade and base layer moduli of test sections in US-131 HMA project calculated using

LWD data are reported in Table 8. No records were available for the subbase layer. Figure 7

shows the interval plots for each inner (IL) and outer lane (OL). Subgrade moduli of each test

section on the long-life sections do not vary significantly. The base moduli values also exhibit

less variation except for the TS-3 (long-life) and TS-4 (standard) where the base moduli are

significantly different between the ILs and OLSs.

Table 8 Descriptive statistics of layer moduli obtained using LWD data — US-131 HMA

project
Layer Te_st Design Number Mean Standgrd Minimum Maximu
section of drops deviation m
Subgrade TS1 _ 7 6.069 1.020 3.957 7.164
modulus TS2 Long-life 22 3.874 2.447 0.489 10.764
(ksi) TS3 6_ 3.710 2.096 1.364 7.418
TS4 Standard Nil - - - -
B TS1 22 10.752 2.420 6.971 15.730
moé"jfus TS2 | Long-ife 22 11.695 2.267 7.086 | 15.846
(ksi) TS3 22 13.340 2.422 8.658 16.973
TS4 Standard 22 12.664 3.068 8.891 19.608
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Figure 7 Interval plots comparing subgrade (SG) and base (B) moduli values between
different lanes and test sections of the long-life (TS-1 through TS-3) and standard (TS-4)
design pavements — US-131 HMA project

4.1.3.2 Falling Weight Deflectometer (FWD) Data Analysis

This section summarizes the back-calculated layer moduli for 1-475 HMA and US-131
HMA sections and back-calculated layer moduli, LTE and k-values for 1-69 JPCP, and US-131
JPCP projects using FWD deflections data. The team used FWD test results on flexible
pavement sections (US131 and 1475) to quantify the spatial variability of the moduli of asphalt,
base and subgrade layers. The team could not to make conclusions about the relative
performance of long-life and standard sections. This is because FWD tests on long life sections
and standard sections were done at different dates (sometimes months apart) and subsurface
temperature profiles were not measured. Subsurface temperature profiles can potentially be quite
different even if the surface temperatures are the same and subsurface temperature profiles

depend on the climatic conditions of previous days. When subsurface temperature profiles are
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not known, it is not possible to reconcile the differences in the back calculated moduli of AC
layers of long life and standard sections.
4.1.3.2.1 1-475 HMA Project

For the 1-475 HMA project, FWD measurements were available for each of the AC layers
(i.e., wearing course (WC), leveling course (LC), and base course (BC)) in both directions (i.e.,
northbound (NB) for long-life design, and southbound (SB) for standard design). The back-
calculation results for the WC only are presented herein, while the results of the LC and BC AC
layers can be found in Appendix A. The back-calculation was performed using MODULUS
software on a 3-layer pavement structure, where the base and the subbase layers were combined.
The descriptive statistics of the results obtained for the 1-475 HMA project are summarized in
Table 9, while Figure 8 displays the spatial variation within the layer moduli values for TS1 NB.
A negligible variation in the AC layer moduli within each lane and between the lanes was
observed. On the other hand, base and subgrade layers resulted having considerable differences
between their back-calculated moduli at different stations within the section.

Figure 9 illustrates the back-calculated AC layer moduli for the 1-475 HMA project
between different lanes of each test section for both the long-life (NB) and standard (SB)
pavement sections. It is observed that moduli of the AC layer in the standard sections are higher
than those in the long-life sections. Moreover, high variability was observed in the NB TS-1 and
SB TS-2 between the inner and outer lanes. The difference between the NB and SB sections can
be attributed to the different pavement temperature conditions during FWD measurements
(Figure 9(b)).

As mentioned earlier, a 3-layered structure with combined base and subbase layers was

used for moduli back-calculation. Here following, the combined unbound layers will be referred
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to as ‘Base’. Higher base moduli for the NB TS-1 compared to the other sections (Figure 10),
and an overall low variability was observed for both ILs and OLs except for the TS-1 of the SB
direction. Generally, the base moduli obtained from the back-calculation are between 25,000 to
40,000 psi. This range is acceptable considering that a base resilient modulus of 33,000 psi is

used by MDOT at the design stage in the AASHTOWare Pavement-ME software.
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Table 9 Descriptive statistics - 1-475 HMA project back-calculated layer moduli

Design/ FWD No. of Mean Std. Minimum Maximu
direction | measured on Lane Layer FWD (ksi) (ksi) (ksi) m
points (ksi)
Test section 1 (650+00 — 660+00)
IL AC 11 577.98 | 32.41 537.93 644.37
OL AC 11 635.68 | 23.54 608.50 666.80
Long- WG IL Base/SB 11 39.63 | 7.94 27.50 51.83
life/ NB OL | Base/SB 11 4252 | 8.53 27.80 52.80
IL SG 11 26.51 | 4.68 17.60 32.20
oL SG 11 24.00 | 4.15 14.80 27.93
IL AC 11 994.7 | 974 890.7 1192.2
oL AC 11 9326 | 65.7 890.0 1092.6
Standard/ WG IL Base/SB 11 41.23 | 7.04 26.93 51.77
SB OL | Base/SB 11 2753 | 4.28 21.77 35.80
IL SG 11 14.49 | 2.173 12.70 19.53
oL SG 11 16.52 | 2.637 12.53 21.63
Test section 2 (745+00 — 755+00)
IL AC 11 579.8 | 375 514.4 633.2
OL AC 11 590.12 | 22.47 552.73 629.20
Long- Wwe IL Base/SB 11 28.75 | 3.82 24.20 34.77
life/ NB OL | Base/SB 11 31.62 | 2.69 27.23 35.00
IL SG 11 23.82 | 7.88 13.83 36.07
OL SG 11 24.87 | 4.93 15.30 32.50
IL AC 11 844.7 | 44.9 754.8 896.0
oL AC 11 933.3 | 70.7 841.2 1037.2
Standard/ WG IL Base/SB 11 32.23 | 6.52 19.93 41.27
SB OL | Base/SB 11 27.97 | 6.07 20.10 36.53
IL SG 11 13.34 | 2.83 8.83 17.86
oL SG 11 1334 | 3.02 8.50 17.36
Test section 3 (770+00 — 780+00)
IL AC 11 537.34 | 25.00 492.20 579.27
oL AC 11 549.32 | 17.44 522.23 574.67
Long- We IL Base/SB 11 25.28 | 3.01 20.76 29.96
life/ NB OL | Base/SB 11 25.62 | 2.79 20.06 29.83
IL SG 11 22.76 | 243 18.56 28.50
oL SG 11 23.72 | 391 20.63 34.67
IL AC 11 995.4 | 178.7 697.9 1172.7
OL AC 11 1094.0 | 484 1008.6 1168.7
Standard/ We IL Base/SB 11 37.93 7.32 23.70 48.40
SB OL | Base/SB 11 3256 | 6.55 20.03 42.23
IL SG 11 1765 | 2.43 13.66 21.20
oL SG 11 1793 | 2.57 14.20 22.16
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MODULUS and deflections measured on wearing course
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Figure 9 Comparison between backcalculated AC moduli values — 1-475 HMA standard
and long-life pavement sections along with recorded surface temperatures

For subgrade (Figure 10), higher moduli were backcalculated for the long-life NB

sections as compared to the standard (SB) sections. However, the NB direction showed also
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higher variability. The subgrade moduli values for the long-life sections along the NB direction
are about 25,000 psi while these are between 14,000 to 18,000 psi for the standard design
sections along the SB direction. Although subgrade values variate spatially within a pavement

lane, these are consistent between the inner and outer lanes on each test section.
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Figure 10 Comparison between backcalculated base and subgrade moduli values — 1-475
HMA standard and long-life pavement sections
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4.1.3.2.2 US-131 HMA Project
For the US-131 30-year HMA project, FWD measurements were available for each of the

AC layers (i.e., WC, LC, and BC) and all sections of the project. The results based on the FWD

deflections measured over the WC are summarized herein, and other results are available in

Appendix A. Table 10 and Figure 11 illustrate the descriptive statistics of the back-calculated

layer. It can be noticed that the moduli for TS-1 and 3 (long-life pavement sections) significantly

vary between the inner and the outer lanes. Additionally, outer lanes have higher AC layer

moduli as compared to the inner lanes. This may be attributed to the lower surface temperatures

recorded at the time of FWD testing at the outer lanes, as displayed in Figure 11b.

Table 10 Descriptive statistics — back-calculated layer moduli for US-131 HMA project

IZ_)esign/ Te_st Lane Layer Es\'/gf Megn Std_ . Minimum Maximum
direction | section points (ksi) (ksi) (ksi) (ksi)
IL AC 11 1069.6 | 101.5 938.6 1245.0
oL AC 11 1209.7 57.7 1149.1 1335.1
Long- TS1 IL Base/SB 11 38.84 10.71 24.73 62.03
life/ NB oL Base/SB 11 48.35 13.16 22.80 70.87
IL SG 11 22.18 471 17.20 31.53
oL SG 11 26.21 5.93 21.47 40.87
IL AC 11 1112.0 90.8 958.4 1281.4
oL AC 11 1160.6 66.4 1057.9 1265.2
Long- TS2 IL Base/SB 11 38.99 6.10 30.37 51.87
life/ NB oL Base/SB 11 42.11 4.89 36.03 49.30
IL SG 11 23.06 8.73 14.27 42.13
oL SG 11 23.49 6.76 15.37 37.00
IL AC 11 1074.2 73.8 1005.1 1222.4
oL AC 11 1173.8 48.9 1086.4 1234.3
Long- TS3 IL Base/SB 11 32.20 7.34 19.97 40.47
life/ NB oL Base/SB 11 56.25 11.09 33.87 79.10
IL SG 11 20.89 4,01 16.47 28.67
oL SG 11 22.28 3.91 18.60 32.77
IL AC 11 11359 | 138.6 1012.5 1479.4
oL AC 11 12375 | 126.0 1003.8 1428.0
Standard/ Ts4 IL Base/SB 11 41.36 5.92 32.30 50.13
NB oL Base/SB 11 45.24 5.97 36.17 54.87
IL SG 11 16.47 450 10.23 25.70
oL SG 11 17.86 5.13 11.93 26.77
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Figure 12 illustrates the comparison of the back-calculated base and subgrade layer
moduli values for the standard and the long-life pavement sections of the US-131 HMA project.
The base moduli values show a significant difference between the inner and outer lanes of TS-3
of the long-life pavement section while they do not vary between the different lanes of the
remaining test sections. The back-calculated base moduli values range between 35,000 to 50,000

psi, higher than the 33,000 psi commonly used by MDOT.
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Figure 12 Backcalculated base and subgrade moduli values - US-131 HMA long-life and
standard pavement sections
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The subgrade moduli display higher variability between the different lanes of TS-1 and 2 as
compared to the other two sections as seen in Figure 12. However, the mean subgrade modulus
value for either pavement lane of the long-life pavement sections ranges between 22,000 to
26,000 psi while it is around 18,000 psi for TS-4 (standard design section). In all cases, these
values are 3 to 4 times higher than the typical subgrade modulus value of 5,000 psi used by the
MDOT in the design process.

4.1.3.3 Dynamic Cone Penetrometer (DCP) Data Analysis

Dynamic cone penetrometer (DCP) test results for all projects were analyzed to calculate
the resilient moduli of the subbase and subgrade layers. The following equations (Equations 3 to

7) were used to estimate the resilient modulus (Mr) of unbound materials from the DCP test

results.
M, (psi) = 2555 * CBR*°* (NCHRP 1-37A) Equation 3
. 151.8 H
My (psi) = opammygse 1000 (DCP direct model) Equation 4

where Mr = resilient modulus, CBR = California bearing ratio, and DCP = dynamic cone
penetrometer. CBR in Equation 3 is computed as follows depending on the classification of soils
and subbase materials:

For all soils except for CL soils with CBR < 10 and CH soils:

_ 1.12
CBR = 292/DCP Equation 5

For CL soils with CBR<10:

1
CBR = Equation 6
(0.017019 = DCP)? g

For CH soils:
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1 Equation 7

CBR =
0.002871 = DCP

where DCP = DCP index in mm/blow.
4.1.3.3.1 1-475 HMA Project

Table 11 and Figure 13 present the descriptive statistics and the layer moduli of each
subbase and subgrade layers that are calculated from the DCP data for the 1-475 project. It is
observed that the trend of DCP-based results is consistent with the LWD results presented above.
The subgrade moduli are different in various sections along the NB direction but do not vary
between lanes (IL vs OL) of the same section. Similar to the LWD elastic moduli results, the
subgrade moduli of the TS-3 for both the NB and SB pavements (in general) are higher than that
of other sections. As expected, subbase moduli of pavement foundation layers are consistently
higher than that subgrade moduli regardless of project types (Figure 13).

Table 11 Descriptive statistics of layer moduli obtained using DCP data — 1-475 HMA
project

Layer Test section Nu(;nber of Mean Standgrd Minimum Maximu
rops deviation m
Long-life/ Northbound
Subgrade TS1 20 10.89 4.05 5.01 20.07
modulus TS2 22 12.26 4.65 3.77 19.92
(ksi) TS3 22 17.14 5.35 6.98 27.35
Subbase TS1 22 7.90 1.85 5.45 13.49
modulus TS2 22 6.81 0.95 4.61 8.30
(ksi) TS3 22 9.02 5.25 6.00 31.70
Standard/ Southbound
Subgrade TS1 22 14.30 5.93 4.55 26.91
modulus TS2 22 11.79 2.04 7.51 16.06
(ksi) TS3 22 21.90 11.12 6.73 49.71
Subbase TS1 22 8.78 2.39 4.79 13.64
modulus TS2 22 7.57 1.26 5.45 9.78
(ksi) TS3 22 7.63 1.46 5.37 10.34
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4.1.3.3.2 US-131 HMA Project

The subgrade and subbase layer moduli of the test sections at US-131 HMA project

(calculated from DCP data) are summarized in Table 12 and Figure 14. Subgrade moduli of the

long-life sections (TS-1 through TS-3) are higher than that of the standard TS-4 even though

they show higher variability. The same trend was also observed for the subbase layer moduli of

test sections of both long-life and standard test sections.

Table 12 Descriptive statistics of layer moduli obtained using DCP data — US-131 HMA

project
Laver Test Desian Number Mean Standard Minimum Maximu
Y section g of drops deviation m
Subarade TS1 6 59.16 9.26 50.10 73.26
moc?ulus TS2 Long-life 6 46.55 23.18 15.29 71.57
(ksi) TS3 6 56.65 15.36 39.26 82.03
TS4 Standard 5 11.49 4.12 5.38 15.56
TS1 6 28.88 6.48 16.42 34.71
Subbase Ts2 | Long-lif 22 1 22.42 2
modulus S ong-life 6 36. 3.30 . 52.88
(ksi) TS3 6 45.03 3.28 39.64 49.45
TS4 Standard 6 17.13 8.39 10.55 32.81
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Figure 14 Interval plots comparing DCP-based subgrade (SG) and subbase (SB) moduli

values between test sections of the long-life and standard design pavements — US-131 HMA

project
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42 CHAPTER 2: MATERIAL TESTING AND CHARACTERIZATION

4.2.1 Linear viscoelastic characterization of asphalt binders

The linear viscoelastic characterization of asphalt binders was conducted in general
accordance with AASHTO T 315, Dynamic Shear Rheometer (DSR) test. The bitumen complex
modulus (|G*|) and phase angle (5) were obtained at the same loading frequencies and
temperatures as the ones reported in MDOT RC-1593 report to generate the |G*| master curves.
Table 13 shows the binders provided by MDOT for 1-475. The binders used in the long-life and
standard sections of the US-131 were tested as part of another project with MDOT.

