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ABSTRACT

Moisture damage is one of the major problems that can be faced by a pavement during the
design life. It can tremendously reduce a pavement’s strength and consequently its life.
Moisture sensitivity testing of asphalt mixtures is critical for ensuring performance
expectations are met. Moisture susceptibility is most commonly tested using the modified
Lottman test. The shift towards mechanistic design calls for the utilization of a more
fundamental test to evaluate moisture damage. The evolution of unconfined dynamic modulus
and creep (flow number) tests as performance tests for inclusion in the Superpave mix design
process make these candidate tests for inclusion in moisture sensitivity testing. The challenge
in moisture sensitivity testing is the ability to capture the various mechanisms that cause
moisture damage. Previous research has recommended the use of the dynamic modulus test for
moisture damage evaluation. The dynamic modulus test results can be used to develop master

curves that can be used to predict pavement performance at any temperature and/or frequency.

An objective of this study was to identify the appropriate test that can identify whether a mix is
moisture susceptible or not. Indirect tensile test, dynamic modulus test and flow number test
were investigated to satisfy this objective. Another objective was to use finite element

modeling to evaluate the moisture susceptibility and variability of a mixture.

In the present study, sixteen field procured mixtures were subjected to five different modes of
moisture conditioning: 1. unconditioned without water submersion testing, 2. unconditioned
with water submersion testing, 3. moisture saturation with water submersion testing, 4.
moisture saturation with freeze/thaw conditioning without water submersion testing, and 5.
moisture saturation with freeze/thaw conditioning and with water submersion testing. These

samples were tested for flow number.
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Dynamic modulus tests were performed on both moisture conditioned and unconditioned
samples. The results were used to develop mastercurves. The dynamic modulus results were
used as input to a finite element model in which stochastic variation of the results were

incorporated in the model. The model was validated by the results from the flow number test.

The methodology was applied on sixteen projects and the results were compared to the results
achieved using the AASHTO T283 methodology and dynamic modulus test results. The
dynamic modulus test results show consistency with AASHTO T283 in identifying moisture
sensitivity of a mixture. This dissertation outlines a method for evaluating hot mix asphalt
moisture susceptibility utilizing dynamic modulus testing and is compatible with the proposed
performance testing for accompanying Superpave volumetric mix design. The results of the
proposed mixture dynamic modulus moisture susceptibility method can also be used in the new
M-E PDG for evaluating the moisture susceptibility effects of the tested mixtures. This in part

allows for the evaluation of this environmental effect in the M-E PDG.

The results show that the dynamic modulus test has good potential to identify the moisture
susceptibility of the material provided that it is combined with the field and loading conditions.
The flow number test also showed good potential when it was analyzed using the Ohio State
model. The data showed consistency but a comparison to field performance is needed to
identify whether the results are correlated to field performance or not. The finite element
analysis showed that the results’ variability increase with moisture conditioning and that
moisture conditioned samples are more susceptible to rutting. Finite element model is a good
tool to be combined with the dynamic modulus test to be able to evaluate the moisture

susceptibility based on site condition.
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CHAPTER 1 INTRODUCTION

1.1 Background

Pavements are subjected to a variety stresses during their operational lives. A properly
designed pavement will perform adequately during its design life and the distresses will not
exceed the allowable limits. A good design is one that provides the expected performance with
appropriate economic considerations. One of the factors that lead to premature failure of
pavements is moisture sensitivity. The presence of water in pavements can be detrimental if
combined with other factors such as freeze-thaw cycling. Many factors can affect the moisture
sensitivity of a mix, and can be divided into three main categories. The first category is the
material properties, which include the physical and chemical properties of the asphalt and the
aggregates. The second category is the mixture properties, which include asphalt content, film
thickness, and the permeability of the mixture (interconnectivity of the air voids). The third
category is the external factors; these factors include construction, traffic, and environmental

factors (Santucci 2002).

Moisture damage has been a major concern to asphalt technologists for many years.
Researchers have been searching for a test that differentiates between good and poor
performing asphalt concrete mixtures from stripping potential since the 1920’s (Solaimanian et
al. 2003). Since the 1920’s, it has been known that the problem relates to the loss of adhesion
between asphalt and aggregate and the loss of cohesion within the asphalt binder. The
challenge has been to find a test that identifies moisture susceptible mixes (Solaimanian et al.
2003). The standard test used to identify the moisture susceptibility of asphalt mixtures is the
modified Lottman test, AASHTO T283. AASHTO T283 was used with Marshall mix design
methodology and with the development of the Superpave mix design methodology, the same

method was adopted with the modification of the compaction method. Although AASHTO
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T283 has been used for several years as the standard test for moisture sensitivity, it assists in
minimizing the problem and it does not appear to be a very accurate indicator of stripping
(Brown et al. 2001). Two of the tests that have the potential to replace indirect tensile strength
testing contained within AASHTO T283 are the dynamic modulus and flow number tests. The
advantage of using these two tests is that they are performed by the Asphalt Mixture
Performance Tester (AMPT) and are used to predict the mixture performance. An advantage of
the dynamic modulus test is that it is the main input for level 1 design in the Mechanistic-

Empirical Pavement Design Guide (M-E PDG) (NCHRP 2004).

The finite element method was introduced by R. Courant (1943). The use of the method has
increased significantly with the advancement in computer technology. Currently, the method is
used in several applications. Stochastic finite element analysis is a modification to the finite

element method to include statistical variability in the finite element analysis.
1.2 Problem statement

AASHTO T283 is the standard test used in the moisture susceptibility evaluation of asphalt
mixtures. The results of the test are not very representative of the expected behavior of asphalt
mixtures. The dynamic modulus test measures a fundamental property of the mixture. The
results of the dynamic modulus test can be used directly in the M-E PDG and are considered
very good representation of the expected field performance of the mixture. Further research is
still needed to study how the dynamic modulus results are affected by moisture. The flow
number test was studied in NCHRP Report 589 (Solaimanian et al. 2007) as a candidate test for
moisture susceptibility evaluation and the results of that research were not in favor of using the
flow number test in moisture susceptibility evaluation. The results from the mechanistic tests
can be used in the modeling of the pavement performance. This is done through finite element

analysis of the pavement. Although the finite element method was used several times in
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modeling pavement performance, statistical distribution of the test results was not used in

pavement modeling.
1.3 Objectives

This research has four main objectives. The first objective of is to evaluate the usefulness of the
dynamic modulus and flow number tests in moisture susceptibility evaluation. The second
objective is to compare the results to those achieved using the AASHTO T283 test. The third
objective is to study the effect of different methods of sample conditioning and testing
conditions on the material behavior. The fourth objective is to quantify the effect of the

moisture damage on the pavement and to study the variability in the test data.
1.4 Methodology and approach

The first objective of this research was achieved by running dynamic modulus and flow
number tests on sixteen field procured/laboratory compacted specimens at different
conditioning/test conditions. The dynamic modulus test was performed on unconditioned
samples and samples conditioned by moisture saturation with a freeze-thaw cycle at various
frequencies and test temperatures. The same samples were then tested for flow number. The
second objective was achieved by testing samples using the AASHTO T283 procedure and
comparing the results to those achieved using the dynamic modulus and flow number tests. To
fulfill the third objective, flow number testing was performed on samples with four different
conditioning/testing conditions. The four conditions were: unconditioned without water
submersion, moisture saturated with water submersion testing, moisture saturation with
freeze/thaw conditioning without water submersion testing, and moisture saturation with
freeze/thaw conditioning and with water submersion testing. Five of the sixteen mixes were
tested under a fifth condition, which is unconditioned with water submersion to study the effect

of the water submersion of the samples. The comparison between the results of the
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unconditioned set of sample and the conditioned set was used to evaluate the moisture damage.
The fourth objective was studied by performing a stochastic finite element analysis using the
laboratory results to be able to quantify the moisture damage and the variability of the

laboratory data.
1.5 Hypothesis
The laboratory testing was performed under two main hypotheses that were tested statistically.

e The first hypothesis was that the dynamic modulus test results are directly
affected by moisture conditioning of the samples. The effect of moisture was
studied on the dynamic modulus value, the phase angle, and the combined
effect of dynamic modulus and phase angle represented by the loss modulus
and the storage modulus.

e The second hypothesis was that although the flow number test is not
recommended for the evaluation of the moisture susceptibility of an asphalt
mixture, it can still have value by investigating other parameters that can be

calculated from the test results.
Some additional hypotheses were addressed by answering the following questions:

e  Which test procedure better simulates moisture damage: AASHTO T283,

dynamic modulus, or flow number?
e Do these HMA mixture tests rank the HMA mixtures the same?

e s there a difference between the results from the different conditioning/testing

conditions?
e Does the finite element analysis add value to the moisture study by

quantifying the amount of damage the pavement is subjected to?
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1.6 Significance of work

The significance of this research work is that it employs tests that are commonly used in the
asphalt industry and uses them to evaluate the moisture susceptibility of the mixes. The
research also examines the tests from a perspective different from what was done in previous
research. Finally the use of stochastic finite element analysis is not common in modeling
asphalt pavement performance. This modeling will integrate the statistical properties of the

tested material with the moisture conditioning effect.
1.7 Dissertation organization

This dissertation is divided into nine chapters. The first chapter is an introduction, which gives
a brief background about the topic and a problem statement. In this chapter the research
objectives and hypothesis are presented, the methodology is outlined, and the significance of
the research is presented. Chapter 2 of this dissertation discusses past research and studies that
have been related to moisture damage or moisture susceptibility. Included is a brief description
of the research conducted along with major findings of the studies that directly apply to this
research. The chapter also includes a survey of the major research that was conducted in the
field of asphalt concrete modeling. Chapter 3 outlines the experimental plan and procedures
used to sample, prepare, and test specimens for this research. Chapter 4 presents the results of
the dynamic modulus testing. Chapter 5 presents the results of the flow number testing with a
selection of the parameter that best represents the moisture susceptibility of the mixes. Chapter
6 presents the results from the AASHTO T283 testing. Chapter 7 presents a statistical analysis
comparing the different tests and recommending the most appropriate test. The finite element
analysis that was performed is presented in Chapter 8. The chapter includes the assumptions,
formulation and results of the finite element analysis that was performed. Chapter 9 presents

the summary, conclusions, and recommendations for further research.
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CHAPTER 2 LITERATURE REVIEW

2.1 Moisture susceptibility

The presence of water in an asphalt pavement is unavoidable. Several sources can lead to the
presence of water in the pavement. Water can infiltrate into the pavement from the surface
via cracks in the surface of the pavement, the interconnectivity of the air void system or
cracks, from the bottom due to an increase in the ground water level, or from the sides.
Inadequate drying of aggregate during the mixing process can lead to the presence of water

in the pavement as well (Santucci 2002).

Moisture damage can be defined as the loss of strength and durability in asphalt mixtures due
to the effects of moisture (Little and Jones 2003). Premature failure may result due to
stripping when critical environmental conditions act together with poor and/or incompatible
materials and traffic (Brown et al. 2001). Moisture susceptibility is a problem that typically
leads to the stripping of the asphalt binder from the aggregate and this makes an asphalt
concrete mixture ravel and disintegrate (Brown et al. 2001). Moisture damage can occur due
to three main mechanisms: 1) loss of cohesion of the asphalt film; 2) failure of the adhesion
between the aggregate particles and the asphalt film; and 3) degradation of aggregate
particles due to freezing (Brown et al. 2001). There are six contributing processes that have
been attributed to causing moisture damage in asphalt mixtures: detachment, displacement,
spontaneous emulsification, pore-pressure induced damage, hydraulic scour, and
environmental effects (Little and Jones 2003; Roberts et al. 1996). Not one of the above
factors necessarily works alone in damaging an asphalt concrete pavement, as they can work

in a combination of the processes.
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2.2 Causes of moisture damage

Moisture can damage HMA in two ways: 1) Loss of bond between asphalt cement or mastic
and fine and coarse aggregate or 2) Weakening of mastic due to the presence of moisture.
There are six contributing factors that have been attributed to causing moisture damage in
HMA: detachment, displacement, spontaneous emulsification, pore-pressure induced damage,
hydraulic scour, and environmental effects (Roberts et al. 1996, Little and Jones, 2003). Not
one of the above factors necessarily works alone in damaging an HMA pavement, as they can
work in a combination of the processes. Therefore a need exists to examine the adhesive
interface between aggregates and asphalt and the cohesive strength and durability of mastics
(Graff 1986, Roberts et al. 1996, Little and Jones 2003, Cheng et al. 2003). A loss of the
adhesive bond between aggregate and asphalt can lead to stripping and raveling while a loss of
cohesion can lead to a weakened pavement that is susceptible to premature cracking and pore
pressure damage (Majidzadeh and Brovold 1968, Kandhal 1994, Birgisson et al. 2003). A brief

discussion about these factors is presented in the following part.
2.2.1 Detachment