Table 13 List of asphalt binders provided by MDOT, collected from 1-475 project

Date Direction Binder Mix
Grade

8/24/2019 SB 52-34 3E10
8/25/2019 SB 52-34 3E10
10/11/2019 SB 58-34 5E10 LV (leveling)
10/13/2019 SB 58-34 5E10 LV (leveling)
10/17/2019 SB 58-34 5E10 TOP
10/18/2019 SB 58-34 5E10 TOP
11/05/2019 NB 58-34 3E30
6/20/2020 NB 70-28p GGSP
6/04/2020 NB 70-28p GGSP
5/27/2020 NB 70-28p 4E30
5/26/2020 NB 70-28p 4E30
5/31/2020 NB 70-28p 4E30
5/6/2020 NB 58-34 3E30
5/13/2020 NB 58-34 3E30
5/22/2020 NB 58-34 3E30
6/4/2020 NB 58-34 5E3
6/6/2020 NB 58-34 5E3

Asphalt binders were tested in their original and short-term aged conditions. Aged
bitumen was obtained using the rolling thin-film oven (RTFO) in accordance with AASHTO
240-13. Data at different temperatures for the binders used in long-life and standard sections of I-
475 and US-131 are shown in Figure 15 to Figure 18. As expected, asphalt binders with same PG

from different HMA layers have similar complex modulus values. Test results also showed a

46



trend between PG and stiffness of the bitumen, as expected. The polymer modification used for
the production of the PG 70-28P of the long-life sections in 1-475 and the one used in the US-131
resulted in stiffer bitumen compared to both PG 58-34 and PG 64-28 used in the two projects.
For both 1-475 and US-131, the binder used in the base course of the standard sections (PG 52-34
for 1-475 and PG 58-28 for US-131), is softer than the ones used in the top and leveling HMA
layers. Using stiffer binders at high temperatures results in better performance in rutting.
Therefore, mixtures with polymer modified binders (GGSP and 4E30) are expected to have
better performance in rutting. Although the aggregate skeleton is another significant factor in
rutting resistance. Softer binders in low temperatures might have more flexibility. Polymer

modification is also shown to improve the fatigue performance.

Gstar (Pa)-comparison-10(Rad/s)

107§ ' D A
i M 70-28P-GGSP ]
10° - ;
. 58-34-3E30
10° F 5- 5? .
o'l
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1000

Figure 15 |G*| test raw data comparison — 1-475 long-life mixtures binders — RTFO aged
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Figure 16 |G*| test raw data comparison — 1-475 standard mixtures binders — RTFO aged
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Figure 17 |G*| test raw data comparison — US-131 long-life mixtures binders - RTFO aged
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Figure 18 |G*| test raw data comparison — US-131 standard mixtures binders — RTFO aged

4.2.2 Asphalt Binder Multiple Stress Creep Recovery (MSCR) Test

The multiple stress creep recovery (MSCR) test was conducted by using the DSR system
in accordance with AASHTO T 350. The test starts with the application of a low stress (0.1 KPa)
for 10 creep/recovery cycles. Then the stress level increases to 3.2 KPa for 10 additional cycles.
Nonrecoverable creep compliance (Jnr) is equal to the average non-recovered strain for the 10
creep and recovery cycles divided by the corresponding applied stress in those cycles. The
average percent recovery is equal to the average ratio of recovered strain to maximum strain in
every cycle under corresponding applied stress. All binder grades used in the long-life and
standard sections of the 1-475 and US-131 projects were tested. These binder grades include 70-
28P, 58-34 and 52-34 for 1-475 and 70-28P, 64-28 and 58-28 for US-131 project. All RTFO-
aged binders were tested at 58°C, which corresponds to the high PG temperature required for
Michigan’s binders before traffic adjustments. The MSCR test uses two parameters, the percent
recovery (%R) and the non-recoverable creep compliance (Jnr) at 3.2 kPa, to evaluate their

potential to accumulate permanent deformations. The results of MSCR test on 1-475 and US-131
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projects are shown in Figure 19. The polymer-modified binders (PG 70-28P) used in both
projects resulted in %R above the pass-fail threshold. However, differences were noticed in

terms of non-recoverable creep compliance.
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Figure 19 MSCR test results for (a) US-131 and (b) 1-475 binders
In fact, while the two binders used on the US-131 can be both classified as “E” grade
(i.e., suitable for extremely heavy traffic), the two PG70-22P used in the 1-475 project belong to

two different grades, “E” and “V” for the GGSP and 4E30, respectively. It shall be also noted
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that the “E” grade of bitumen used in the GGSP mixture of the I-475 has a lower %R and higher
Jnr3.2 compared to the “E” grades used in the US-131 project. All other non-polymer modified
binders showed negligible rutting resistance.

4.2.3 Asphalt Mixture Dynamic Modulus (|[E*|)

Dynamic Modulus (JE*|) tests were conducted on HMA mixtures of 1-475 for all six test
sections in accordance with AASHTO T342, and their master curves generated in accordance
with the AASHTO R84. US-131 mixtures were also tested as part of another project with
MDOT. For these tests, 4” diameter and 6” tall samples were prepared by cutting and coring
gyratory compactor specimens. Target air voids for the samples was 7%+0.5%. Three replicates
for each mixture were tested in uniaxial compression mode at different temperatures (-10°C,
4°C, 21°C, 37°C and 54°C) and loading frequencies (25, 10, 5, 1.0, 0.5, and 0.1 Hz). It is well
known that the minimum temperature that the AMPT device is capable of controlling is
approximately 0°C. To obtain |E*| data at -10°C, samples were conditioned overnight at -13°C
using an external environmental conditioning system. Before each test, samples were quickly
transferred into the AMPT chamber (which was kept at 0°C overnight) and tested. This
procedure was validated by placing a thermocouple in a dummy sample and running a trial test,
during which it was observed that the temperature of the sample was -10°C+0.5°C during the
entire test. The duration of each |E*| test was approximately 3 minutes. The stress level is
adjusted such that the strain level measured on the sample remains between 75 and 125
microstrains to ensure no damage accumulation during the test.

A summary of results of |E*| tests at the frequency of 10 Hz for 1-475 and US-131
mixtures is shown in Figure 20 and Figure 21, respectively. As shown in the Figure 20(a) and
(b), the top and levelling courses of the long-life sections (GGSP and 4E30) are generally stiffer

than the corresponding layers in the standard sections (5E10-Top and 5E10-Lev). The difference
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in the stiffness of these layers (GGSP vs 5E10-Top and 4E30 vs 5E10-Lev) is more significant at
higher temperatures. These results can only be partially due to the polymer-modified binders. In
addition, the gradation of the aggregate’s skeleton plays a crucial role. The higher stiffness of the
GGSP, for example, can be associated to the high number of stone-to-stone contacts in this Stone
Matrix Asphalt — type of HMA, as opposed to the dense-graded mix of the 5E10. It is common
understanding that stiffer surface layers are desirable if they are not brittle. A stiffer surface layer
can, in fact, reduce the stress transmitted to lower layers and reduce their deformation under
loading, hence reducing the potential for fatigue cracking damage. On the other side, the polymer
modified binders used on the top layer of the long-life sections is expected to produce a ductile
material and reduce the risk of top-down cracking typical of brittle surface HMAs.

It is worth also noting that no performance-related conclusion can be drawn solely based
on dynamic modulus test results. These tests are performed in the linear-viscoelastic range of the
HMA mechanical response, where damage does not accumulate. Hence, any comments based on
|E*| test results would be purely indicative. Damage (e.qg., tension-compression fatigue, three-
point bending cylinder) as well as plastic strain-inducing (e.g., flow number) tests are needed to

fully characterize the asphalt mixture performances.
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Figure 21 Summary of results of |E*| tests at 10 Hz for project US-131: (a) GGSP (PG70-
28P) vs 5E10 (PG64-28), (b) 4E30 (PG70-28P) vs 3E10-LEV (PG64-28) and (c) 3E30
(PG64-28) vs 2E10 (PG58-28)

4.2.4 Asphalt Mixture Confined Dynamic Modulus (JE*|)

Confined dynamic modulus |E*| tests were conducted so that mixture-specific calibration
coefficients of the MEPDG HMA rutting model can be computed. Tests were performed on the
same samples used for unconfined dynamic modulus tests described above and following the
same testing protocol, except for the application of a 10 psi (68.9 kPa) lateral confining pressure.
The average of three replicates was used to generate |[E*| master curves, in accordance with

AASHTO R84. A comparison of confined and unconfined |E*| master curves is shown in Figure
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22 and Figure 23 for 1-475 and US-131 HMAs, respectively. The effect of lateral confinement
can be clearly noticed at high temperatures (i.e., low frequencies).

The effect of confinement, in terms of ratio between confined and unconfined moduli, on
different mixtures used in the long-life and standard sections of 1-475 and US-131 projects were
quantified and plotted in Figure 24 and Figure 25, respectively. The effect of confinement was
less significant on GGSP and 4E30 mixtures of the 1-475 compared to 5E10-Top and 5E10-Lev.
This was possibly because of the polymer modified binders making the mixtures stiffer (Figure
24). On the other hand, the effect of confinement on the base courses (3E30 and 3E10) were
similar. Similar trends have been noticed for the mixtures of the US-131 project (Figure 25). It
should be noted that the input required by the AASHTOWare Pavement ME software is the
unconfined |[E*|. The software, in fact, performs the layered elastic analysis under the assumption
of negligible confinement effect, while confinement is considered in the HMA rutting model
through an empirical variable (k).

It is hypothesized that the mixtures that are less affected by confinement are better
mixtures. This is because these mixtures do not need confinement to provide a given stiffness
(i.e., dynamic modulus). It is well known that unbound materials (base and subbase) need
significant confinement to provide sufficient stiffness to withstand traffic loading. If an asphalt
mixture is like an unbound material where the confinement affects its stiffness, this means that
the binder is not doing its job, or the gradation is not providing sufficient aggregate interlocking.
As such, the mixtures whose dynamic moduli are not affected (or affected minimally) by the
confinement are better and more stable mixtures. Based on the data provided herein, the GGSP
and 4E30 mixtures are much more stable mixtures (not as significantly affected by confinement

as other mixtures).
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Figure 25 The effect of confinement on long-life and standard mixtures for US-131 project

4.25 Asphalt Mixture Repeated Load Permanent Deformation (RLPD) Test

The RLPD tests (also known as Flow Number tests) were conducted in accordance with
AASHTO T 378-17 to evaluate the susceptibility of asphalt mixtures to rutting. Laboratory
fabricated cylindrical specimens, produced for dynamic modulus test, were subjected to a
haversine axial compressive load pulse of 0.1s followed by a 0.9s rest period. The test duration
was set equal to 10,000 load repetitions, and samples were tested at repeated deviatoric stress of
482.6 kPa (70 psi), constant confined stress level of 68.9 kPa (10 psi), at a single temperature of

54°C.
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None of the mixtures exhibited tertiary flow at the stress state they were tested. A
summary of the results obtained on the US-131 HMAs is provided in Figure 26, where the
plastic strain accumulated after 10000 cycles is reported. Despite the GGSP and 5E10 |E*| values
were comparable (see Figure 20a), and GGSP had higher binder content than 5E10 (see Table 5),
GGSP performed better than 5E10. This confirms that performance indications based solely on
dynamic modulus results can be misleading. GGSP’s aggregate skeleton, combined with
polymer modified binder are the two potential reasons for its superior performance. The 4E30
(leveling course, long-life section) also performed better than the material of the corresponding
layer in the standard section (3E10), although their stiffnesses were comparable (see Figure 20b).
This can be attributed to the fact that the 4E30 mix has been designed using a higher number of
gyrations, which probably provides better aggregates’ interlocking between compared to the one
achieved in the 3E10 mix. The accumulated plastic strain in the HMA Base (3E30 and 2E10)
were similar on average, with high variability observed between the long-life test sections.

Similar results were obtained on the HMAs of the 1-475 (Figure 27). The surface and
intermediate layers of long-life sections (GGSP and 4E30) exhibited lower accumulated plastic
strain as compared to those of the standard sections (5E10). The two HMASs used for base course,
the 3E30 and 3E10, resulted in similar performance.

Based on these results, the overall rutting susceptibility of the structure used in the long-

life sections is generally lower than the one of the standard sections in both projects.
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As mentioned above, results of the RPLD tests were coupled with the confined dynamic
modulus test results to calibrate the MEPDG HMA rutting model. The details of the calibration
procedure are described in Appendix L and results of the calibration are shown in Table 14 and

Table 15.
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Table 14 Rutting model calibration coefficients based on the flow number test results US-

131
k1 k2 k3

Test section Mix type Brl -2.4545 3.01 0.22

Log Brl Br2 Br3
TS-1 GGSP 118759 5.07 -0.3035 0.7451
TS-1 4E30 17252 4.24 -0.2025 0.8927
TS-1 3E30 2431 3.39 -0.0648 1.0177
TS-2 GGSP 74746 4.87 -0.2730 0.7605
TS-2 4E30 25547 441 -0.2268 0.8380
TS-2 3E30 1686 3.23 -0.0405 1.0669
TS-3 GGSP 161450 5.21 -0.3208 0.7328
TS-3 4E30 33769 4.53 -0.2456 0.8145
TS-3 3E30 93 1.97 0.1422 1.1829
TS-4 5E10 655 2.82 0.0296 1.0561
TS-4 3E10 253 2.40 0.0903 1.1505
TS-4 2E10 2208 3.34 -0.0429 1.0598

Table 15 Rutting model calibration coefficients based on the flow number test results 1-475

k1l k2 k3
Direction | Test section Mix type Brl -2.4545 3.01 0.22
Log Brl Br2 Br3
NB TS-1 GGSP 123296 5.09 -0.3294 0.7371
NB TS-1 4E30 216204 5.33 -0.3711 0.7613
NB TS-1 3E30 36248 4.56 -0.2466 0.9038
NB TS-2 GGSP 350143 5.54 -0.3820 0.7211
NB TS-2 4E30 380887 5.58 -0.3929 0.7433
NB TS-2 3E30 59863 4.78 -0.2812 0.8827
NB TS-3 GGSP 652287 5.81 -0.4306 0.6802
NB TS-3 4E30 198199 5.30 -0.3770 0.7645
NB TS-3 3E30 34139 4.53 -0.2429 0.8913
SB TS-1 5E10-TOP 1627 3.21 -0.0541 1.1606
SB TS-1 5E10-LEV 742 2.87 0.0082 1.1167
SB TS-1 3E10 14444 4.16 -0.1862 0.9441
SB TS-2 5E10-TOP 3075 3.49 -0.0889 1.0579
SB TS-2 5E10-LEV 1998 3.30 -0.0547 1.0658
SB TS-2 3E10 219257 5.34 -0.3519 0.8493
SB TS-3 5E10-TOP 2045 3.31 -0.0594 1.0589
SB TS-3 5E10-LEV 3612 3.56 -0.0986 1.0299
SB TS-3 3E10 86275 4.94 -0.3085 0.9103
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4.2.6 Asphalt Mixture Low-Temperature Indirect Tensile Test (IDT)

The low-temperature indirect tensile tests (IDT) were conducted on mixtures obtained
from the 1-475 project in accordance with AASHTO T-322-07. The IDT strength tests were
performed at -10°C by applying a monotonic displacement-controlled load along the diameter of
a cylindrical sample at a rate of 12.5 mm per minute. Samples had a diameter of 150 mm and
typical thickness of 38 mm. The maximum load before sample failure is used to calculate the

IDT strength of the sample using the following formula:

_ 2P
% = Dt

Equation 8

where g is the IDT strength (psi), P the max load (Ibs), D is the diameter of the sample (in) and
t, the thickness of the sample (in).

The average of three replicates was used to calculate the IDT strength for each mixture.
Typically, for each test section, two samples were in the 7%+0.5% range of air voids, while the
third one was slightly out of this range. Tests were performed on all asphalt layers for 1-475
Northbound (GGSP, 4E30 and 3E30) and Southbound (5E10 Top, 5E10 Leveling and 3E10
Base) and all test sections (TS1, TS2 and TS3) as part of this project. The US-131 mixtures were
instead tested as part of another project with MDOT.A summary of the IDT test results for 1-475
is shown in Figure 28. GGSP and 4E30 show higher IDT strength values compared to 3E30. As
expected, 5E10-Top and 5E10-Lev showed similar behavior. The differences of IDT strength
values for all of the three mixtures in the standard sections (5E10-Top, 5E10-Lev, and 3E10) are
negligible. The raw data of the IDT tests were also used for calculating the Work of Fracture
(WOF). The WOF is defined as the area under the IDT load-displacement curve, and it indicates
the potential for dissipating energy before failure (Table 16). Mixtures with high WOF typically
perform better in the field. Although a direct comparison can be made for all mixtures and
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among those of the same layer, it is worth focusing on differences between mixes used for
wearing course, since thermal cracking initiates at the surface and then propagate into the
pavement structure. The WOF is consistently higher for HMAs used in the long-life sections and,

consequently, better thermal cracking performance are expected.
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Figure 28 Summary of IDT test results 1-475
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Figure 29 The Indirect Tensile Strength values of the asphalt mixture samples at -
10C(Average of TS1, TS2 and TS3 are shown for GGSP, 4E30 and 3E30)
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Table 16 IDT fracture work summary

Project Mixtures GGSP | 4E30 | 3E30 | 5E10-Top | 5E10-Lev | 3E10
1-475 Average W;s (Joule) 56.5 39.9 55.2 48.9 45.5 43.5
Standard deviation 20.3 5.9 10.1 4.0 7.2 10.4

Mixtures GGSP | 4E30 | 3E30 5E10 3E10 2E10

US-131 Average Ws (Joule) 64.5 37.3 35.6 32.0 28.5 37.1
Standard deviation 7.9 6.2 7.2 4.3 1.9 9.9

4.2.7 Asphalt Mixture Three-point Bending Cylinder (3PBC) Test

The 3PBC test was developed as part of NCHRP IDEA 20-30/IDEA 218 project (36).

The 3PBC test is run to determine the fatigue life (i.e., number of cycles to failure, Nf) of asphalt
mixtures using cylindrical samples subjected to cyclic three-point bending (37). A picture of the
testing setup is shown in Figure 31. The tests have been conducted on the 68 mm diameter
samples obtained by vertically coring a gyratory compactor sample obtained using the loose
mixtures collected throughout the project. No further sample preparation (e.g., cutting) was
required. The air voids content of each sample was 7+£0.5%. The fatigue test was performed in a
displacement-controlled mode, and it was conducted at a frequency of 5 Hz. Tests were repeated

at two temperatures (10 and 20°C), two replicates at each temperature.
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Figure 31 A picture of the 3PBC setup in the materi
mm sample

The HMA bottom-up fatigue cracking model implemented in the AASHTOWare
Pavement ME software correlates the fatigue life (N¥) to tensile strain (&) and modulus (E) of the
asphalt mixture. In this study, first, the raw data of the 3PBC test was analyzed using the
Viscoelastic Continuum Damage (VECD) theory (38—40). The VECD model is based on the
elastic—viscoelastic correspondence principle and Schapery’s work potential theory to model the
mechanical behavior of asphalt mixtures (40). The application of the VECD formulations allow
the prediction of Nt values at different temperatures, strain levels, and frequencies, from a
limited set of laboratory data. This eliminates the need to run time consuming fatigue tests at
multiple temperatures and strain levels.

The number of cycles to failure (Nf) from the 3PBC tests for surface and base mixes of
the 1-475 project are displayed in Figure 32 for 300 micro strain level). As shown, the fatigue
cracking performance of the GGSP mixture is, on average, better than any other mixture tested,
including the 5E10 mixture used for the surface layer of the traditional section. The HMAs for
base layers, 3E30 and 3E10, exhibited a mixed trend. The 3E30 performed better than 3E10 at

10°C but worse at 20°C. This may be an indication of these two mixtures being equivalent. It is
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worth noting that the long-life sections are designed quite thick so that no bottom-up cracking
develops throughout its service life. Therefore, even if 3E30 were to be less resistant that 3E10,
the cracks would not develop because of the low strain levels at the bottom of the asphalt. On the
other hand, top-down cracking is quite possible in thick asphalt pavements. The fact that the
GGSP mix performed better in fatigue compared to 5E10 mix is a positive finding and may
indicate that the long-life sections will perform better in terms of top-down cracking.

Figure 33 summarizes the results of fatigue tests for US-131 surface and base mixes.
Also, in this case, the GGSP with polymer-modified binder is performing better compared to the
5E10 mixture at both 10 and 20°C. It is worth mentioning that the SE10 mix has been produced
with 19%-Tier 2 RAP, which might have played a role in the results obtained. The comparison of
the 3E30 vs. 2E10 base mixes indicates that the two mixes have similar performance at 20°C

while 2E10 has slightly better performance at 10°C.
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4.2.8 HMA Pavement Core Testing

For each test section of the 1-475 project, three cores were provided from the HMA top
course, levelling course, and base course. For the long-life test sections separate cores were taken
from the 1%t lift and 2" lift of the base course (3E30). Core thicknesses are shown in Table 17
and Table 18 for long-life and standard sections, respectively. As shown, the core thickness
variability was about 10% (based on the coefficient of variation - COV) for long-life sections
and the average thicknesses were very close to the design thicknesses. Core thickness variability
(COV) in standard sections varied from 4.4% to 21.2% and top course was slightly thicker than
the design and leveling course was slightly thinner. Overall thickness of the standard sections
was slightly lower than the design thickness.

Core air voids of long life and standard sections are shown in Table 19 and Table 20
respectively. As shown, the air voids ranged from 4-5% on average for the long-life sections
whereas the air voids for standard sections were slightly above 5% on average. Overall, all these
air voids are quite good and shows good compaction characteristics for both standard and long-

life sections.
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Core thicknesses of US131 project are shown in Table 21 and Table 22 for long-life and
standard sections, respectively. Overall, the core thickness variability was low in both sections
however, standard section thicknesses were a bit lower than the design thickness. Core air voids
of US131 are shown in Table 23 and Table 24. All air voids were about 5-6%, except the GGSP

layers where higher air voids were observed (~9% on average).
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Table 17 Core thicknesses for 1-475 project: Long-life sections

Thickness (in)

AC Layer TS1-1 | TS1-2 | TS1-3 | TS2-1 | TS2-2 | TS2-3 | TS3-1 | TS3-2 | TS3-3 Avg COV (%) | Min Max | Design
GGSP (NB Top) 2.01 2.56 2.20 2.01 1.93 2.05 1.81 2.28 1.77 2.07 11.9% 1.77 | 2.56 2.00
4E30 (NB Leveling) 2.48 2.40 2.68 2.48 2.60 2.76 1.85 2.68 2.68 2.51 10.9% 1.85 | 2.76 2.50
3E30 (NB Base, lift 2) 3.58 2.99 3.66 3.15 3.23 2.68 3.07 3.39 3.11 3.21 9.5% 2.68 | 3.66 3.25
3E30 (NB Base, lift 1) 3.19 3.54 2.48 3.35 2.83 3.46 3.15 3.50 3.23 3.19 10.8% 2.48 | 3.54 3.25
Total 11.26 | 11.50 | 11.02 | 10.98 | 10.59 | 10.94 9.88 11.85 | 10.79 | 10.98 5.1% 9.88 | 11.85 | 11.00
Table 18 Core thicknesses for 1-475 project: Standard sections
Thickness (in)
AC Layer TS1-1 | TS1-2 | TS1-3 | TS2-1 | TS2-2 | TS2-3 | TS3-1 | TS3-2 | TS3-3 | Avg | COV (%) | Min | Max Design
S5E10 (SB Top) 2.0 2.2 2.3 2.1 2.0 2.4 1.7 2.1 2.0 2.08 10.2% 1.65 | 2.40 1.75
5E10 (SB Leveling) 2.7 2.4 2.7 1.7 1.8 1.9 1.7 1.7 1.9 2.04 21.2% 1.65 | 2.72 2.50
3E10 (SB Base) 3.7 3.4 3.3 3.6 3.4 3.5 3.2 3.5 3.3 3.44 4.4% 3.19 | 3.70 3.50
Total 8.35 7.95 8.31 7.32 7.24 7.80 6.50 7.28 7.24 7.55 7.9% 6.50 | 8.35 7.75
Table 19 Core air voids for 1-475 project: Long-life sections
Core Air Voids (%)
AC Layer TS1-1 | TS1-2 | TS1-3 | TS2-1 | TS2-2 | TS2-3 | TS3-1 | TS3-2 | TS3-3 | Avg | COV (%) | Min | Max
GGSP (NB Top) 49 | 48 | 33 | 49 [ 52 | 31 | 40 | 31 [ 35 |409] 209% |3.13]5.19
4E30 (NB Leveling) 45 4.1 3.7 4.4 5.7 4.6 6.3 4.1 51 |472| 17.3% | 3.73 | 6.27
3E30(NBBase, lift2) | 49 | 52 [ 49 | 56 | 57 [ 53 | 43 | 47 | 55 [514] 9.0% [433][572
3E30 (NB Base, lift 1) 3.5 4.2 4.4 4.2 5.6 4.7 5.7 4.7 3.8 4.54 16.7% 3.48 | 5.71
Table 20 Core air voids for 1-475 project: Standard sections
Core Air Voids (%)
AC Layer TS1-1 [ 7512 [ TS1-3 [ T52-1 [ 752-2 [ TS2-3 [ T53-1 [ T53-2 [ T53-3 | Avg | COV (%) | Min | Max
5E10 (SB Top) 7.0 5.0 5.7 4.7 4.9 5.6 5.5 5.2 4.0 5.28 15.6% 3.97 | 6.96
5E10 (SB Leveling) 6.1 4.0 5.2 5.1 4.8 4.6 5.1 4.7 4.5 4.89 12.2% 3.97 | 6.12
3E10 (SB Base) 6.8 6.7 5.3 5.3 5.4 5.7 4.4 3.3 5.1 5.35 20.1% 3.30 | 6.80
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Table 21 Core thicknesses for US-131 project: Long-life sections

Thickness (in)
AClayer | TS1-1 | TS1-2 | TS1-3 | TS2-1 | TS2-2 | TS2-3 | TS3-1 | TS3-2 | TS3-3 Avg CoV (%) Min Max | Design
5-Top 1.50 1.63 1.63 1.63 1.63 1.63 1.50 1.38 1.50 1.56 5.9% 1.38 1.63 1.50
4-Leveling 2.38 2.38 2.38 2.75 3.00 3.00 1.75 2.13 2.50 2.47 16.3% 1.75 3.00 2.50
3-Base 3.25 3.75 4.00 3.63 4.38 4.38 3.75 3.75 3.00 3.77 12.2% 3.00 4.38 3.63
3-Base 3.88 3.00 2.75 3.13 3.25 3.38 3.00 3.00 4.38 3.31 15.5% 2.75 4.38 3.63
Total 11.01 | 10.76 | 10.76 | 11.14 | 12.26 | 12.39 | 10.00 | 10.26 | 11.38 | 11.11 7.3% 10.00 | 12.39 | 11.25
Table 22 Core thicknesses for US-131 project: Standard sections
Thickness (in)
AClLlayer | TS4-1 | TS4-2 | TS4-3 | Avg | COV (%) | Min | Max | Design
5-Top 1.88 2.00 2.00 1.96 3.5% 1.88 | 2.00 1.75
3-Leveling 2.75 2.75 2.25 2.58 11.2% 2.25 | 2.75 3.00
2-Base 4.25 3.88 3.63 3.92 8.0% 3.63 | 4.25 4.50
Total 888 | 863 | 7.88 | 846 | 6.1% | 7.88]888 | 9.25
Table 23 Core air voids for US-131 project: Long-life sections
Core Air Voids (%)
AClayer | TS1-1 | TS1-2 | TS1-3 | TS2-1 | TS2-2 | TS2-3 | TS3-1 | TS3-2 | TS3-3 | Avg | COV (%) | Min Max
5-Top 870 | 870 | 860 | 9.20 | 920 [ 730 | 9.60 | 9.30 | 1000 [8.96 | 9% | 7.30 | 10.00
4-Leveling | 560 | 6.80 | 530 | 480 | 530 | 390 | 590 [ 660 | 430 |539| 18% |[3.90] 6.80
3-Base 5.90 5.10 6.40 5.90 5.80 5.70 4.50 6.20 5.00 5.61 11% 4.50 | 6.40
3-Base 5.20 5.40 4.30 5.50 6.80 6.50 3.80 5.30 5.90 5.41 18% 3.80 | 6.80
Table 24 Core air voids for US-131 project: Standard sections
Core Air Voids (%)
AC Layer | TS4-1 | TS4-2 | TS4-3 | Avg | COV (%) | Min | Max
5-Top 4.80 6.30 4.80 5.30 16% 4.80 | 6.30
3-leveling | 410 | 6.70 | 820 |633| 33% |4.10]8.20
2-Base | 520 | 510 | 560 [530] 5% |5.10 | 5.60

71



4.2.9 Unbound Material Testing

Unbound material testing included thirty (30) samples that were collected from 1-475,
and US 131 projects. A summary of the material information is provided in Table 25.

Table 25 Unbound material samples information

Location Pa_\ll_sr;gnt TS Direction | Start Location | End Location Type of Layer Tested
1 NB 0650+00 0660+00 Base, Subbase, Subgrade
2 NB 0745+00 0755+00 Base, Subbase, Subgrade
1-475 HMA 3 NB 0770+00 0780+00 Base, Subbase, Subgrade
1 SB 0650+00 0660+00 Base, Subbase, Subgrade
2 SB 0745+00 0755+00 Base, Subbase, Subgrade
3 SB 0770+00 0780+00 Base, Subbase, Subgrade
1 NB 1090+00 1100+00 Base, Subbase, Subgrade
2 NB 1127452 1137481 Base, Subbase, Subgrade
US 131 HMA 3 NB 1170400 1180+00 Base, Subbase, Subgrade
4 SB 1210+10 1220+00 Base, Subbase, Subgrade

4.2.9.1 Index Properties and Compaction Characteristics

This section presents the index properties of all unbound materials including gradation,
soil classification, Atterberg limits and compaction characteristics of the pavement foundation
materials.

The particle size distribution of the granular materials was determined in accordance with
ASTM C136, D6913, and D7928 and the Atterberg limits were determined in accordance with
ASTM D4318. The material classification was performed according to the Unified Soil
Classification System (USCS) (ASTM D2487) and the American Association of State Highway
and Transportation Officials (AASHTO) soil classification system (AASHTO M 145).Table 26,
Table 27, and Table 28 summarize the index properties of the base, subbase, and subgrade
materials, respectively. For some of the test sections, due to the similarity of the material, the

materials were combined across the test sections.
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Table 26 Index properties of base materials

. Gravel Sand Fines
Base Material (%) (%) (%) Cu | Cc | LL | PI | AASHTO | USCS
I-475(HMA)_TS1(SB)_Base 51.3 40.0 8.7 80.0 | 0.6 | NA | NP A-l1-a gIF\’/I
I-475(HMA) TS2(NB) Base 59.6 36.2 4.2 478 | 1.5 | NA | NP A-1-a GW
US 131(HMA)_TS1(NB)
&TS2(NB)&TS3(NB) 66.1 30.7 3.2 29.2 | 24 | NA | NP A-1-a GW
&TS4(SB) Base

Fines = silt and clay; C, = uniformity coefficient; C. = coefficient of curvature; LL = liquid limit; Pl =
plasticity index; AASHTO = American Association of State Highway and Transportation Officials;
USCS = Unified Soil Classification System; NP = non-plastic; NA = not available.

Table 27 Index properties of subbase materials

Gravel

Sand

Fines

Subbase Material (%) (%) (%) Cu| C | LL | PI | AASHTO | USCS
1-475(HMA)_TS1(SB)_Subbase 1.5 93.2 5.3 25| 13| NA | NP A3 gf\’ﬂ
1-475(HMA) TS2(NB) Subbase 5.1 90.3 46 2910 NA [ NP A-3 SP

US 131(HMA)_TS2(NB) B
&TS3(NB)_Subbase 119 83.7 4.4 29 | 1.0 | NA | NP A-1-b SP
US 131(HMA)_TS4(SB)_Subbase 29.6 65.4 5.0 6506 | NA | NP A-1-b SP

Fines = silt and clay; C, = uniformity coefficient; C. = coefficient of curvature; LL = liquid limit; Pl =
plasticity index; AASHTO = American Association of State Highway and Transportation Officials;
USCS = Unified Soil Classification System; NP = non-plastic; NA = not available.

Table 28 Index properties of subgrade materials

. Gravel | Sand | Fines

Subgrade Material (%) (%) (%) Cu Cc LL Pl AASHTO | USCS
1-475(HMA)_TS1(SB)_Subgrade 2.9 41.3 55.8 NA | NA | 214 | 10.1 A-4 CL
1-475(HMA)_TS1(NB)_Subgrade 6.6 26.5 66.9 NA | NA | 247 12 A-6 CL
1-475(HMA)_TS2(NB)_Subgrade 2.7 31.3 66.0 NA | NA | 247 | 11.6 A-6 CL
1-475(HMA) TS3(SB)_Subgrade 3.3 28.2 68.5 NA | NA | 229 | 10.1 A-4 CL

US 131(HMA)_TS1(NB) e

&TS2(NB)_Subgrade 2.2 94.8 3.0 26 | 1.1 | NA NP A-1-b SP
US 131(HMA) TS3(NB)_Subgrade 23.9 725 3.6 38 | 1.0 | NA NP A-1-b SP
US 131(HMA)_TS4(SB)_Subgrade 35 43.3 53.2 NA | NA | 220 | 6.6 A-4 f\:/ILL

Fines = silt and clay; C, = uniformity coefficient; C. = coefficient of curvature; LL = liquid limit; Pl =
plasticity index; AASHTO = American Association of State Highway and Transportation Officials;

USCS = Unified Soil Classification System; NP = non-plastic; NA = not available.
aThere are unstabilized and cement-stabilized (with 5% cement) subgrade materials. However, for the
determination of the index properties, only the unstabilized subgrade materials were used.