Detachment is the separation of an asphalt film from an aggregate surface by a thin film of
water without an obvious break in the film (Majidzah and Brovold 1968). Adhesive bond
energy theory explains the rationale behind detachment. In order for detachment not to happen,
a good bond must develop between asphalt and aggregate; this is known as wettability (Scott
1978). As free surface energy of adhesion or surface tension decreases the bond between the
aggregate and asphalt increases. In the presence of water, an asphalt mixture can be considered
a four phase system consisting of aggregate, asphalt, air, and water. The presence of water
reduces the surface energy of the system since aggregate surfaces have a stronger preference

for water than asphalt (Majidzadeh and Brovold 1968). The adhesive bond strengths were
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calculated by Cheng et al. (2002) by measuring the surface energies of components, the

asphalt-aggregate interface, in the presence of water and when under dry conditions.
2.2.2 Displacement

Displacement can occur at a break in the asphalt film at the aggregate surface where water can
intrude and displace asphalt from aggregate (Fromm 1974, Tarrer and Wagh 1991). An
incomplete coating of aggregate particles, inadequate coating at sharp edges of aggregates, or
pinholes in the asphalt film can cause the break in the asphalt film. Scott (1978) used the
chemical reaction theory to explain stripping as a detachment mechanism. The pH of water at
the point of film rupture can increase the process of displacement and therefore increasing the
separation of asphalt from aggregate (Scott 1978, Tarrer and Wagh 1991, Little and Jones
2003).

2.2.3 Spontaneous emulsification

Spontaneous emulsification occurs due to inverted emulsion of water droplets in asphalt
cement (Little and Jones 2003). Water diffuses into asphalt cement and attaches itself to an
aggregate causing a separation between asphalt and aggregate. A loss of adhesive bond occurs
between asphalt and aggregate. Clays and asphalt additives can further aggravate the
emulsification process (Scott 1978, Fromm 1974, Asphalt Institute 1981).

2.2.4 Pore pressure

Pore pressure can develop in an HMA pavement due to entrapped water or water that traveled
into air void systems in vapor form (Little and Jones, 2003, Kandhal 1994). The pore pressure
in an HMA pavement can increase due to repeated traffic loading and/or increases in
temperature as well. If an HMA pavement is permeable, then water can escape and flow out.

However, if it is not permeable, the resulting increased pore pressure may surpass the tensile
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strength of an HMA and strips asphalt film from an aggregate, causing micro-cracking
(Majidzadeh and Brovold 1968, Little and Jones, 2003). Micro-cracking can develop in a
mastic under repeated loading thus resulting in an adhesive and/or cohesive failure (Little and
Jones 2003). The rate of micro-cracking is accelerated by an increase in pore pressure and the
presence of water in HMA. The air void system or permeability of a pavement is an important

property in order to control pore pressure in an HMA pavement.
2.2.5 Hydraulic scour

Hydraulic scour (stripping) occurs at a pavement surface and is a result of repeated traffic tires
on a saturated pavement surface. Water is sucked into a pavement by tire rolling action (Little
and Jones 2003). Hydraulic scour may occur due to osmosis or pullback (Fromm 1974).
Osmosis is the movement of water molecules from an area of high concentration to an area of
low concentration. In the case of HMA, osmosis occurs in the presence of salts or salt solutions
in aggregate pores. The movement of these molecules creates a pressure gradient that sucks
water through the asphalt film (Mack 1964, Little and Jones 2003). The salt solution moves
from an area of high concentration to an area of low concentration. Cheng et al. (2002) show
that there is a considerable amount of water that diffuses through the asphalt cement and

asphalt mastics can hold a significant amount of water.
2.2.6 Environmental effects

Factors such as temperature, air, and water have deleterious effects on the durability of HMA
(Terrel and Shute 1989, Tandon et al. 1998). Other mechanisms such as a high water table,
freeze/thaw cycles, and aging of binder can affect the durability of HMA (Scherocman et al.
1986, Terrel and Al-Swailmi 1994, Choubane et al. 2000). Other considerations such as

construction (segregation and raveling) and traffic are also important.
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2.3 Adhesion theories

Four theories are used to describe the adhesion characteristics between asphalt and aggregate.
The four theories are chemical reaction, surface energy, molecular orientation, and mechanical
adhesion (Terrel and Al-Swailmi 1994). Surface tension of asphalt cement and aggregate,
chemical composition of asphalt and aggregate, asphalt viscosity, surface texture of aggregates,
aggregate porosity, aggregate clay/silt content, aggregate moisture content, and temperature at
the time of mixing with asphalt cement and aggregate are material properties that affect
adhesion (Terrel and Al-Swailmi 1994). A brief explanation of the four theories is presented in

the following parts.
2.3.1 Chemical reaction

The reaction of acidic and basic components of asphalt and aggregate form water insoluble
compounds that resist stripping (Terrel and Al-Swailmi 1992). A chemical bond forms that
allows an asphalt-aggregate mix to resist stripping. The use of basic instead of acidic

aggregates can lead to better adhesion of asphalt to aggregates (Terrel and Al-Swailmi 1992).
2.3.2 Surface energy and molecular orientation

Surface energy can be described by how well asphalt or water coats aggregate particles (Terrel
and Al-Swailmi 1992). Water is a better wetting agent because of its lower viscosity and lower
surface tension than asphalt (Little and Jones 2003). Using surface energy theory to calculate
adhesive bond energies between asphalt and aggregate and cohesive strength of a mastic is
rather complex and will be discussed further under the Tests on Loose Mixtures in Section
2.5.1.

The structuring of asphalt molecules at an asphalt-aggregate interface is molecular orientation.