The maximum dry unit weight (MDU) and optimum moisture content (OMC) values of

the materials are reported in Table 29, Table 30 and Table 31 for base, subbase, and subgrade,

respectively. The MDU values of the unbound base materials ranged from 133.9 pcf to 136.6

pcf. For the same materials, the OMCs were between 8.3% and 9.5%. For subbase samples, the
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MDU values varied between 117.1 pcf and 122.8 pcf, while the OMCs were between 9.5% to
12.1%. In both cases, the range of variation of the subbase properties were higher than that of the
base materials. Finally, for the subgrade materials, the MDU values ranged between 115.7 pcf
and 132.6 pcf, and the OMCs were between 6.9% and 13.0%.

Table 29 Compaction test results for base materials

Base Material MDU (pcf) OMC (%)
[-475(HMA) TS1(SB) Base 1353 9.5
1-475(HMA) _TS2(NB) Base 133.9 8.3
US 131(HMA) TS1(NB)&TS2(NB)&TS3(NB)&TS4(SB) Base 136.6 8.7

MDU = maximum dry unit weight; OMC = optimum moisture content; NA = not available.

Table 30 Compaction test results for subbase materials

Subbase Material MDU (pcf) OMC (%)
I-475(HMA) TS1(SB) Subbase 117.1 12.1
[-475(HMA) _TS2(NB)_Subbase 122.8 9.8
US 131(HMA) TS2(NB)&TS3(NB)_Subbase 120.4 9.5
US 131(HMA) TS4(SB) Subbase 129.8 8.3

MDU = maximum dry unit weight; OMC = optimum moisture content.

Table 31 Compaction test results for subgrade materials

Subgrade Material MDU (pcf) OMC (%)

[-475(HMA) TS1(SB)_Subgrade 130.1 9.8
I-475(HMA)_TS1(NB)_Subgrade 132.6 11.2
I-475(HMA)_TS2(NB)_Subgrade 131.7 11.6
[-475(HMA) TS3(SB)_Subgrade 130.2 13.0

US 131(HMA)_TS1(NB)&TS2(NB)_Subgrade 115.7 6.9
US 131(HMA)_TS3(NB)_Subgrade 119.8 9.0

US 131(HMA)_TS4(SB)_Subgrade 127.1 9.8

MDU = maximum dry unit weight; OMC = optimum moisture content.
4.2.9.2 Resilient Modulus Testing

Resilient modulus (MR) tests were performed on all samples at room temperature
following the methodology described in the AASHTO T 307 to measure the stiffness of the
materials. The conventional Mechanistic-Empirical Pavement Design Guide (MEPDG) model
shown in Equation 9 was used to determine the Mr characteristics of the materials using the

elastic deformations recorded during the last five cycles of each testing sequence (41).
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0\ /1 ks .
Mg =k, P, (—) ("—Ct + 1) Equation 9
P,/ \P,

where k1, ko, and ks are the fitting parameters, P, is the atmospheric pressure (ksi), 0 is

the bulk stress (6 = 6, + 0, + 63 = 6; + 203) (ksi), 61, 65, and o5 are the principal stresses (ksi),

and T, is the octahedral shear stress [, = 1/34/ (0, - 6,)% + (0] - 63)% + (0, - 63)2] (Ksi).
Summaries of the Mr test results of the base, subbase, and subgrade materials are
provided in Table 32, Table 33, and Table 34, respectively. Overall, the base materials showed
an average SMr value of 34.66 ksi, about two and three times higher than those observed for
subbase and unstabilized subgrade samples which have average values of 17.83 ksi and 11.78
ksi, respectively. For the base materials, the highest SMr value was observed on the US 131
project. Among the subbase samples, 1-475_TS2(NB)_Subbase showed the highest SMr value
(30.06 ksi) while 1-475_TS1(NB)_Subbase yielded the lowest SMr value (12.38 ksi). Finally,
within the subgrade materials, the highest SMr values were observed in 1-475_TS2 and US

131(HMA)_TS1 & TS2 (NB) the lowest was observed in US 131(HMA)_TS4 (NB).

Table 32 Resilient modulus (MR) test results for base materials

Base Material i'ltt'”g PaL‘z‘mEterska R? | SMr(ksi) | SD (ksi)
I-475(HMA)_TS1(SB)_Base 142231 | 0.93 | 078 | 0.95 | 3007 051
1-475(HMA)_TS2(NB)_Base 1326.10 | 0.76 | 011 | 0.91 | 3221 0.62

US 131(HMA)_TS1(NB) _
ETS2NB)ST SHNDIATSSE) Base | 190074 | 063 | -0.13 | 093 | 4170 238

ki, k2, and ks = fitting parameters in Equation (9); SMr = summary Mg; SD = standard deviation.
Note: SMr values were determined at the bulk stress (6) and the octahedral shear stress (t,)
corresponding to the 6™ sequence of the base/subbase testing sequences (AASHTO T 307) (0 = 30 psi and

Toet = 7 PSI).
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Table 33 Resilient modulus (MR) test results for subbase materials

Subbase Material Fk'ft'”g Paz‘meter; R? | SMr (ksi) | SD (ksi)
I-475(HMA)_TS1(SB)_Subbase 115286 | 0.51 | 1.2 | 0.86 | 1238 2.94
1-475(HMA)_TS2(NB)_Subbase 1376.23 | 0.62 | -0.12 | 0.88 | _30.06" 0.84

US 131(HMA)_TS2(NB)&TS3(NB)_Subbase | 1556.20 | 0.80 | -1.10 | 0.96 | _16.07° 0.55
US 131(HMA)_TS4(SB)_Subbase 1480.30 | 0.90 | -2.00 | 0.91 | 12.80° 0.53

ki, k2, and ks = fitting parameters in Equation (9); SMr = summary Mg; SD = standard deviation.

aSMRr values were determined at the bulk stress () and the octahedral shear stress (z,.) corresponding to
the 13" sequence of the subgrade testing sequences (AASHTO T 307) (0 = 12 psi and 1., = 3 psi).

bSMr values were determined at 6 and t,, corresponding to the 6" sequence of the base/subbase testing
sequences (AASHTO T 307) (6 = 30 psi and t,.; = 7 psi).

Table 34 Resilient modulus (MR) test results for subgrade materials

. Fitting Parameters . SD

Subgrade Material K K K R? | SMR (ksi) (ksi)
1-475(HMA)_TS1(SB)_Subgrade 1480.30 | 0.49 | -4.00 | 0.93 9.77 0.30
I-475(HMA) TS1(NB) Subgrade 211557 | 0.35 | -3.83 | 0.94 14.78 2.04
I-475(HMA) TS2(NB) Subgrade 2540.64 | 0.41 | -4.11 | 0.94 16.71 4.74
I1-475(HMA) TS3(SB) Subgrade 127640 | 0.44 | -3.86 | 0.92 8.73 2.34

US 131(HMA)_TS1(NB)&TS2(NB)_Subgrade | 1512.23 | 0.69 | -1.17 | 0.81 15.78 2.92
US 131(HMA) TS3(NB)_Subgrade 1719.86 | 1.00 | -3.30 | 0.89 11.61 0.16

US 131(HMA) TS4(NB) Subgrade 549.40 | 0.34 | -2.23 | 0.87 5.09 0.00

ki, k2, and ks = fitting parameters in Equation (9); SMg = summary Mg; SD = standard deviation.
Note: SMr values were determined at the bulk stress (6) and the octahedral shear stress (t,)
corresponding to the 13" sequence of the subgrade testing sequences (AASHTO T 307) (6 = 12 psi and

Toot = 3 PSI).

Table 35 and Figure 34 report the SMr values for the pavement foundation layers for the
two projects. Tests performed on the base layer of the US 131 resulted in the highest average
SMRr value (41.70 ksi). Within the samples collected from the subbase layers, the ones from the
I-475 project provided the highest Mr values. The subgrade values for the US-131 and 1-475
projects are comparable.

Table 35 Summary resilient modulus (SMR) values for pavement foundation layers

Foundation 1-475 (HMA) US 131 (HMA)
Layer SMR (ksi) SD (ksi) SMR (ksi) SD (ksi)
Base 31.14 151 41.70 NA
Subbase 21.22 12.50 14.43 2.31
Subgrade 12.50 3.85 10.83 5.39
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Figure 34 Summary resilient modulus (SMR) values for pavement foundation layers
4.2.9.3 Discussion on Various Modulus Values Obtained from Different Tests

As part of this project, several methods (laboratory, FWD, LWD and DCP) were used to
estimate the modulus of sublayers of standard and long-life pavement sections. This section
includes a brief discussion on comparisons of moduli obtained from different methods and the
values selected for mechanistic-empirical (ME) analysis.

A comparison of unbound layer moduli for 1-475 project is shown in Figure 35. The
following observations can be made from these figures:

e Subgrade moduli obtained from lab M, tests and DCP tests were relatively close to each
other, except the standard section. On the other hand, the LWD tests revealed unreasonably
low moduli values for typical subgrade soils. FWD backcalculated moduli for both standard
and long-life sections were higher than laboratory measurements, which is consistent with
the literature. It is typical for lab M, results to be 2-5 times lower than the FWD results, and
it is a common practice to reduce FWD backcalculated values by a factor and use them in
design and analysis. Therefore, it was decided to use the lab M tests results for subgrade in
ME analyses.
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e Subbase moduli obtained from DCP and LWD tests were simply too low, and they did not
make sense. FWD backcalculation could only provide an ‘average' base/subbase modulus,
but they were not too far from the lab M values. Therefore, lab M, was thought to be the
most representative subbase moduli to be used in ME analysis.

e Base moduli from lab and FWD were very close, which makes sense because although FWD-
based modulus is for base/subbase combination, it is affected more by the base modulus
because it is closer to the surface load. LWD data was too low and did not make sense.
Therefore, lab M, was used in the ME analyses.

Figure 36 shows a comparison of unbound layer moduli for the US-131 project. The
following observations can be made from these figures:

e Again, the LWD tests revealed unreasonably low moduli, and DCP results for long life
sections resulted in unreasonably high moduli for subgrade soils. Lab Mr results were lower
than FWD backcalculated values (as expected). It was decided to use the lab M tests results
for subgrade in ME analyses.

e Subbase moduli obtained from lab and DCP tests agreed reasonably well for the standard
section. However, the DCP modulus from long life section was unreasonably high for a

subbase. Therefore, lab Mr of subbase was used in ME analyses.
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Figure 35 Comparison of unbound layer moduli for 1-475 project. Note: DCP data was not
available for the base layer

79



(a) Subgrade

70.00
60.00

% 50.00

=3

w 40.00

3

3 30.00

3%
2 20.00
10.00 . @ . @
000 M =
Lab FWD DCP LWD

Standard Subgrade @ Llong Life Subgrade

(b) Subbase

70.00
60.00
= 50.00

=3

w 40.00

I

3 30.00

o

S 20.00
10.00 @
0.00

FWD (Base+subbase)

B2 Standard Subbase  OLlong Life Subbase

(c) Base
70.00
60.00
= 50.00

"

=3

@ 40.00

3

3 30.00

[=]

S 20.00
@ -
0.00

FWD (Base+subbase)

[ Standard Base M Llong Life Base

Figure 36 Comparison of unbound layer moduli for US-131 project. Note: There was no
LWD data available for subgrade of standard section, subbase and base of both sections
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e Base moduli from lab and FWD were very close, and DCP data was too low and did not

make sense. Therefore, lab Mr was used in the ME analysis.

81



4.3 CHAPTER 3: PAVEMENT PERFORMANCE PREDICTIONS AND

ANALYSIS

Since as-built material properties and their variability during construction and other

structural design elements have significant impacts on achieving the long-life purpose of the four
pilot projects, it is essential to evaluate the long-term performance of the pavement structures
using tools like the AASHTOWare Pavement ME using the as-built input data collected
throughout the project. Therefore, for evaluation of the two flexible pavement pilot projects, I-
475 and US-131, the AASHTOWare Pavement ME V.2.3 and V.2.6, MEAPA and PerRoad were
used for performance prediction. Pavement ME V.2.3 is currently adopted by MDOT and
Michigan calibration coefficients are available for this version. Pavement ME V.2.6 is the latest
version of the software, which mainly differ from the previous one for the new top-down
cracking mode. PerRoad is a flexible perpetual pavement design software that has been
developed at Auburn University in collaboration with the Asphalt Pavement Alliance (APA), the
National Asphalt Pavement Association (NAPA), and the State Asphalt Pavement Associations
(SAPA). The software is based on layered elastic analysis and a statistical analysis procedure
(Monte Carlo simulation) to predict the responses within the pavement structure. Pass/fail
criteria can be selected based on the pavement response or using transfer functions to convert the
responses to different distresses within the pavement. The main advantage of this software is that
it can compare the distribution of the tensile strain at the bottom of the HMA layers resulting
from different load, climatic condition, and material stiffnesses with a predefined criterion for
this distribution. The default values for the strain distribution criteria were developed based on

the NCAT (National Center for Asphalt Technology) test track experiment results.
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Table 36 and Table 37 show the inputs used in AASHTOWare Pavement ME simulations

for 1-475 and US-131, respectively. Pavement structures were evaluated in AASHTOWare

Pavement ME for a service life of 50 and 30 years for the 1-475 and US-131, respectively. A new

flexible pavement project type with an initial International Roughness Index (IRI) of 67 in/mi

and 95% reliability level were used for the analysis. Average annual daily truck traffic

(AADTT), vehicle class distribution, growth factors, monthly adjustment factors were provided

by MDOT.

Table 36 Pavement ME inputs for 1-475 project
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DT Air Layer Cree Unbound
ID PG Layer | |E* | |G*| strenath voids | thickness com Iiapnce layers
Section 9 (%) (in) P properties
70- Calculated
GGSP 08P Top LM | LM LM LM LM from [E*] LM
70- Calculated
Long- 4E30 28pP Lev LM | LM LM LM LM from [E*] LM
life | 3p30 | 5834 | Base LM [LM | LM | Lm | wwm | CHoulated o
sections from |E*|
SEL0- | 5834 | Top | LM | LM | M LM LM Calculated LM
top from |E*|
SEL0- Calculated
levelin | 58-34 | Lev | LM | LM LM LM LM LM
from |E*|
Standar g
d 3E10 | 52-34 | Base | LM | LM | M | Lm | 1w | Caloulated LM
sections from |E*|
Notes: GGSP = Gap Graded Superpave, LM= Lab measured, DV=Design values, Lv3= Level 3



Table 37 Pavement ME inputs for US131 project

DT Air Layer Cree Unbound
ID PG | Layer | |E* | |G*| strenath voids | thickness com Iiapnce layers
g (%) (in) P properties
70- Calculated
GGSP 28p Top LM LM LM LM LM from [E*] LM
70- Calculated
Long- 4E30 28p Lev LM LM LM LM LM from [E*] LM
life | ap30 |64 | Base | LM |M| LM | LM Ly | Calculated LM
sections 28 from |E*|
64- Calculated
5E10 8 Top LM LM LM LM LM from [E*] LM
64- Calculated
3E10 8 Lev LM LM LM LM LM from [E*] LM
Standard | 5eq6 |58 ) g | LM M| M| LM L | Calulated LM
section 28 from |E*|

Notes: GGSP = Gap Graded Superpave, LM= Lab measured, DV=Design values, Lv3= Level 3

The results of the simulations using the AASHTOWare Pavement ME 2.6 are shown in

Figure 37 and Figure 38, and observations can be summarized as follows:

The predicted bottom-up cracking for both projects is minimal, as observed in Figure 37
and Figure 38. Although the predicted top-down cracking of the long-life sections starts
earlier than standard sections, the final distress magnitude for all sections of both the I-
475 and US-131 is below the pass-fail threshold at the end of 50 years.

Two of the 1-475 long-life sections and all the US-131 test sections fail for thermal
cracking.

The rutting performance of all the test sections is acceptable, with the long-life sections
slightly outperforming the standard sections.

Regarding IR, all of the test sections of 1-475 and US-131 fail relatively early in the
design life. This might be partially due to the early thermal and top-down cracking
developed. It also may be because of the significant vertical shift due to the 95%

reliability calculations. Initial IRI values at 95% reliability are close to 100 in/mile, which
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is quite high. The team do not think Pavement ME's vertical shift is reasonable for these

pavements. Therefore, failure of these pavements due to roughness is not probable.
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The results of the simulations using the AASHTOWare Pavement ME 2.3 are shown in Figure
39 and Figure 40, and observations can be summarized as follows:

e The predicted bottom-up cracking for both projects is acceptable with the long-life
sections outperforming the standard sections. The standard sections of the 1-475 project
fail for top-down cracking, while no failure was predicted for the long-life pavement
structures.

e The predicted thermal cracking is negligible regardless of the project and sections
analyzed.

e The standard sections of the 1-475 project fail for HMA rutting, while all other pavement
sections analyzed do not.

e The predicted IRI of all 1-475 section exceed the pass-fail threshold between 30-40 years
of service life. On the contrary, all the US-131 test sections are below the limits until end

of the design life.
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The results of the simulations using the MEAPA are shown in Figure 41 and Figure 42,

and observations can be summarized as follows:

As it can be seen in Figure 41 and Figure 42, the predicted bottom-up cracking for the
standard sections for both projects is higher than the limit. The long-life sections have an
acceptable performance in bottom-up cracking. The standard sections of the 1-475 and
three test sections of US-131 fail in top-down cracking.

The predicted thermal cracking using MEAPA 2.0 for both projects is minimal.

The standard sections of the 1-475 project fail in rutting. Test sections 3 and 4 (one long-
life and one standard test section) for the US-131 project fail in rutting at the end of the
design life.

Regarding IRI, the performance of US-131 test sections are acceptable but the 1-475 test

sections fail in this distress.
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In order to calculate seasonal pavement moduli for the PerRoad simulations, 52 weeks of
the year were divided into four 13-weeks period representing the four seasons. Average monthly
air temperatures were extracted from the corresponding AASHTOWare Pavement ME climatic
files. Seasonal pavement moduli for HMA layers were calculated based on dynamic modulus
master curves for the seasonal temperatures and frequency of 10 Hz. The COV (coefficient of
variation) used in these simulations is the highest COV observed for each mixture in the dynamic
modulus test. Due to the limited number of layers that can be implemented in the software, base
and subbase layers were combined into one layer using Odemark’s equivalent thickness method.
The lab measured resilient modulus values for unbound layers were used for these calculations.
The resilient modulus values for unbound layers were considered constant in different seasons.
The thicknesses and variation in the thicknesses for HMA layers is based on the analysis of cores
described in the previous chapter. An example of seasonal and structural inputs for 1-475 NB test

section 1 is shown in Figure 43.
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Figure 43 PerRoad structural and seasonal inputs- 1-475 NB test section 1

The performance criteria for evaluation of the performance of the long-life and standard test
sections of US-131 and 1-475, were defined at 4 locations in the pavement structure:
e Principal strain at the top of the top HMA course (indication of top-down cracking)
e Horizontal strain distribution at the bottom of the base HMA course (indication of
bottom-up cracking)
e Vertical strain at the middle of the combined base and subbase layer (indication of
rutting)
e Vertical strain at the top of the subgrade layer (indication of rutting)

Pavement performance criteria and values used in this study are summarized in Table 38.
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Table 38 Pavement performance criteria for PerRoad simulations

Location
Layer Position Performance criteria Threshold limit
Top HMA layer Top Principal strain -100 p€
Percentile u€
95th -257
Base HMA layer Bottom Horizontal strain 85th -194
distribution 75th -158
65th -131
55th -110
Combined base and Middle Vertical strain 150 u€
subbase
Subgrade Top Vertical strain 200 pu€

Based on the above performance criteria, all the long-life and standard test sections
resulted in acceptable performance and passed the PerRoad criteria. The results for 1-475 NB test
section-1 are listed in Table 39. As shown, the strain distribution at the bottom of the HMA layer
is significantly lower than the failing criteria. Additionally, vertical strains at the middle of the
combined base and subbase layer and top of the subgrade layer are also significantly lower than
the target values. The cumulative distribution of the defined performance criteria for 1-475 and
US-131 are shown in Figure 44 and Figure 45, respectively. As shown in these figures, all the
predicted principal strains at the top of the HMA surface layer are below the defined target value.
This prediction could be an indication of good performance in top-down cracking. The
cumulative distribution of the horizontal strains at the bottom of the AC layer shows that all the
long-life and standard section pass the PerRoad horizontal strain distribution criteria, since all of
them are on the left side of the PerRoad limits. Additionally, the predicted values for the long-
life sections are less than standard sections for a given percentile. There is a similar trend in the
vertical strain response at the middle of the base layer. This can be an indication of acceptable
performance in terms of rutting in the unbound layers. Similar results were obtained for all long-

life and standard test sections of the US-131 and 1-475 projects.
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Table 39 PerRoad analysis results- 1-475 NB test section 1

Perpetual Pavement Design Results: Percentile Responses
Target Actual
Layer | Location | Criteria | Target Units percentile | percentile | Pass/Fail?

Principal

1 Top Strain -100 | microstrain 50 100 Pass
Tensile

1 Bottom Strain -257 | microstrain 95 100 Pass

-194 | microstrain 85 100 Pass

-158 microstrain 75 100 Pass

-131 microstrain 65 100 Pass

-110 | microstrain 55 100 Pass
Vertical

4 Middle Strain 150 microstrain 50 100 Pass
Vertical

5 Top Strain 200 microstrain 50 100 Pass
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44 CHAPTER 4: ENHANCED MECHANISTIC-EMPIRICAL ANALYSIS OF
THE LONG-LIFE PROJECTS WITH VARIABLE FATIGUE ENDURANCE
LIMIT

In this part of the study, a fatigue endurance limit (FEL) prediction model, developed as a
result of a project by the National Cooperative Highway Research Program (NCHRP 9-44A)(42)
is implemented in the Mechanistic Empirical Asphalt Pavement Analysis (MEAPA) software to
have a better prediction of the performance of the US-131 and 1-475 projects. As part of this
task, FEL mastercurves will be developed for the mixtures used in the long-life and standard
sections in these two projects based on NCHRP 9-44A FEL prediction model. Development of

FEL mastercurves helps MDOT in future long-life designs with application of the fatigue

endurance limit.

4.4.1 Fatigue Endurance Limit

Long-life or perpetual pavements are usually designed to last longer than 50 years
without a major structural rehabilitation, other than periodic surface renewal due to surficial
distresses. A key point in designing such pavements is to limit the tensile strains at the bottom of
the asphalt layer to prevent accumulation of fatigue damage. This limiting strain is defined as
fatigue endurance limit (FEL). This is the strain level below which no fatigue damage occurs in
the pavement structure.

During the past 50 years, FELs ranging from 70 to 300 pe have been reported by different
researchers. In one of the first studies related to FEL, Monismith (43) proposed a FEL of 70.
More recent studies have proposed higher FELs ranging from 70 to 100 (16, 44), 90 to 300 (45),
115 to 250 (46), 75 to 200 (20), 200 (47) and 96 to 158 (48). These FEL values were estimated

either by applying different analytical methods to fatigue test data (16, 19, 20, 44, 46, 49, 50) or
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analyzing long-life pavements sections (17, 47, 51). Based on the fatigue performance of certain
well performing test tracks at National Center for Asphalt Technology (NCAT), Willis and
Timm (21) showed that pavements can experience strain levels higher than laboratory
determined FELs without showing fatigue damage. They proposed a strain distribution criterion
for long-life pavements based on the performance of test tracks with minimal fatigue damage.
Recent studies showed that FEL in asphalt concrete is not a single value and it highly depends on
several factors such as binder rheology, temperature, loading time and air void content (20-22).
Understanding the effect of applying FEL in pavement analysis and design is essential for not
only the long-life pavements, but also the traditional pavements. Zeiada et al. (52) estimated FEL
values from six different analytical models (ranging from 37 to 162 pe) and applied them in
AASHTOWare Pavement ME for six different pavement structures. They reported the required
asphalt layer thickness ranged from 11 cm to 23 cm based on different FEL values to obtain a
perpetual pavement (52). The drawback of this analysis method is that the current
implementation of the FEL concept in AASHTOWare Pavement ME allows the user to enter a
single FEL value, which remains fixed during the entire analysis period. However, as noted in
NCHRP 9-44A project, the FEL varies for different stiffnesses (i.e., temperatures / frequencies /
materials). Therefore, FEL in the Pavement ME analysis should vary for each quintile, each
month and for each vehicle speed in the analysis.

Kenneth and Timm (53) compared the FEL values estimated using the NCHRP 9-38 and
NCHRP 9-44A procedures in designing perpetual pavements and studied their impact on asphalt
layer thickness for 20 asphalt mixtures of the NCAT test track. They found that the NCHRP 9-
44A method led to lower FELS, thus thicker layers in design as compared to the NCHRP 9-38

method.
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442 NCHRP 9-44A FEL Prediction Model

Witczak et al. demonstrated in NCHRP 9-44a report (22) that the FEL value is
significantly impacted by the healing that takes place during rest periods. Healing is defined as
the capability of a material to partially self-recover its mechanical properties upon closure of
micro-cracks during rest periods (i.e., when they are unloaded). They also proposed that FEL
depends on many factors such as binder type and content, mixture air voids, temperature, strain
level, number of load cycles, and rest period between load cycles (healing). They conducted
numerous bending beam fatigue (BBF) tests on 19-mm Superpave designed mixtures with three
asphalt binder grades (PG 58-25, PG 64-22 and PG 76-16), two binder contents (4.2% and
5.2%), two mixture air voids (4.2% and 9.5%), three strain levels (low, medium, high), three test
temperatures (4°C, 21°C, 38°C) and four rest periods (0 s, 1s,5s, and 10 s). The results from a
total of 468 BBF tests were used to develop a FEL prediction model based on a regression
analysis. In this model, the initial stiffness of the mixture (Eo) was used as a surrogate for the
binder content, binder grade, mixture air voids, and temperature. The NCHRP 9-44A FEL
prediction model is provided in Equation 10 :

SR = 2.0844 — 0.1386 * Log (E,) — 0.4846 * Log(g,) — 0.2012 x Log(N) + 1.4103 x tanh(0.8471 *
RP) + 0.0320 * Log(E,) * Log(e,) — 0.0954 = Log (E,) * tanh(0.7154 * RP) — 0.4746 = Log(g,) *
tanh(0.6574 * RP) + 0.0041 = Log(N) * Log (Ey) + 0.0557 * Log(N) * Log(g,) + 0.0689 * Log(N) *
tanh(0.2594 * RP)

Equation 10
where,
SR = stiffness ratio
Eo = initial flexural stiffness (Ksi)
et = applied tensile microstrain (the tensile portion of the tension-compression

loading cycle, or half peak to peak) (10 in./in.)

RP  =rest period (s)
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N = number of loading cycles
In this equation, the stiffness ratio (SR) parameter is defined as the stiffness of mixture at any
cycle divided by the stiffness of mixture at 50 cycle, which is assumed to be the undamaged
state after the ‘conditioning’ of the sample during the first 50 cycles of a BBF test. A constant
SR = 1.0 during the test is an indicator of balanced condition between the fatigue damage and
healing of micro-cracks. Therefore, they suggested that by substituting SR = 1.0 in Equation 1,
the calculated strain value becomes the FEL for different Eo, N, and rest period (22). It has been
reported that, after certain cycles, number of load cycles had minimal effect on the calculated
FEL value, especially for rest periods higher than 1 s. Thus, the use of 200,000 loading cycle was
recommended. The results of BBF tests in NCHRP 9-44A also showed that the rest period
threshold value ranged from 5 s to 10 s for a loading duration of 0.1 s. In other words, further
healing in the BBF tests were not observed for the rest periods higher than this range.

4.4.3 Mechanistic-Empirical Asphalt Pavements Analysis (MEAPA)

The Mechanistic-Empirical Asphalt Pavement Analysis (MEAPA) is a web-based
application developed at Michigan State University to predict flexible pavement performance.
Figure 46 illustrates the project detail page of MEAPA web site. The MEAPA analysis engine
includes implementation of the original formulations of the Mechanistic-Empirical Pavement
Design Guide (MEPDG), with few improvements and simplifications on climatic model and
improvements on the top-down cracking model. The rest of the formulations implemented in
MEAPA are identical to those of the original MEPDG (54, 55). The main analysis engines of
MEAPA were coded in MATLAB, including the layered elastic analysis algorithm, called
MatLEA (56). The MatLEA is publicly available and formulations and computational steps are
identical to those of the MnLayer software (57). The web-based application interface of MEAPA

is composed of many sub-algorithms written in several languages including JAVA, Python,
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JavaScript, HTML and CSS. In addition, the project data is saved in and retrieved from a

MySQL database, which is integrated into the JAVA codes.
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Figure 46 Project detail page in MEAPA web application

The MEAPA web application predicts pavement temperature profile with depth based on an

improved climatic-materials-structural (CMS) model, which originally developed at the

University of Illinois (58). Main improvement is on the computation of downwelling shortwave

radiation (D-SWR) from the sun, downwelling longwave radiation (D-LWR) from the

atmosphere, and upwelling longwave radiation (U-LWR) (59). Another improvement is on the

calculation of sun-rise and sunset times, which are important in calculation of net radiation flux

at the pavement surface (58).

The fatigue cracking model in MEAPA is based on the traditional fatigue life formulation

implemented in the MEPDG (NCHRP 2004) as shown in Equation 10:
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IN\Br2kr2 r1\Br3kss .
Ny = CyCPBr1ksq (E—t) (E) Equation 11
Vbe _
C= 104'84(Va+"be 0'69) Equation 12
_ bbuz -1 H
Ch-pu = (bbul 1 +exp(bbu3_bbu4--hac)) Equation 13
where:
Nt = number of cycles to failure;
& = critical tensile strain (in/in);
E = equivalent modulus (at the given temperature/frequency) (psi);
Vhe = effective asphalt content by volume (%);
Va = air voids in the HMA mixture (%);
ke1, Krz, ki3 = global field calibration coefficients (ki = 0.007566, ki, = 3.9492, and ki3 =

1.281, based on the NCHRP 1-40D research);

P, P, B3 = local or mixture specific calibration coefficients;
hac = height of the AC layer (in),

Bou1 =0.000398;

Bou2 =0.003602;

bous =11.02;

Dous =3.49.

For top-down fatigue cracking, major principal tensile strain near the tire within top 0.5" (1.27

cm) of the asphalt pavement layer was used in the calculation of fatigue life in Equation 9.
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4.4.4 Implementation of NCHRP 9-44A Model in MEAPA

The objective of this chapter was to investigate the effect of variable FEL values
computed for different mixtures, pavement structures, and rest periods on the predicted bottom-
up fatigue cracking. To meet this objective, the NCHRP 9-44A FEL prediction model was
implemented in MEAPA to evaluate the fatigue cracking performance, with and without
implementation of variable FEL in the analysis. Example analyses were performed to illustrate
the importance of FEL implementation for different structures and materials.

445 Methodology

In the first phase of this study, three typical pavement structures designed for; (i) LTV
(Low Traffic Volume) roads (1 million ESALS), (ii) MTV (Medium Traffic Volume) roads (3
million ESALSs), and (iif) HTV (High Traffic Volume) roads (10 million ESALS) were analyzed
using constant rest periods. The analysis period was 20 years for all cases. According to the
MEPDG manual of practice, the FEL concept is only applicable to the bottom-up fatigue
cracking (61) . Thus, the focus of this study was on bottom-up fatigue cracking. In the MEAPA
analysis engine, the critical tensile strains and equivalent elastic modulus at the bottom of the
asphalt layer were calculated for five temperature quantiles in each month during the pavement
design life. These values were used in calculation of fatigue life (Nf) in Equation 2, which was
subsequently used in Miner’s law of damage growth using the corresponding applied traffic data,

as shown in Equation 13:

_ 5 4 N 1 Mgl )
Damagen, = X% ¥i-1 Xk=1 le"lg-ﬁ Equation 14
ijkl

where;

m = total number of months;
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i = indicator of month number during pavement life;
j = indicator of each temperature quantile in each month;
k = indicator of each axle types (single, tandem, tridem, and quad);

I = indicator of each load level in each axle type;

Nk = number of load levels at k'™ axle type.