The adhesion between asphalt and aggregate is facilitated by a surface energy reduction at the
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aggregate surface where asphalt is adsorbed onto a surface (Terrel and Al-Swailmi 1992, Little

and Jones 2003).
2.3.3 Mechanical adhesion

Mechanical adhesion is a function of various aggregate physical properties such as surface
texture, porosity, absorption, surface coatings, surface area, and particle size (Terrel and Al-
Swailmi 1992, Little and Jones 2003). In short, an aggregate with desirable properties that will

not show a propensity to moisture damage within an HMA is desired.
2.4 Cohesion theories

According to Little and Jones (2003), cohesion is developed in a mastic and it is influenced by
the rheology of the filled binder. The cohesive strength of a mastic is a function of the
interaction between the asphalt cement and mineral filler, not just of the individual components
alone. The cohesive strength of a mastic is weakened due to the presence of water through
increased saturation and void swelling or expansion (Terrel and Al-Swailmi 1992, Little and
Jones 2003). Cheng et al. (2002) showed that the cohesive strength can be damaged in various

mixtures by the diffusion of water into asphalt mastics.
2.5 Tests for determining moisture susceptibility

Due to the detrimental effects of moisture, it is important to test the susceptibility of an asphalt
mixture to moisture damage. Many tests are available; some of them are tests for asphalt binder
while others are for asphalt mixes. The tests for asphalt mixes are divided into tests for loose
mixes and tests for compacted mixes. Despite of the availability of tests for moisture

susceptibility, none of them provides high correlation with field performance (Bausano 2006).
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2.5.1 Tests on loose mixtures and asphalt binders

Moisture susceptibility tests that are performed on loose mixtures are conducted on asphalt

coated particles in the presence of water. The two main advantages of these tests are testing

simplicity and inexpensive nature in comparison to compacted specimen test expenses.

Another significant advantage is the use of simple equipment and procedures to conduct

experiments (Solaimanian et al. 2003). The tests are summarized in Table 2-1.

Table 2-1 Moisture Sensitivity Tests on Loose Samples (Solaimanian et al. 2003)

Test Method ASTM AASHTO Other
Technical Bulletin 145, International
Methylene Blue o
Slurry Seal Association (ISSA 1989)
Film Stripping California Test 302 (1999)
Static Immersion D1664-80* | T182-84
Dynamic Immersion No standard exists
Standard Method TMHI1  (Road
Chemical Immersion
Research Laboratory 1986, England)
Virginia Highway and Transportation
Quick Bottle 5 s ‘ Y . P
Research Council (Maupin 1980)
Tex 530-C
Boiling D3625-96
Kennedy et al. (1984)
Rolling Bottle Isacsson and Jorgensen (1987)
Net Adsorption SHRP-A-341 (Curtis et al. 1993)
Thelen (1958)
Surface Energy

Cheng et al. (2002)

Pneumatic Pull-Off

Youtcheff and Aurilio (1997)

*No longer available as ASTM standard.
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2.5.1.1 Methylene blue test

The methylene blue test is used to identify “dirty” aggregates which contain harmful clays and
dust (Solaimanian et al. 2003). If dust or harmful clays are on aggregate particles, they affect
the adhesion of the asphalt binder to the aggregate particles and thus a potential for stripping
may occur in the HMA. This test is used to identify aggregates that contain clays or dust. Since

no asphalt is used, this test cannot measure a potential for HMA stripping.
2.5.1.2 Static immersion test (AASHTO T182)

A sample of HMA mix is cured for 2 hours at 60°C before being placed in a jar and covered
with water. The jar is left undisturbed for 16 to 18 hours in a water bath at 25°C. Again the
amount of stripping is visually estimated by looking at the HMA sample in the jar. The results
of this test are given as either less than or greater than 95% of an aggregate surface is stripped

(Solaimanian et al. 2003).
2.5.1.3 Dynamic immersion test

The dynamic immersion test (DIM) is similar to the static immersion test, but the DIM test is
used to accelerate the stripping effect. Loose mixture is agitated in a jar filled with water in
order to produce a dynamic effect (Solaimanian et al. 2003). Again, the results show that as the
period of agitation increases, the amount of stripping increases, however the tests fail to

simulate pore pressure and traffic which is the case with all loose mixture tests.
2.5.1.4 Film stripping test (California Test 302)

The film stripping test is a modified version of the static immersion test (AASHTO T182-84).
A loose mixture of asphalt coated aggregates is aged in an oven at 60°C for 15 to 18 hours

before being placed in a jar filled with water to cool. The jar with loose mix is rotated at 35

www.manaraa.com



14

revolutions per minute (rpm) for 15 minutes to stir up the mix. Baffels in a jar stir up the mix to
accelerate the stripping process. After 15 minutes the sample is removed, the loose mixture is
viewed under a fluorescent light, and the percentage of stripping is estimated. The results of

this test are given in percentage of total aggregate surface stripped (Solaimanian et al. 2003).
2.5.1.5 Rolling bottle test

Isacsson and Jorgenson (1987) developed the Rolling Bottle Test in Sweden in 1987. The test
is similar to the DIM in that aggregate chips are coated in asphalt and placed in a glass jar filled
with water. The glass jar is rotated to agitate loose HMA. A visual inspection is completed to

note how much asphalt has been stripped from aggregates (Solaimanian et al. 2003).
2.5.1.6 Chemical immersion test

A loose sample of asphalt coated aggregate is placed in boiling water while increasing the
amount of sodium carbonate. The concentration of sodium carbonate is slowly increased until
stripping occurs and the concentration of sodium carbonate is recorded. The recorded number
is referred to as the Riedel and Weber (R&W) number. Zero refers to distilled water, 1 refers to
0.41 g of sodium carbonate and 9 refers to the highest concentration of sodium carbonate or
106 g. The sample is removed from the water and sodium carbonate solution and examined for

stripping (Solaimanian et al. 2003).
2.5.1.7 Boiling water test

Several versions of a boiling water test have been developed by various state agencies
including one from the Texas State Department of Highways and Public Transportation
(Kennedy et al. 1983 and 1984). A visual inspection of stripping is made after the sample has
been subjected to the action of water at an elevated temperature for a specified time (Kennedy

et al. 1983 and 1984, Solaimanian et al. 2003). This test identifies mixes that are susceptible to
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moisture damage, but it does not account for mechanical properties nor include the effects of

traffic (Kennedy et al. 1983 and 1984; Solaimanian et al. 2003).
2.5.1.8 Surface reaction test

A major problem with the tests previously presented tests is the dependence on visual
observation for identifying stripping. The surface reaction test allows a researcher to quantify
the level of stripping on loose asphalt mixtures. This procedure was developed by Ford et al.
(1974). The surface reaction test evaluates the reactivity of calcareous or siliceous aggregates
and reaction response to the presence of highly toxic and corrosive acids. As part of the
chemical reaction, gas is emitted, which generates a pressure and this pressure is proportional
to the aggregate surface area (Solaimanian et al. 2003). This test is based on the premise that

different levels (severity) of stripping result in exposed surface areas of aggregates.
2.5.1.9 Net adsorption test

The Strategic Highway Research Program (SHRP) developed a test called the net adsorption
test (NAT) in the early 1990’s and is documented under SHRP-A-341 (Curtis et al. 1993). This
test examines the asphalt-aggregate system and its affinity and compatibility (Solaimanian et
al. 2003). In addition, this test also evaluates the sensitivity of the asphalt-aggregate pair. In
terms of other tests, the NAT yields mixed results when compared to the indirect tensile test
with moisture conditioned specimens (Solaimanian et al. 2003). The NAT was modified by
researchers at the University of Nevada - Reno and the results were correlated with the
environmental conditioning chamber (ECS) (Scholz et al. 1994). The water sensitivity of a
binder as estimated by NAT showed little or no correlation to wheel-tracking tests on the mixes

according to SHRP-A-402 (Scholz et al. 1994).

www.manaraa.com



16

2.5.1.10 Wilhelmy plate test and universal sorption device

Researchers at Texas A&M University have led in investigating cohesive and adhesive failure
models based on surface energy theory and a moisture diffusion model based on results from
the Universal Sorption Device (USD) (Cheng et al. 2003). The principle behind surface energy
theory is that the surface energy of an asphalt and aggregate is a function of the adhesive bond
between asphalt and aggregate and the cohesive bonding within asphalt (Solaimanian et al.
2003). The Wilhelmy plate is used to determine the surface free energy of an asphalt binder
where the dynamic contact angle is measured between asphalt and a liquid solvent (Cheng et
al. 2003, Solaimanian et al. 2003). The USD test is used to determine the surface free energy of
an aggregate (Cheng et al. 2003, Solaimanian et al. 2003). The surface free energy is then used
to compute the adhesive bond between an asphalt binder and aggregate. Cheng et al. (2002)
showed that the adhesive bond per unit area of aggregate is highly dependent on the aggregate
and asphalt surface energies. Also, this test shows that stripping occurs because the affinity of
an aggregate for water is much greater than that for asphalt thus weakening the bond at the

asphalt-aggregate interface (Cheng et al. 2002).

Current research at Texas A & M University (Bhasin et al. 2006, Masad et al. 2006) has shown
that the moisture resistance of asphalt-aggregate combinations depends on surface energies of
asphalt binders and aggregates. The factors considered are film thickness, aggregate shape
characteristics, surface energy, air void distribution and permeability. The ratio of adhesive
bond energy under dry conditions to adhesive bond energy under wet conditions can be used to
identify moisture susceptible asphalt-aggregate combinations and a ratio of 0.80 should be used
as a criterion to separate good and poor combinations of materials. Dynamic mechanical
analysis tests were conducted to evaluate a mixtures ability to accumulate damage under dry
and moisture conditions. A mechanistic approach using a form of the Paris law was used for

the evaluation of moisture damage. The mechanical properties are influenced by aggregate
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gradation, aggregate shape characteristics, and film thickness. This approach captures the
influence of moisture on crack growth and is able to distinguish good and poor performing

HMA mixtures.
2.5.2 Tests on compacted mixtures

Tests conducted on compacted mixtures include laboratory compacted specimens, field cores,
and/or slabs compacted in a laboratory or taken from the field. Table 2-2 provides moisture
sensitivity tests which have been performed on compacted specimens. From these tests,
physical, fundamental/mechanical properties can be measured while accounting for
traffic/water action and pore pressure effects (Solaimanian et al. 2003). Some disadvantages of
conducting tests on compacted mixtures are the expensive laboratory testing equipment, longer

testing times, and potentially labor intensive test procedures.
2.5.2.1 Immersion-compression test

The immersion-compression test (ASTM D1075-07 (2007) and AASHTO T165-55 (1997)) is
among the first moisture sensitivity tests developed based on testing 100mm diameter
compacted specimens. This test consists of compacting two groups of specimens: a control
group and a moisture conditioned group at an elevated temperature (48.8°C water bath) for
four days (Roberts et al. 1996). The compressive strength of the conditioned and control group
are then measured (Roberts, et al. 1996). The average strength of the conditioned specimens
over that of the control specimens is a measure of strength lost due to moisture damage
(Solaimanian et al. 2003). Most agencies specify a minimum retained compressive strength of

70%. The test details are presented in ASTM Special Technical Publication 252 (Goode 1959).
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Table 2-2 Moisture Sensitivity Tests on Compacted Samples (Solaimanian et al. 2003)

Test Method ASTM AASHTO Other
Moisture Vapor California Test 307 (2000)
Susceptbility Developed in late 1940’s
Immersion-

. D1075-07 | T165-55 | ASTM STP 252 (Goode 1959)
Compression
Marshal Immersion Stuart (1986)

Freeze/thaw Pedestal
Kennedy et al. (1982)
Test

o NCHRP Report 246 (Lottman 1982);
Original Lottman
Transportation Research Record 515
Indirect Tension

(1974)
Modified Lottman 728389 NCHRP Report 274 (Tunnicliff and
Indirect Tension Root 1984), Tex 531-C

NCHRP Report 274 (Tunnicliff and
Tunnicliff-Root D4867-09

Root 1984)
ECS with Resilient SHRP-A-403 (Al-Swailmi and Terrel
Modulus 1994)
Hamburg Wheel

Tex-242-F
Tracking
Asphalt Pavement Pavement Technology Inc., Operating
Analyzer Manual
ECS/SPT NCHRP 9-34 (2002)
Multiple

No standard exists
Freeze/thaw
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2.5.2.2 Marshall immersion test

The procedure for producing and conditioning two groups of specimens is identical to the
immersion-compression test. The only difference is the Marshall stability test is used as the
strength parameter as opposed to the compression test (Solaimanian et al. 2003). There is no

documented number for the minimum retained Marshall stability.
2.5.2.3 Moisture vapor susceptibility

The moisture vapor susceptibility test was developed by the California Department of
Transportation (California Test Method 307 (2000)). A California kneading compactor is used
to compact two specimens. The compacted surface of each specimen is sealed with an
aluminum cap and a silicone sealant is applied to prevent the loss of moisture (Solaimanian, et
al. 2003). After the specimens have been conditioned at an elevated temperature and suspended
over water, testing of the specimens commences. The Hveem stabilometer is used to test both
dry and moisture conditioned specimens. A minimum Hveem stabilometer value is required for
moisture conditioned specimens, which is less than that required for dry specimens used in the

mix design (Solaimanian et al. 2003).
2.5.2.4 Repeated pore water pressure stressing and double-punch method

The repeated pore water pressure stressing and double punch method was developed by
Jimenez (1974) at the University of Arizona. This test accounts for the effects of dynamic
traffic loading and mechanical properties. In order to capture the effects of pore water pressure,
the specimens are conditioned by a cyclic stress under water. After the specimen has
undergone the pore pressure stressing the tensile strength is measured using the double punch
equipment. Compacted specimens are tested through steel rods placed at either end of the

specimen in a punching configuration.
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2.5.2.5 Original Lottman method

The original Lottman test was developed at the University of Idaho by Robert Lottman (1978).
The laboratory procedure consists of compacting three sets of 100mm diameter by 63.5mm
Marshall specimens to be tested dry or under accelerated moisture conditioning (Lottman et al.