Damagem = damage level at the m™ month;

Nik| = number of axle repetitions at i month, k™ axle type, and I'" load level;

Nfi k! = fatigue life at i month, j" temperature quantile, k'™ axle type, and 1" load
level;

In order to implement the NCHRP 9-44A model in MEAPA fatigue cracking analysis,
FEL values were calculated for different rest periods at each temperature quantile of each month
during the pavement life. For a given rest period, the use of N = 200,000 and SR = 1.0 is
recommended by the model developers (22). Therefore, the only variable of FEL prediction
model at a certain temperature quantile would be the stiffness (Eo), which was assumed to be
equal to dynamic modulus of the bottom sub-layer of asphaltic layer at that temperature quantile.
If the critical bottom-up fatigue strain at each temperature quantile/month was less than the
calculated FEL value, the damage accumulation of that specific temperature quantile/month was

excluded from the analysis. This procedure can be expressed in Equation 14:

1 i .
Damage,, = Zﬁlzizlzﬁzlzyz"lg.% V & jki > FEL;j Equation 15
ijkl
where:
FEL; j = calculated FEL value at i"" month and j™" temperature quantile.
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In order to evaluate the effect of rest period, five different rest periods of 1.0 s, 2.0 s, 5.0
s, 10.0 s, and 20.0 s were used in the MEAPA analysis, consistent with the values used in the
literature (52) . General information and properties of the asphalt layers employed in this study
are provided in Table 40. The structural properties of the typical LTV, MTV, and HTV roads are
shown in Table 41. The analysis inputs used for the MEAPA analysis are also presented in Table
42.

In the second phase of this study, the long-life and standard sections of the flexible pilot
long-life projects, 1-475 and US-131, were analyzed using estimated field rest periods calculated
from the weigh in motion (WIM) data provided by MDOT. For estimation of the rest periods
from WIM data, initially two WIM stations close to the 1-475 and US-131 were selected. Each
vehicle pass (class 5 and higher) was considered as one load application and the time intervals
between load application were calculated for each station. The histograms and cumulative
distribution of the rest periods were generated for each station. Then the rest periods were
divided to 5 quantiles per each month based on the distribution. The FEL values were calculated
for each temperature quantile for 5 rest period quantiles per each month. The FEL in Equation 16
in this approach will be in the following form:

FEL; j «= calculated FEL value at i month and j temperature quantile and k™ rest period
quantile

Table 36 and Table 37 show the inputs used in MEAPA simulations for 1-475 and US-
131, respectively. Pavement structures were evaluated in MEAPA for a service life of 50 and 30
years for the 1-475 and US-131, respectively. A new flexible pavement project type with an

initial International Roughness Index (IRI) of 67 in/mi and 95% reliability level were used for
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the analysis. Average annual daily truck traffic (AADTT), vehicle class distribution, growth
factors, monthly adjustment factors were provided by MDOT.

446 Results and Discussion

Figure 47 shows the calculated FEL values predicted by NCHRP 9-44A model for
different rest periods at each month. These FEL values were applied to the bottom-up fatigue
cracking model in the MEAPA over the pavement life. The statistical summary of these results is
also shown in Table 43. These results show that FEL values increases considerably as the rest
period increases.

Table 40 Details and properties of HMAS
Pavement MDOT HMAID®  BinderPG V,?@ Vp® VMA®  VFAG

section Mix Type [%] [%] [%] [%]
HTV 5E10 S01 70-22P 6.5 12.0 18.5 64.9
4E10 L01 70-22P 6.5 10.6 17.1 62.0

3E10 BO1 58-22 6.4 9.6 16.0 60.0

MTV 5E3 S02 70-28P 7.1 11.2 18.3 61.2
4E3 L02 70-28P 6.7 10.9 17.6 61.9

LTV 4E1 S03 58-28 7.0 12.0 19.0 63.2
4E1 L03 58-28 7.0 11.2 18.2 61.5

Note: 'S, L, and B stand for surface, leveling, and base courses, respectively, @ V,= air voids, ©®
V= Effective binder content, ® VMA = Voids in Mineral Aggregate, ® VFA = Voids Filled
with Asphalt

Table 41 Structural properties of LTV, MTV and HTV roads

Layer Property HTV MTV LTV
HMA Thickness (in) 2.0 2.0 1.3
HMA ID S01 S02 S03
Thickness 2.0 2.0 1.2
HMA ID L01 L02 LO3
Thickness 4.0 - -
HMA 1D BO1
Base Thickness (in) 6.0 6.0 4.0
(Crushed gravel) Modulus (psi) 33,000 33,000 33,000
Subgrade (A-6) Modulus (psi) 15,000 15,000 15,000
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Table 42 MEAPA design inputs

Pavement section LTV MTV HTV
Initial annual average daily truck traffic 300 1200 3500
(AADTT)
Equivalent single axle load (ESAL) 1.1 million 3.9 million 11.3 million
repetition
Lane distribution factor 90% 90% 90%
Direction distribution factor 51% 51% 51%
Vehicle speed 30 mph 60 mph 60 mph
Design life 20 years 20 years 20 years
Climate station Lansing, Ml Lansing, Ml Lansing, Ml
Latitude 42.78° 42.78° 42.78°
Longitude -84.58° -84.58° -84.58°
Ground water table 10 ft 10 ft 10 ft
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Table 43 Statistical summary of the calculated FEL values

FEL Calculation type Pavement LTV MTV HTV
section type

NCHRP, RP=1.0s Minimum FEL 19.71 18.97 20.03

Mean FEL 22.62 21.61 21.51

Maximum FEL 32.84 31.88 27.37

NCHRP, RP=2.0s Minimum FEL 40.97 39.73 41.51

Mean FEL 45.74 44.08 43.95

Maximum FEL 62.16 60.65 53.50

NCHRP, RP=5.0 s Minimum FEL 60.95 59.28 61.69

Mean FEL 67.39 65.14 64.98

Maximum FEL 89.33 87.34 77.82

NCHRP, RP=10.0's Minimum FEL 73.49 71.51 74.37

Mean FEL 81.10 78.44 78.26

Maximum FEL 106.97 104.63 93.42

NCHRP, RP=20.0 s Minimum FEL 74.75 72.74 75.64

Mean FEL 82.48 79.78 79.60

Maximum FEL 108.75 106.37 94.99
Pavement ME suggested ~ Minimum FEL 75 75 75
range Mean FEL 100 100 100
Maximum FEL 125 125 125

As shown in Figure 47, the FEL values ranged from 18.97 ue at 1.0 s rest period in MTV
road to 108.75 pe at 20 s rest period in LTV road. This observation strengthens the importance of
choosing the proper rest period for the analysis. The NCHRP 9-44A report contemplated that the
rest period should correlate with the AADTT data from the field, but a correlation was not
developed as part of that study (22).

Figure 47 also shows that the FEL graphs for rest periods of 10.0 s and 20.0 s were
almost identical, which means that the threshold of influence of rest period is 10 s no further
healing is expected in the mixture for rest periods longer than 10 s. This observation agrees with
results of Zeiada et al. (52) and NCHRP 9-44A report. In this regard, Zeiada et al. (52)
performed a simple traffic volume analysis and reported the average overhead time of 58-86 s
between vehicles. As the change in FEL values with the rest periods greater than 10.0 s was

minimal, they used 10.0 s rest period for calculation of the FEL. Figure 47 also shows that for a
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given rest period, the FEL values exhibited a cyclic pattern, which is because of the changes in
the stiffness (Eo), which varies due to the fluctuations of pavement temperature profile at each
month at each quintile. Figure 47 also shows that the recommended range of the FEL values in
AASHTOWare Pavement ME V2.5 (75 to 125 pe) is typically higher than those calculated using
NCHRP 9-44A model. Especially, the FEL values of 100 and 125 pe were considerably higher
than calculated FEL values. Table 43 also shows that for a given rest period, the magnitudes of
FEL values of different structures (LTV, MTV and HTV roads) are relatively close to each other.
This is because the NCHRP 9-44A model is a mixture-dependent model. As mentioned above,
FEL values at each rest period were calculated using N = 200,000 cycles, and SR = 1.0.
Therefore, the only variable influencing the FEL value for a given rest period is the modulus at
the bottom of asphalt layer at a given month/quintile combination, for a given vehicle speed.
Since the range of dynamic modulus of the mixtures used in this study were relatively close to
each other, the range of the predicted FELs were also close to each other for all three structures.

A comparison of actual critical strains used in bottom-up fatigue cracking is plotted along
with the FEL values in Figure 48. It is noted that this graph is provided to serve as an example
for 18-kip single axle load. The MEAPA computes the critical strains for many different load

levels of all four axle types (single, tandem, tridem and quad).
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Figure 48 Comparison of the actual critical bottom-up fatigue strains (for 18 kips single
axle load) with the calculated FEL values at different rest periods for (a) LTV, (b) HTV
roads

Figure 48 (a) also shows that the critical strains for the LTV road were higher than the
FEL values, regardless of the rest periods. As a result, the damage computations at this load level
were unaffected by the FELs. This does not mean that FELs do not affect the damage in LTV
roads. The critical strain levels at lower load levels might have intersected with the FEL values,
which could have affected the damage computations. Figure 48 (b) shows that thick pavement
structure of the HTV road, which resulted in considerably lower critical strain of the same axle
load level. Thus, no damage accumulation is expected for rest periods of greater than 5.0 s.

However, at higher load levels, critical strain may be higher than the FEL values. The true effect
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of FELs can be observed by accumulating the damage at all load levels and axles and computing
the fatigue cracking during the service life of the pavement, which is presented later in this
section.

The pavement sections considered in this study were analyzed for 20 years. As a result,
for each axle type (single, tandem, tridem, and quad) and load level in each axle type, 1200
critical bottom-up fatigue strains (20 years x 12 months x 5 quintiles) were computed within
MEAPA analysis engine. These critical strains for each pavement structure (LTV, MTV, and
HTV roads), axle types and three selective load levels (including standard axle load, one load
level higher and lower than standard) were plotted using the boxplots, as shown in Figure 49. For
each box in Figure 49, the central mark is the median, and the edges of the box are the 25th and
75th percentiles. The whiskers extend to the most extreme critical strain. As this figure shows,
most of the critical strains of different axle configurations and load levels in LTV road were
considerably higher than those of MTV and HTV roads. This is mainly because of the

differences in the thicknesses of the pavements.
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Figure 49 Statistical box plot of critical bottom-up fatigue strains for different pavement
structures and axle configurations: (a) single, (b) tandem, (c) tridem, and (d) quad axles

Figure 49 also shows that most of the critical strains in the LTV road were higher than
the FEL values predicted by NCHRP 9-44A model. Therefore, implementation of the FEL
concept in the analysis of LTV was expected to have minimal effect on the predicted bottom-up
fatigue cracking, regardless of the duration of the rest period. On the other hand, most of the
critical strains of HTV road were less than the predicted FEL values. Therefore, implementation
of FEL concept in the analysis of HTV is expected to significantly reduce the predicted bottom-
up cracking. As the critical strains in the HTV were close to the FEL values, the amount of
reduction in the predicted bottom-up fatigue cracking is also expected to be sensitive to the

duration of rest periods.
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Figure 50 shows the predicted bottom-up fatigue cracking for LTV, MTV, and HTV
roads with and without implementation of FEL concept during the design life with different rest
periods (1.0s, 2.0 s,5.0s,10.0 s, and 20.0 s) and constant FEL values of 75 pe, 100 pe, and
125 pe. It can be observed that implementation of FEL concept had minimal effect on the
bottom-up fatigue performance of LTV road. This is because most of the critical strains were
higher than FEL values for almost all the rest periods (see Figure 49). The only considerable
effect of FEL implementation in bottom-up cracking of LTV road has been observed when the
relatively high FEL value of 125 pe was used. As discussed before, FEL value of 125 pe was
noticeably higher than those computed with the NCHRP 9-44A model. On the other hand, the
bottom-up fatigue predictions for MTV road for different rest periods were considerably
different; especially for rest periods greater than 5.0 s. This implies the importance of selecting

proper rest period when using the NCHRP 9-44A FEL prediction model.
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The most significant effect of implementing FEL concept in bottom-up fatigue cracking
prediction was observed in the HTV road. As it can be seen in Figure 50 (c), the maximum
predicted fatigue cracking for HTV was about 22%, which reduced to almost 0% after
implementing FEL concepts with rest periods of 2.0 s and above. This is because majority of the
critical strains in HTV road were lower than the calculated FEL values. It worth noting that even
the use of low rest periods can considerably reduce the predicted bottom-up fatigue cracking of
HTV road. In summary, Figure 50 shows that the effect of implementing FEL concept on the
predicted bottom-up fatigue cracking was highly dependent on the asphalt layer thickness
(pavement structure).

Figure 50 also shows that the bottom-up fatigue cracking of the three typical structures
(LTV, MTV, and HTV roads) was originally predicted about 20%. Implementation of the FEL
concept leads to lower predictions of the bottom-up fatigue cracking. Thus, the AC layer
thickness can be reduced by implementation of the FEL concept so that the same bottom-up
cracking (20%) prediction is achieved. In this regard, Table 44 shows the percent reduction in
AC layer thickness due to the implementation of FEL concept at different rest periods. As this
table shows, in terms of the bottom-up fatigue cracking, implementation of the FEL concept
resulted in up to 32.7% reduction in the AC layer thicknesses.

Table 44 Percent reduction in AC layer thicknesses due to the implementation of FEL
concept

FEL at different rest periods LTV MTV HTV
NCHRP 9-44A, RP=1.0's 0.0% 0.0% 1.9%
NCHRP 9-44A, RP=2.0s 0.0% 31% 14.6 %
NCHRP 9-44A, RP=5.0 s 4.8 % 7.3% 26.4 %
NCHRP 9-44A, RP=10.0 s 52 % 11.6 % 32.2%
NCHRP 9-44A, RP=20.0 s 5.3 % 12.2 % 32.7%

As mentioned before, in the second phase of this study, the long-life and standard

sections of the pilot long-life projects were analyzed using varying FEL method using estimated
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field rest periods calculated from the weigh in motion (WIM) data provided by MDOT. For
estimation of the rest periods from WIM data, initially two WIM stations close to the 1-475 and
US-131 were selected. Each vehicle pass (class 5 and higher) was considered as one load
application and the time intervals between load application were calculated for each station. The
histograms and cumulative distribution of the rest periods were generated for each station. Then
the rest periods were divided to 5 quantiles per each month based on the cumulative distribution.
Table 45 shows the monthly rest period quantiles for station 40-3069 on US-131 based on 2019
WIM data. This data was used for analyzing US-131 project as estimated rest period. Similar
approach was used for station 25-6119 on I-75 for analysis of the 1-475 project. An example of
the histogram of the rest periods for station number 40-3069 for June 2019 is shown in Figure
51.