1974). Below are the following laboratory conditions for each of the groups:
e Group 1: Control group, dry;
e Group 2: Vacuum saturated with water for 30-minutes; and

e Group 3: Vacuum saturation followed by freeze cycle at -18°C for 15- hours

and then subjected to a thaw at 60°C for 24-hours.

After the conditioning phase the indirect tensile equipment is used to conduct tensile resilient
modulus and tensile strength of conditioned and dry specimens. All specimens are tested at
13°C or 23°C at a loading rate of 1.65mm/min. The severity of moisture damage is based on a
ratio of conditioned to dry specimens (TSR) (Lottman et al. 1974, Lottman 1982). A minimum
TSR value of 0.70 is recommended (NCHRP 246). Laboratory compacted specimens were
compared to field cores and plotted against each other on a graph. The laboratory and field core

specimens line up fairly close to the line of equality.

2.5.2.6 Modified Lottman test (AASHTO T283)

“Resistance of Compacted Bituminous Mixture to Moisture Induced Damage” AASHTO
T283, is the most commonly used test method for determining moisture susceptibility of HMA.

This test is similar to the original Lottman test with only a few exceptions which are:

e Two groups, control versus moisture conditioned,
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e Vacuum saturation until a saturation level of 70% to 80% is achieved, and
e Test temperature and loading rate changed to 50mm/min at 25°C.

A minimum TSR value of 0.70 is recommended, but many agencies specify a TSR value of
0.80 (Roberts et al., 1996). AASHTO T283 was adopted by the Superpave system as the
moisture test method of choice even though AASHTO T283 was developed for Marshall
mixture design. State highway agencies have reported mixed results when using AASHTO
T283 and comparing the results to field performance (Stroup-Gardiner et al. 1992, Solaimanian
et al. 2003). NCHRP Project 9-13 looked at different factors affecting test results such as types
of compaction, diameter of specimen, degree of saturation, and freeze/thaw cycles.
Conclusions from looking at the previously mentioned factors can be seen in the NCHRP
report 444 (Epps et al. 2000). The researchers concluded that either AASHTO T283 does not
evaluate moisture susceptibility or the criterion, TSR, is incorrectly specified. NCHRP 9-13
examined mixtures that have historically been moisture susceptible and ones that have not. The
researchers also examined the current criteria using Marshall and Hveem compaction. A recent
study at the University of Wisconsin found no relationship exists between TSR and field
performance in terms of pavement distress index and moisture damage (surface raveling and
rutting) (Kanitpong and Bahia 2006). Additional factors such as production and construction,
asphalt binder and gradation play important roles whereas mineralogy does not appear to be an

important factor in relation to pavement performance.

AASHTO T283 was developed based on 100mm Marshall compacted specimens. With the
transition from 100mm Marshall compacted specimens to 150mm Superpave compacted
specimens, the standard allowed the use of either 150 or 100mm samples and the requirements
remained the same. Research was done to investigate the effect of the different sample sizes. It

was discovered that three freeze/thaw cycles for conditioning are needed when using
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specimens created using 150mm Superpave specimens (Bausano et al. 2006, Kvasnak 2006).
However, to continue using one freeze/thaw cycle and maintain the same probability level as
attained with a TSR value for 0.80 for 100mm Marshall compacted specimens, a TSR value of
0.87 and 0.85 should be used for 150mm and 100mm Superpave compacted specimens,
respectively. If an 0.80 TSR for 150mm Superpave specimens is used, this would correspond

to a TSR ratio of 0.80 for 100mm Marshall specimens (Bausano et al 2006, Kvasnak 2006).
2.5.2.7 Texas freeze/thaw pedestal test

The water susceptibility test was developed by Plancher et al. (1980) at the Western Research
Institute but was later modified into the Texas freeze/thaw pedestal by Kennedy et al. (1983).
Even though this test is rather empirical in nature, it is fundamentally designed to maximize the
effects of bond and to minimize the effects of mechanical properties such as gradation, density,
and aggregate interlock by using a uniform gradation (Kennedy et al. 1983). An HMA
briquette is made according to the procedure outlined by Kennedy et al. (1982). The specimen
is then placed on a pedestal in a jar of distilled water and covered. The specimen is subjected to
thermal cycling and inspected each day for cracks. The number of cycles to induce cracking is
a measure of the water susceptibility (Kennedy et al. 1983). The benefits of running this test

are some key failures can be seen:
¢ Bond failure at the asphalt-aggregate interface (stripping) and

e Fracture of the thin asphalt films bonding aggregate particles (cohesive failure)

by formation of ice crystals (Solaimanian et al. 2003).
2.5.2.8 ASTM D4867-09 (Tunnicliff-Root Test Procedure)

“Standard Test Method for Effect of Moisture on Asphalt Concrete Paving Mixtures,” ASTM
D4867 is comparable to AASHTO T283. The only difference between AASHTO T283 and
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ASTM D4867 is that the curing of loose mixture at 60°C in an oven for 16 hours is eliminated
in ASTM D4867. A minimum TSR of 0.70 to 0.80 are specified by highway agencies (Roberts
et al. 1996).

2.5.2.9 Hamburg Wheel-Tracking Device (HWTD)

The Hamburg wheel tracking device was developed by Esso A.G. and is manufactured by
Helmut-Wind, Inc. of Hamburg, Germany (Aschenbrener et al. 1995, Romero and Stuart
1998). Two samples of hot mix asphalt beams with each beam having a geometry of 260mm
wide, 320mm long, and 40mm thick are used. This device measures the effects of rutting and
moisture damage by running a steel wheel over the compacted beams immersed in hot water
(typically 50°C) (Aschenbrener et al. 1995). The steel wheel is 47mm wide and applies a load
of 705N while traveling at a maximum velocity of 340mm/sec in the center of the sample. A
sample of HMA is loaded for 20,000 passes or when 20mm of permanent deformation occurs

(Aschenbrener et al. 1995). Some important results the HWTD gives are:
e Postcompaction consolidation: Deformation measured after 1,000 wheel passes;

e Creep Slope: Number of wheel passes to create a Imm rut depth due to viscous

flow;

e Stripping Slope: Inverse of the rate of deformation in the linear region of the

deformation curve; and

e Stripping Inflection Point: Number of wheel passes at the intersection of the

creep slope and stripping slope (Aschenbrener et al. 1995).

www.manaraa.com



24

2.5.2.10 Asphalt Pavement Analyzer (APA)

The APA is a type of loaded wheel test. Rutting, moisture susceptibility, and fatigue cracking
can all be examined with an APA. The predecessor to the APA is the Georgia Loaded Wheel
Tester (GLWT). Similar to the GLWT, an APA can test either cylindrical or rectangular
specimens. Using either specimen geometry, the conditioned and unconditioned samples are
subjected to a steel wheel that transverses a pneumatic tube, which lies on top of an asphalt
sample. As the wheel passes back and forth over the tube, a rut is created in a sample.
Numerous passes lead to a more defined rut and eventually, stress fractures can begin to
manifest as cracks. Modeling these ruts and cracks helps to predict how different combinations
of aggregate and binder for given criteria such as temperature and loading, will react under
varying circumstances. The conditioning of a sample is based upon the characteristic an APA
is testing. One of the main differences between an APA and a GLWT is an APA’s ability to
test samples under water as well as in air. Testing submerged samples allows researchers to

examine moisture susceptibility of mixes (Cooley et al. 2000).

APA results are comparable to field data. A study that compared WesTrack, a full-scale test
track, data with APA results found a strong relationship between field data and laboratory data
(Williams and Prowell 1999). An additional study at the University of Tennessee revealed that
an APA sufficiently predicted the potential for rutting of 30 HMAs commonly used in
Tennessee (Jackson and Baldwin 1999). A study using the APA showed that there is a strong
relationship between water absorbed and APA test data. When the APA results were compared
to those of AASHTO T283, there were no strong relationship between TSR results and APA
test results. The variability of the rut depth data was high, so the study recommended using at
least three replicates (Kvasnak 2006).

To test moisture susceptible HMA samples, specimens are created in the same manner as the

specimens for testing rutting potential without moisture. The samples are placed in an APA,
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which has an inner box that can be filled with water. The samples are completely submerged at
all times during testing; therefore effects of evaporation do not need to be taken into account.
The water bath is heated to a desired test temperature and the air in the chamber is also heated

to the same desired test temperature.
2.5.2.11 Flexural Fatigue Beam Test with Moisture Conditioning

Moisture damage has been known to accelerate fatigue damage in pavements. Therefore,
conditioning of flexural fatigue beams was completed by Shatnawi et al. (1995). Laboratory
compacted beams were prepared from HMA sampled at jobs and corresponding field fatigue

beams were cut from the pavement. The conditioning of the beams is as follows:
e Partial vacuum saturation of 60% to 80%;

e Followed by 3 repeated 5-hour cycles at 60°C followed by 4-hours at 25°C

while remaining submerged; and
e One 5-hour cycle at -18°C (Shatnawi et al. 1995).

The specimens are then removed from a conditioning chamber and tested according to
AASHTO T321. Initial stiffness and fatigue performance were affected significantly by
conditioning the specimens (Shatnawi et al. 1995).

2.5.2.12 Environmental Conditioning System (ECS)

The ECS was developed by Oregon State University as part of the SHRP-A-403 and later
modified at Texas Technological University (Alam et al. 1998). The ECS subjects a membrane
encapsulated HMA specimen that is 102mm in diameter by 102mm in height to cycles of
temperature, repeated loading, and moisture conditioning (Terrel and Al-Swailmi 1994, Al-

Swailmi and Terrel 1992a, Al-Swailmi and Terell 1992b, Terrel and Al-Swailmi 1993). Some
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important fundamental material properties are obtained from using an ECS. These properties
are resilient modulus (Mgr) before and after conditioning, air permeability, and a visual
estimation of stripping after a specimen has been split open (Al-Swailmi and Terrel 1994).
One of the significant advantages of using an ECS is the ability to influence the HMA
specimens to traffic loading and the resulting effect of pore water pressure (Solaimanian et al.
2003) which is close to field conditions. The downfall of the test is that it does not provide a
better relationship to field observation than what was observed using AASHTO T283. Also,
AASHTO T283 is much less expensive to perform and less complex than the ECS.

2.5.2.13 ECS/Simple Performance Test Procedures

As a result of NCHRP Projects 9-19 (NCHRP reports 465), 9-29 (NCHRP reports 513), and 1-
37 (M-EPDG) (Witzack et al. 2002, Bonaquist et al. 2003, and NCHRP 2004); new test
procedures such as asphalt mixture performance tests (AMPTs) are being evaluated. According
to Witczak et al. (2002), an AMPT is defined as “A test method(s) that accurately and reliably
measures a mixture response or characteristic or parameter that is highly correlated to the
occurrence of pavement distress (e.g. cracking and rutting) over a diverse range of traffic and
climatic conditions.” The mechanical tests being looked at are the dynamic modulus |[E*|,
repeated axial load (Fy), and static axial creep tests (Fr). These tests are conducted at elevated
temperatures to determine a mixtures resistance to permanent deformation. The dynamic
modulus test is conducted at an intermediate and lower test temperature to determine a
mixtures susceptibility to fatigue cracking. Witczak et al. (2002) have shown that dynamic

modulus, flow time, and flow number yield promising correlations to field performance.

NCHRP 9-34 is currently looking at the aforementioned tests along with the ECS to develop
new test procedures to evaluate moisture damage (Solaimanian et al. 2003). Solaimanian et al.
(2006) reported that the results of the Phase I and Phase II testing of NCHRP 9-34 show that
the dynamic complex modulus (DCM) test should be coupled with the ECS for moisture
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sensitivity testing. This key finding of NCHRP project 9-34 (NCHRP report 589) show that the
ECS/DCM test appears to separate good performing mixes from poor performing mixes in the
field compared with TSR testing from ASTM D4867 and that the flow number test has high
variability and this makes it not recommended for use in moisture susceptibility testing
(Solaimanian et. al 2007). Bausano (2006) used the dynamic modulus test to determine the
moisture susceptibility of the mixes at rutting temperature and the results were good in
distinguishing the expected mix behavior. The researcher recommended in that study to try
intermediate and midrange temperature to study the effect of moisture at those temperatures

(Bausano 2006).
2.6 Dynamic modulus test

Dynamic modulus is one of the oldest mechanistic tests to be used to measure the
fundamental properties of asphalt concrete. Dynamic modulus testing has been studied since
the early 1960’s by Papazian (1962) and became a standard test in 1979 by the American
Society for Testing and Materials (ASTM) under D3497 ‘Standard Test Method for Dynamic
Modulus of Asphalt Concrete Mixtures’ (ASTM 2003). A sinusoidal (haversine)
compressive axial stress is applied to a test specimen, under the testing procedure for
dynamic modulus. The testing procedure includes using various frequencies and

temperatures to capture the linear visco-elastic properties of the asphalt concrete.