Table 45 Monthly rest period quantiles for station 40-3069 based on 2019 WIM data

Ql(s) | Q2(s) | Q3(s) | Q4(s) | Q5(s)
Jan 21.2 56.1| 102.4| 1743| 316.8
Feb 22.4 58.2| 107.1| 1829 | 325.0
Mar 23.3 59.8| 105.1| 174.7| 311.1
Apr 18.6 47.7 86.3| 147.6| 265.3
May 14.4 37.4 68.4| 116.9| 213.7
Jun 14.9 37.4 70.0| 1181 | 216.3
Jul 13.9 35.5 66.4 | 112.5| 204.1
Aug 13.1 33.0 61.8| 105.0| 194.6
Sep 13.4 34.4 63.9| 107.2| 202.8
Oct 12.4 31.6 59.7| 103.5| 191.6
Nov 13.7 36.2 66.9| 116.3| 2183
Dec 16.7 43.6 81.6| 139.3| 257.2
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Figure 51 Histogram of the time intervals between load applications for station 40-3069 -
June 2019

Figure 52 and Figure 53 show the predicted bottom-up fatigue cracking for 1-475 and US-
131 long-life and standard test sections with and without implementation of FEL concept during
the design life with different rest periods (1.0s,2.0 s, 5.0 s, 10.0 s, 20.0 s and estimated rest
periods from WIM data) and constant FEL values of 75 pe, 100 pe, and 125 pe. It can be
observed that implementation of FEL concept had less effect on the long-life sections as
compared to the standard section. This can be attributed to the fact that long-life sections are
thicker pavements and the critical strains are lower than the standard test sections. Since the
critical strains are quite low in the long-life sections, the effect of applying FEL in the analysis is
not as significant as the standard sections. On the other hand, the application of FEL on the

standard sections has a significant effect on the predicted bottom-up cracking. In the standard
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sections, the effect of application of FEL with different rest periods is also significantly

important.
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Figure 52 Effect of FEL on the bottom-up fatigue cracking prediction in the long-life and
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Figure 52 (cont’d)
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Figure 52 (cont’d)
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Figure 53 Effect of FEL on the bottom-up fatigue cracking prediction in the long-life and
standard sections of US-131 project
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Figure 53 (cont’d)
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axle types and three selective load levels (including standard axle load, one load level higher and
lower than standard) were plotted using the boxplots, as shown in Figure 54 and Figure 55 for I-

475 and US-131, respectively. For each box in these figures, the column in light blue shows the
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critical strains the central mark is the median, and the edges of the box are the 25th and 75th

percentiles. The whiskers extend to the most extreme critical strain. The other color codes show

the range of the FELs predicted for a specific rest period and a certain load level. As this figure
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shows, the critical strains for the long-life sections are considerably lower than the standard
sections in higher load levels. It is also shown that he ranges of the critical strains for the long-
life sections are close or smaller than the range of the FELs predicted for 1.0 second rest period.
This shows that the effect of choosing different rest periods for analyzing the long-life sections

will not be significant.
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Figure 54 Statistical box plot of critical bottom-up fatigue strains for different pavement
structures and axle configurations — 1-475: (a) single, (b) tandem, (c) tridem, and (d)
quad axles
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Figure 54 (cont’d)

Critical strain (ue)

Critical strain (ue)

Axle type: Tr

I RP=1.00
160 1 I RP=2.00
I RP=5.00
BN RP=10.00
1401 RP=20.00
— .- FEL=75
120 ] —'- FEL=100
100
80
60
40 -
20
0
24 kips 48 kips 75 kips
Axle type: Qd
140
EE RP=1.00
EE RP=2.00
[ B RP=5.00
120 mmm RP=10.00
RP=20.00
—:- FEL=75
100 + —-- FEL=100 —|— 44— 4 ———
FEL=125
80 -
60
40
20

> e el I ; > > e % > " > g " > > ¥ )
& ,‘}b ,‘}6 o*\ca o°0" DQQ ,‘9@ ﬁ& & o*\c: OQQ) DQQ !}6 ﬁ‘b ,‘v@ o“o" OQQJ c)"\q
A OO S A CH e A el S
- > e A o A e > * 4 o o Na > g A o &
N N N N ~ N N N N
\ J \ J \ J
I 1 1
30 kips 63 kips 81 kips

129



Axle type: Si

B RP=1.00
160 | mmm RP=2.00
B RP=5.00
B RP=10.00

RP=20.00
| —= FEL=75
1204 —:- FEL=100
—.- FEL=125

100 I I

1401

Critical strain (ue)

I RP=1.00
N RP=2.00
N RP=5.00
I RP=10.00

140 A

1209 .- FEL=75

—-- FEL=100
1001 — - FEL=125 | A
80
60 1

40

ee

Critical strain (u¢)

> 2 % ™ N a ) ™
; ; ; ¥ g W ; ¥
\0(\0, >0°Q ,\0(9 N4 & \0(9 \é‘q N >o°q & & N
3 5 o g 5 e i N 5 i 5 ~?

& & Y N & & & Ng & & & N

\ J \ J \ ]
1 1 1
18 kips 36 kips 60 kips

Figure 55 Statistical box plot of critical bottom-up fatigue strains for different pavement
structures and axle configurations — US-131: (a) single, (b) tandem, (c) tridem, and (d)
quad axles
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Figure 55 (cont’d)
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447 Conclusions

In this chapter, NCHRP 9-44A FEL prediction model was implemented in a mechanistic-

empirical asphalt pavements analysis procedure (in this case MEAPA web application) and the

impact of implementing FEL concept on the bottom-up fatigue cracking prediction was

investigated. For this purpose, in the first phase, three typical road sections in Michigan

(representing low-, medium-, and high-traffic volume roads) were analyzed. Five different rest

periods of 1.0s,2.05,5.05,10.0 s, and 20.0 s as well as three constant FEL values in the range

of AASHTOWare Pavement ME software (75 pe, 100 pe, and 125 pe) were used in the analysis.

In the second phase of this study the two flexible pilot long-life projects, 1-475 and US-131, were

analyzed using estimated rest period from the WIM data provided by MDOT. The major

findings of this study can be summarized as follows:

The FEL values calculated with the NCHRP 9-44A model increased with increasing rest
periods until a rest period of 10.0 s, after which no further change was observed. In other
words, rest periods longer than 10.0 s did not significantly improve healing.

The recommended range for selecting a single FEL value in AASHTOWare Pavement
ME software (75 pe to 125 pe) were higher than those calculated using the NCHRP 9-
44A model, regardless of the rest period.

The FEL values computed for a given structure in MEAPA exhibited a sinusoidal pattern.
This was primarily because of the fluctuations of the pavement layer temperatures in
different months and quintiles.

Implementation of FEL concept had a minimal effect on the predicted bottom-up fatigue
cracking of LTV road. However, the fatigue cracking predictions for MTV and HTV

roads were significantly affected by the FEL values. It may be concluded that relatively
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thick pavements are more significantly affected by the consideration of FEL in the
analyses as compared to the thin pavements.
e Interms of the bottom-up fatigue cracking, implementation of the FEL concept resulted

in up to 5.3%, 12.2%, and 32.7% reduction in AC layer thicknesses, for LTV, MTV, and

HTV roads, respectively.

As mentioned above, the FEL is not a single value and fluctuates during a pavement’s life
(even for a given structure/material). The use of NCHRP 9-44A FEL prediction model is a
reasonable method to estimate the FEL throughout an analysis period. One drawback of this
method is the assumption of the duration of a rest period, which is somewhat difficult to
estimate. Further studies are needed to find such estimates, perhaps by developing correlations

between the field traffic patterns and the rest period.

45 CHAPTER 4: DEVELOP AN IMPROVED DESIGN FRAMEWORK FOR
FUTURE LONG-LIFE PROJECTS

45.1 BACKGROUND

Perpetual or long-life pavements are designed such that there are no deep structural
distresses such as bottom-up fatigue cracking and structural rutting throughout the design life.
The role of the top layer is to serve as a sacrificial layer to maintain the surficial distresses such
as top-down cracking, thermal cracking and asphalt rutting within the top layer of the structure.
This sacrificial layer requires periodic surface treatment or replacement during the design life of
the pavement. The MDOT flexible pilot long-life projects are relatively thick pavements with
Gap Graded Superpave (GGSP) as the top layer. The HMA thickness for 1-475 and US-131 long-
life sections are 11 and 11.25 inches, respectively. The cross-sections for both standard and long-

life sections for 1-475 and US-131 are shown in Figure 56 and Figure 57, respectively.
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The predicted performance of these two projects with MEAPA 2.0 is presented in Figure
41 and Figure 42. The Level-1 material inputs for the AC layers (i.e., |[E*|, |G*|, IDT strength,
etc.) and the local calibration coefficients of Michigan have been used for these simulations. The
pavement structures were evaluated in MEAPA 2.0 for a design life of 50 years for 1-475 and 30
years for US-131 as new flexible pavement. The initial international roughness index (IRI) value
of 67 in/mi was used in the analysis. A reliability level of 95% was used in the analysis. Average
annual daily truck traffic (AADTT), vehicle class distribution, growth factors, monthly
adjustment factors were provided by MDOT.

Based on these results, bottom-up fatigue cracking for long-life sections is relatively low
as expected (about to 12 to 14 percent at the end of the design life). In this alternative design
method, the pavement will be designed to have minimal bottom-up cracking during the design
life with pre-designed periodical rehabilitation (mill & overlay) for the surface layer to mitigate
the surface layer distresses. The preliminary results for the pilot flexible long-life projects show
that this can be done with reducing the total thickness of the asphalt layer. This reduction in
thickness result in lower initial cost for these projects. MDOT's LCCA approach includes
periodic maintenance activities based on historical maintenance done on its pavements. For
example, on average, first maintenance activity is done at 8 years after the initial construction
and Distress Index (DI) reduces by 6 points after the maintenance. There are several other
maintenance activities before pavement is allowed to fail, i.e., when DI is equal to 50 (DI =0
means freshly constructed pavement). A similar approach will be used herein to develop a new
design procedure using LCCA approach.

To achieve this goal, the overlay design in MEAPA will be enhanced. Characterization of

the existing structure has been a challenge in the overlay design in all mechanistic empirical
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pavement analysis software. To simulate the damage in the existing layer in the overlay design in
MEAPA, a reduction factor is applied to the modulus of the existing HMA layer based on the
condition of the pavement. This reduction results in an accelerated rutting early in the overlay
design life and the densification of the existing layer is not considered. As part of this chapter, an
anisotropic layered elastic analysis will be implemented in MEAPA to differentiate between the
horizontal modulus that contributes to the fatigue cracking (horizontal strain) and the vertical
modulus that contributes to rutting (vertical strain). This will lead to improved predictions of the
rutting and bottom-up cracking in the overlay design.

45.2 Alternative design method

Preliminary results for US-131-TS-3 (see Figure 58) show that by decreasing the HMA
layers thicknesses to 1.5 “GGSP, 2.0” 4E30 and 5.75” 3E30 (about 18% reduction in the HMA
thickness), the bottom-up cracking at the end of the design life is still below the limit. The
comparison between the original structure and the structure with the reduced thickness is shown
in Figure 58. These results show that the sacrificial layer needs to be milled and overlaid in
almost ten years. In this case, top-down cracking is the governing distress for the rehabilitation.
This reduction in thickness results in significant savings in terms of materials and initial cost of

the pavement.

136



MEAPA 2.0 MEAPA 2.0
(a) Bottom-up cracking @ 95% Reliability (b)Top-down cracking @ 95% Reliability

30
24 8
$25 v,
g 20 % /
S ;\0\20 D
Z 16 <
o
—_ c
S - S5l
212 —e— Limit 3
£ —&—Str-1- long life-TS3 G
o —— Str-1- long life-TS3-Red Thickness g 10 ”M
5 8 1 | 7 pp i i
@ ; ; S— 2 r —e—Limit
4 ° 5 —=—Str-1- long life-TS3
——Str-1- long life-TS3-Red Thickness
0 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Pavement age (years) Pavement age (years)
MEAPA 2.0 MEAPA 2.0
1 (c) Total rutting @ 95% Reliability 350 (d) IRl @ 95% Reliability
T T T T T T T
——Limit - : : :
—&—Str-1- long life-TS3 300 H —=—Limit )
0.8 1 ——sir-1- long life-TS3-Red Thickness _Q_ggi :gﬂg ::Igﬁgg-Red Thickness
= 250
2 @
gos E200
2 3
£ 04 150
hd
100 r—— rrrrrrrrrrrr
0.2 e ———
50
0
0 5 10 15 20 25 30 0 0 5 10 15 20 25 30
Pavement age (years) Pavement age (years)

Figure 58 Preliminary results US-131-TS3 — Original structure (11.25”) and reduced
thickness (9.25”)

For achieving more realistic results, the overlay design in MEAPA was enhanced. To
simulate the damage in the existing layer in the overlay design in MEAPA, a reduction factor is
applied to the modulus of the existing HMA layer based on the condition of the pavement. This
reduction results in an accelerated rutting early in the overlay design life and the densification of
the existing layer is not considered. As part of this chapter, an anisotropic layered elastic analysis
was implemented in MEAPA to differentiate between the horizontal modulus that contributes to
the fatigue cracking (horizontal strain) and the vertical modulus that contributes to rutting
(vertical strain). For this purpose, two multipliers were used in the overlay design. The Ex-

multiplier was defined as a reduction factor to simulate the damage in the existing layer in the
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horizontal direction and the E,-multiplier was defined as an adjustment factor to simulate the
densification of the existing layer in the horizontal direction. For the first overlay deign, Ex-
multiplier was selected to be 0.9 and the E.-multiplier was selected to be 1.5. These coefficients
were changed to 0.85 and 1.6 for the second overlay design. The results of the predicted
distresses for the proposed alternative design method and the original design in 30 years design

life are shown in Figure 59.
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Figure 59 Predicted distresses for the original design and the proposed alternative design
method

45.3 Simplified LCCA comparison

The cross-section cost (cost for the pavement section per lane mile) and overall cost of
these two projects for the long-life and standard sections are listed in Table 46. The proposed
design framework has the potential to reduce the difference between the long-life and standard

sections and lower the life cycle cost of future long-life projects.
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Table 46 Overall Cost and Cross-section Cost for the Pilot Long-life Projects

Cross-Section Total Proiect
Project Design Cost ! % Difference Cost 2J % Difference
(per lane mile)
] 20 yr. design $436,550 0 $1,338,765 0
US-I31 1730 yr. design | $622,195 42.50% $1,524,410 13.90%
i 20 yr. design $510,354 0 $1,892,846 0
I-475 50 yr. design $812,875 59.30% $2,195,367 16.00%

Notes: All costs are per lane-mile of mainline pavement and are from the as-bid results using the bid
amounts for the winning bidder.

It should be noted that these cost increases are project specific and should not be used for network
analysis. For example, specification enhancements that resulted in increased costs may vary from
contractor to contractor depending on their material sources, quality control measures, etc. In particular,
the total project costs can vary significantly from project to project depending on the full scope of work
involved for each project. Furthermore, the actual performance life of these long-life pavements will not
be known until sometime in the future and thus we can only assume that the percentage increase in cost
will result in longer life pavement.

1 - Cost for the pavement and shoulder cross-section pay items. 1-475 is the only one that includes ramps
- all other projects built all the ramps as 20-year designs.

2 - Total project costs include everything but pay items for structures work and lane rental bids.
Calculated as: Total bid amount - structures bid amount (if part of the contract) - lane rental bid amount
(if part of the contract) - total cross-section costs (all designs). This was then divided by total pavement
lane miles. This is the "other costs" amount that is then added to each cross-section cost.

The reduction in thickness, based on the proposed design approach, results in lower
initial cost for these projects. According to the alternative design proposed for the US-131
project and the bid amounts for this project, 2” reduction in the HMA structure results in around
$55,731 (or about 11%) reduction in the cross-section cost of the US-131 30-year design section.
MDOT's LCCA approach includes periodic maintenance activities based on historical
maintenance done on its pavements. For example, on average, first maintenance activity is done
at 8 years after the initial construction and Distress Index (DI) reduces by 7 points after the
maintenance. There are several other maintenance activities before pavement is allowed to fail,

i.e., when DI is equal to 50 (DI = 0 means freshly constructed pavement). Table 47 shows this
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strategy for a new/reconstructed flexible pavement. The table shows that the service life of a new
or reconstructed HMA pavement is 37 years with four preventive maintenance (PM) treatments.

Table 47 New/reconstructed HMA pavement preservation strategy (62)

Time
RSL RSL to fix
Activity Approx. DI DI (yrs) Life (yrs) | (yrs) Cost/ one
age (before) | (after) | (before | (extension) | (after | lane-mile | lane-
fix) fix) mile
(days)
Initial const. 0 - 0 - - 18 | Computed -
PM* 8 9 2 10 5 15 | $28,071** | 0.48
PM 13 9 2 10 5 15 | $41,342** | 0.63
PM 17 7 1 11 5 16 | $44,005** | 0.65
PM 22 7 2 11 4 15 | $32,411** | 0.55
Rehabilitation/
. 37 - - - - - - -
reconstruction

For a simplified LCCA comparison of the current MDOT’s strategy and the proposed
design framework, the historical pavement preservation and maintenance data was evaluated to
estimate the cost (per lane-mile) of cold milling and overlay for the US-131 project. Based on the
average cost of five cold milling and overlay projects on different stretches of US-131, the
average cost per mile for the mill and overlay on the US-131 was estimated to be $65,176. Based
on this estimation the proposed pavement rehabilitation/preservation plan is presented in Table
48.

Table 48 Rehabilitation/preservation strategy for the proposed design framework

L Approx. DI DI Life (yrs) RSL (yrs) o
Activity age (before) | (after) | (extension) | (after fix) Cost/ lane-mile

Initial const. 0 - 0 - 18 Computed
Cold milling

& Overlay ; 9 2 10 15 $65,176
Cold milling

& Overlay 20 9 2 10 15 $65,176
Cold milling

& Overlay 30 7 1 10 15 $65,176
Rehabilitation/ 40 ) ) ] ] ]
reconstruction
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Comparison of the two scenarios leads to total cost of $768,024 per lane-mile for the
original design for a service life of 37 years (initial cost and maintenance costs) and a total cost
of $761,992 per lane-mile for the propose design approach for a service of 40 years. It also
should be noted that the number of maintenance/rehab events in the proposed design approach is

less than the current MDOT’s practice. This might have significant effect on the user-delay costs.
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5 CONCLUSIONS

The scope of this study included a thorough analysis of pilot long life pavement projects
constructed by MDOT near Grand Rapids and Flint, MI. Field data collected after the
construction of the projects (e.g., Light Weight Deflectometer, Falling Weight Deflectometer,
Dynamic Cone Penetrometer) were analyzed and evaluated. Material samples were collected
from different layers of the pavements (HMA, base, subbase and subgrade) were tested in the
laboratory. HMA testing program included unconfined and confined dynamic modulus, flow
number, three-point bending fatigue and indirect tensile strength (IDT) at low temperatures.
Base, subbase and subgrade materials were tested for their index properties and resilient
modulus. All the data gathered in the laboratory was used as Level 1 input to the mechanistic-
empirical (ME) models. Three different ME models were used to forecast the performance of the
long-life projects: AASHTOWARE Pavement ME, MEAPA and PerRoad. Furthermore, new
methods of designing long life pavements were proposed and they will be investigated during the
remaining part of this study. A list of general conclusions based on the data and observations
gathered during this project are summarized in the subsections below.
5.1 Structural design improvements

Long life pavements were designed as thick pavements with no potential for bottom-up
cracking. This goal was indeed achieved because the Pavement ME software predicted no
bottom-up cracking. In addition, the strain distribution predicted by PerRoad software was
significantly lower than the thresholds. Therefore, it is highly unlikely that any bottom-up

cracking will develop in these pavements during their service lives.
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5.2 Material improvements

Laboratory dynamic modulus, fatigue, rutting and indirect tensile strength experiments all
showed better performance of the GGSP and 4E30 mixtures, over their standard counterparts
(5E10 and 3E10). The main reasons for this superior performance are probably the use of the
polymer modified binder, limiting the amount of recycled materials and high film thickness
(>9microns) in GGSP and 4E30. Another reason could be the use of higher quality aggregates
that are specified in E30 and GGSP mixtures. In future long-life projects, in surface layer, it is
strongly recommended to use polymer modified binder, limit the RAP/RAS to Tier 1, specify
high film thickness (>9microns) and use E30 (or higher mixtures, i.e., follow the aggregate specs
that come along with E30 and higher mixtures).

In RITF report, it was recommended to have fines/effective binder ratio < 1.2. However,
the GGSP performed exceptionally well in lab tests (fatigue, rutting, and low-temperature
cracking) even though its fines/effective binder ratio was greater than 1.2. Therefore, this RITF
report recommendation probably does not apply to GGSP (or similar Stone Matrix Asphalt)
mixtures.

5.3 Construction-related improvements

In-place HMA density was recommended in the RITF report to be greater than 93%
Gmm. This was achieved in all layers of 1-475 but only leveling and base layers of US-131. The
top GGSP layer had an in-place density of 91.6% (i.e., air voids of 8.4%) on average. It is
recommended to monitor the performance of the top GGSP layer in US-131 and potentially
consider one of the pavement preservation treatments (e.g., spray-on rejuvenator, micro-

surfacing, etc.) to minimize the potential effect of high air voids.
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It appeared that sufficient joint density was achieved in both 1-475 and US-131 projects,

probably because of the echelon paving of the surface (GGSP) layer. Echelon paving of the

surface layer is strongly recommended to be implemented in future long-life projects.

Designing outside lane at 14 ft instead of 12 ft would potentially have increased wheel

wander standard deviation and reduce the rate of damage accumulation. However, the impact of

wheel wander standard deviation in Pavement ME simulation results is not very significant (see

Figure 60 and Figure 61). Therefore, the wider outside lane is probably not needed. So, keeping

the 1-475 and US-131 pavement lanes 12" wide was a good decision.

IRI

IRI (in/mi)

.....

e -
anrt -
e -
weer P
anese® e
peent -
- -

10 15 20
Pavement Age (years)

Rut Depth (in)

) Total RutDepth (Permanent Deformation)

Figure 60 US-131-long-life-TS1: wheel wander standard deviation = 10"

IRI

IRI (in/mi)

apnreett -
aaneet -
cese®*” B
e -
oet® -
- -

10 15 20
Pavement Age (years)

Rut Depth (in)

oS
0.39
.................................... o
....’..o'. "" ------
b o
-
10 15 2
Pavement Age (years)
Total RutDepth (PermanentDeformation)
0.5
0.3¢
.......................................... s

------
-----
-

-

10 15 20
Pavement Age (years)

Figure 61 US-131-long-life-TS1: wheel wander standard deviation = 20"

Intelligent compaction was not used in any of the projects. Intelligent compaction would

have probably reduced the variability of in-place air voids. In 1-475 and US-131 projects,

coefficient of variation (COV = standard deviation/mean) of core air voids ranged from 9% to
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21%. While these COV values are not very large, potentially lower COV of air voids (i.e., more
uniformity) could have been achieved with intelligent compaction.
5.4 QC/QA improvements for both flexible and rigid long-life pavements

The RITF report recommended tightening Percent Within Limits (PWL) requirements for
QC/QA testing. For long life pavements, it was recommended to specify remove/replace when
PWL<75 and when PWL<90 for 30- and 50-year design, respectively. Although this was not
done in these projects and MDOT's standard PWL specs were used, the reviewed QC/QA data
did not lead to a specific concern regarding the quality control/quality assurance.
5.5 Initial Costs

The initial costs per mile of the long-life pavements and their standard counterparts are
shown in Table 49. As shown, based on cross-section cost only, long-life pavements were more
expensive by 42.5% to 59.4%. However, focusing on cross-section costs may be misleading.
Based on the total project cost (per lane mile), the difference ranged from 13.9% to 16.0%. Total
project cost can be considered cross-section costs plus the "other costs” needed to construct that
cross section. Since a pavement cannot be constructed without the "other costs", "other costs”
will be paid regardless of whether long-life or standard cross sections are selected. Since the
"other costs” are quite significant, selecting a long-life cross-section over a standard cross-
section does not change the overall cost significantly.

Table 49 also shows the expected lives without maintenance (fix life) based on Pavement
ME simulations. As shown, the difference in expected life is significantly higher than the
difference in the total project costs. Therefore, long-life pavements are expected to be more cost-

effective than the standard counterparts. An accurate life cycle cost analysis cannot be performed
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because of a lack of actual performance data, when the maintenance treatments would be applied
to these pavements, and how those treatments would extend their lives.

Table 49 Long-life pilot projects initial costs per lane mile

v 7o Expected %
. Cross- | Difference Total Difference pe D
Design . . Life Difference
Section (Cross- Project (Total
(yr.) f . ) : Pavement (Expected
Cost Section Cost Project ME* (yr.) Life)
Project Costl) Cost) yr.
US-131 20 $436,550 $1,338,765 27
30 Year 30 $622,195 42.5% $1,524,410 13.9% 33 22.2%
HMA 30 | $820,829 $2,279,626 50
1-475 50 20 | $510,354 $1,892,846 26
Year 59.3% 16.0% 42.3%
HMA 50 | $812,875 $2,195,367 37

Notes: All costs are per lane-mile of mainline pavement and are from the as-bid results using the bid
amounts for the winning bidder.

It should be noted that these cost increases are project specific and should not be used for network analysis.
For example, specification enhancements that resulted in increased costs may vary from contractor to
contractor depending on their material sources, quality control measures, etc. In particular, the total project
costs can vary significantly from project to project depending on the full scope of work involved for each
project. Furthermore, the actual performance life of these long-life pavements will not be known until
sometime in the future and thus we can only assume that the percentage increase in cost will result in longer
life pavement.

1 - Cost for the pavement and shoulder cross-section pay items. 1-475 is the only one that includes ramps - all
other projects built all the ramps as 20-year designs.

2 - Total project costs include everything but pay items for structures work and lane rental bids. Calculated
as: Total bid amount - structures bid amount (if part of the contract) - lane rental bid amount (if part of the
contract) - total cross-section costs (all designs). This was then divided by total pavement lane miles. This is
the "other costs" amount that is then added to each cross-section cost.

3 - The expected lives shown in this table are predicted values and it is too early to determine if these are
accurate estimates.

5.6 Comments on Future Testing

The LWD data did not provide useful information regarding modulus of the layers,
therefore, running this test is not recommended. The DCP data provided reasonable results only
in certain sections, and in other sections, the DCP results were not useful to derive the modulus
of the layers. While these tests may be useful to assess the relative variability at different

locations along a project length, they are not very useful to estimate moduli of unbound layers,
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especially for the purpose of using ME analyses. Pavement ME versions 2.3 and 2.6,
Mechanistic Empirical Asphalt Pavement Analysis, and PerRoad software have been used to
analyzed the long-life and standard test sections of the pilot projects. The analysis has been done
for 50 years for the long-life sections and 30 years for the standard sections

FWD backcalculations did provide reasonable moduli, but, because of limitations of
existing backcalculation algorithms, sublayer (HMA top, HMA intermediate, HMA base,
unbound base, subbase and subgrade, etc.) moduli could not be obtained. Therefore, FWD is also
not very useful to obtain moduli of individual sublayers, for the purpose of performing ME
analyses. But FWD may be very useful tool to identify the variations on the structural capacity of
different spatial locations along a pavement project.

Instead of intense testing of LWD, DCP and FWD, MDOT should consider collecting
material samples from different layers and perform laboratory testing. These tests include HMA
|E*|, unbound layer Mg, concrete compressive strength, modulus of rupture and CTE. Sampling
frequency can be determined based on the expected variations on the 'batches' of materials
transported to the site, as well as the project length. The ongoing 'testing protocol and ME

recalibration’ project will provide more recommendations on the testing intervals.
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APPENDIX A |G*| MASTERCURVES
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Figure B- 1 |G*| master curves for RTFO aged binders for 1-475: a) 70-28P and 58-34
(Long-life section binders), b) PG 58-34 and 52-34 (Standard section binders)
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Figure B- 2 |G*| master curves for RTFO aged binders for US-131: a) 70-28P and 64-28
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APPENDIX B |[E*| MASTERCURVES
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Figure C- 1 Comparison of |E*| master curves of the top courses for the 1-475 long-life and
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Figure C- 2 Comparison of |[E*| master curves of the levelling courses for the 1-475 long-life
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|E*| Mastercurves- Dynamic modulus test |[E*| Mastercurves- Dynamic modulus test
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Figure C- 3 Comparison of |E*| master curves of the base courses for the 1-475 long-life and
the standard sections: (a) Log-Linear Scale, (b) Log-Log Scale, (c) Phase angle
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Figure C- 4 Comparison of |E*| master curves of the top courses for the US-131 long-life
and the standard sections: (a) Log-Linear Scale, (b) Log-Log Scale, (c) Phase angle
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|E*] Mastercurves- Dynamic modulus test
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APPENDIX C FLOW NUMBER TEST RESULTS

Flow Number Test Results-1-475-NB-TS1
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Figure D- 1 Flow number test results for 1-475 Northbound TS1
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Figure D- 2 Flow number test results for 1-475 Northbound TS2
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Flow Number Test Results-1-475-NB-TS3
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Figure D- 3 Flow number test results for 1-475 Northbound TS3

Flow Number Test Results-1-475 SB-TS1
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Flow Number Test Results-US-131-TS1
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Figure D- 7 Flow number test results for US-131 TS1
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Flow Number Test Results-US-131-TS3
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Figure D- 9 Flow number test results for US-131 TS3

Flow Number Test Results-US 131-TS4
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APPENDIX D IDT TEST RESULTS
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Figure E- 1 IDT test results GGSP 1-475-NB: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 1 GGSP air voids (%)- IDT samples 1-475

GGSP Air voids (%) 1 2 3
TS-1 6.6 8.7 7.0
TS-2 7.2 8.8 7.1
TS-3 6.7 8.5 7.0
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Figure E- 2 IDT test results 4E30 1-475-NB: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 2 4E30 air voids (%)- IDT samples 1-475

4E30 Air voids (%) 1 2 3
TS-1 7.3 8.5 7.4
TS-2 7.3 8.7 7.4
TS-3 7.5 9.0 7.4
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Figure E- 3 IDT test results 3E30 1-475-NB: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 3 3E30 air voids (%)- IDT samples 1-475

3E30 Air voids (%) 1 2 3
TS-1 6.1 74 7.0
TS-2 6.5 8.1 7.0
TS-3 8.0 6.9 7.2
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Figure E- 4 IDT test results 5SE10-TOP 1-475-SB: (a) test section 1, (b) test section 2 and (c)
test section 3

Table E- 4 5E10-TOP air voids (%)- IDT samples 1-475

5E10-TOP Air voids (%) 1 2 3
TS-1 6.5 7.2 6.2
TS-2 6.5 7.3 6.2
TS-3 6.6 6.4 7.1
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Figure E- 5 IDT test results 5SE10-LEV 1-475-SB: (a) test section 1, (b) test section 2 and (c)

test section 3

Table E- 5 5E10-LEV air voids (%)- IDT samples 1-475

5E10-LEV Air voids (%) 1 2 3
TS-1 7.4 6.8 6.3
TS-2 6.3 7.1 6.6
TS-3 6.1 7.3 6.7
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Figure E- 6 IDT test results 3E10 1-475-SB: (a) test section 1, (b) test section 2 and (c) test

section 3

Table E- 6 3E10 air voids (%)- IDT samples 1-475

3E10 Air voids (%) 1 2 3
TS-1 6.8 7.9 7.2
TS-2 6.9 8.0 7.1
TS-3 6.9 8.5 6.7
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Figure E- 7 IDT test results GGSP US-131: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 7 GGSP air voids (%0)- IDT samples US-131

GGSP Air voids (%) 1 2 3 4
TS-1 6.6 7.1 6.8 NA
TS-2 6.7 7.3 7.4 6.8
TS-3 6.7 8.9 6.9 7.4
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Figure E- 8 IDT test results 4E30 US-131: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 8 4E30 air voids (%0)- IDT samples US-131

4E30 Air voids (%) 1 2 3 4
TS-1 6.6 7.4 7.2 NA
TS-2 7.2 6.8 7.5 7.1
TS-3 6.7 7.5 7.0 NA
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Figure E- 9 IDT test results 3E30 US-131: (a) test section 1, (b) test section 2 and (c) test
section 3

Table E- 9 3E30 air voids (%)- IDT samples US-131

3E30 Air voids (%) 1 2 3
TS-1 7.3 8.5 7.5
TS-2 7.1 6.8 6.6
TS-3 7.0 7.3 7.4

174



10 : 10 :
(@) IDT: Test Results _ (b) IDT: Test Results _
8 ——5E10-TS4-1 | . | 8 ——3E10-TS4-4 | ... i
\ -+—5E10-TS4-3 -+— 3E10-TS4-6
— £ - 5E10-TS4-4 — i - 3E10-TS4-7
8 6 e i 8 6 v "_\
© oo ko] B N
T A peffeie g 4
- l, \I ) !/ ’ L \\ \
\
2 Lol 2 L fh A A,
/ ! / \
r | \g A ‘A\
0 (‘/ A L = 0 i e e iy
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2
Displacement (in) Displacement (in)
10 :
(c) IDT: Test Results :
8 - ——2E10-TS4-1 | . i
(! -+—2E10-TS4-3
/ —A— - -
g 6 ‘/f Fola 2E10-TS4-6
e A
X f /z \
T 4 (S
o /
3 A \
dwi \\ \"\\\
£
A
0 L& { Nk . N
0.05 0.1 0.15 0.2 0.25

Displacement (in)

Figure E- 10 IDT test results US-131 test section 4: (a) 5E10, (b) 3E10 and (c) 2E10

Table E- 10 Air voids (%)- IDT samples US-131 test section 4

Air voids (%) 1 2 3
5E10 TS-4 7.1 75 7.3
3E10 TS-4 6.4 7.1 6.9
2E10 TS-4 7.1 7.0 75
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