Dynamic modulus is a measure of the relative stiffness of a mix. Mixes that tend to have
good rut resistance at high service temperatures, likewise have a corresponding high
stiffness. Although the tradeoff is at intermediate temperatures, stiffer mixes are often more
prone to cracking for thicker pavements (NCHRP 2004). For this reason, dynamic modulus
testing is conducted over a range of test temperatures and frequencies to measure the linear

visco-elastic properties of asphalt concrete mixtures. The tested ranges of temperature and
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frequencies are used to develop a master curve for each mixture in order to exhibit the

properties of the mixture over a range of reduced temperatures and/or frequencies. The use of

dynamic modulus in moisture susceptibility evaluation was studied and reported to have

good results in NCHRP Report 589 (Solaimanian et. al 2007)

The dynamic complex modulus is determined by applying a uniaxial sinusoidal vertical

compressive load to an unconfined or confined HMA cylindrical sample as shown in Figure 2-

L.
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Figure 2-1 Haversine Loading Pattern or Stress Pulse for the Dynamic Modulus Test

(Witczak et al. 2002)

The stress-to-strain relationship under a continuous sinusoidal load pattern for a linear

viscoelastic material is defined by the dynamic complex modulus, E*. The dynamic modulus,

|[E*|, is the absolute value of the dynamic complex modulus. Mathematically, [E*| is equal to

the maximum peak dynamic stress (c,) divided by the peak recoverable strain (&,):

|E*‘=&
80

2-1)
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The real and imaginary parts of the dynamic modulus can be written as
E*:E"i‘iE" (2-2)

The previous equation shows that E* has two components; a real and an imaginary component.
E' is referred to as the storage or elastic modulus component, while E" is referred to as the loss
or viscous modulus. The angle by which the peak recoverable strain lags behind the peak
dynamic stress is referred to as the phase angle, ¢. The phase angle is an indicator of the

viscous properties of the material being evaluated.

Mathematically, this is expressed as

E*= E*|cosg+i|E*|sing (2-3)
ti

¢ =—x360 (2-4)
tP

where:

ti = time lag between a cycle of stress and strain(s),
t, = time for a stress cycle(s), and
1= imaginary number.

For a purely viscous material, the phase angle is 90°, while for a purely elastic material the
phase angle is 0° (Witczak et al. 2002). The dynamic modulus, a measurable, “fundamental”
property of an HMA mixture is the relative stiffness of a mix. Mixes that have a high stiffness
at elevated temperatures are less likely to deform. But, stiffer mixes at an intermediate test

temperature are more likely to crack for thicker pavements (Shenoy and Romero 2002).
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2.7 Dynamic modulus master curves

The asphalt mixtures are thermorheologically simple materials and the time-temperature
superposition principle is applicable in the linear viscoelastic state. The dynamic modulus and
phase angle of asphalt mixtures can be shifted along the frequency axis to form single
characteristic master curves at a desired reference temperature or frequency that is fitted to a
sigmoidal function. The sigmoidal function reaches asymptotically the limiting mix stiffness.
At low temperatures, the limiting mix stiffness is dependent on the glassy modulus of the
binder, while at high temperatures, the limiting mix stiffness is dependent on the modulus of

aggregate skeleton (Pellinen 2008).

Typically the shift factors ar are obtained from the Williams-Landel-Ferry (WLF) equation
(Williams et al. 1955):

loga; = ———~ (2-5)

C, and C; are constants,
T is the reference temperature, and
T is the temperature of each individual test.

A new method of developing the master curve for asphalt mixtures was developed in research
conducted by Pellinen and Witczak (2002) at the University of Maryland. In this study, master
curves were constructed fitting a sigmoidal function to the measured compressive dynamic

modulus test data using non-linear least squares regression techniques (Pellinen and Witczak
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2002). The shift can be done by solving the shift factors simultaneously with the coefficients of
the sigmoidal function. The sigmoidal function is defined by equation 2-6 (Williams et al.
1955).

loglE’| =5+ (2-6)

1+ eﬂ*}’(l()g(fr)*aT)

where:
log|E"| = log of dynamic modulus;
0 = minimum modulus value;
f, = reduced frequency;
a = span of modulus values;
o1 = shift factor according to temperature; and
B, v = shape parameters.
2.8 Repeated load test (flow number) test

The flow number test (i.e. repeated load test, dynamic creep test) is based on the repeated
loading and unloading of an HMA specimen where the permanent deformation of a specimen
is recorded as a function of the number of load cycles. The stress applied to the specimen is
divided into two parts; seating stress and deviator stress. The deviator stress is applied for 0.1
second followed by a 0.9 second rest period for the specimen at the seating stress. There are
three types of phases that occur during a repeated load test: primary, secondary, and tertiary
flow. In the primary flow region, there is a decrease in strain rate with time followed by a

constant strain rate in the secondary flow region, and finally an increase in strain rate in the
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tertiary flow region. Tertiary flow signifies that a specimen is beginning to deform significantly
and the individual aggregate that makes up the skeleton of the mix is moving past each other
“flow”. The flow number is based upon the onset of tertiary flow (or the minimum strain rate
recorded during the course of the test) (Witczak et al. 2002). The following description is
shown graphically in Figure 2-2.

—J]l—0.1sec L _] 0.9sec

Stress (o)
Strain Rate

Flow Number

Load Applications (N) Log Load Applications (log(N))

1 1
Primary 1 Secondary 1
Flow | Flow :

1 1

Strain (g)

1 Tertiary Flow Number = Minimum Strain Rate
| Flow
1
1

Load Applications (N)

Figure 2-2 Flow Number Loading (Robinette 2005)

Flow number is defined as the number of load applications when shear deformation
begins (Witczak et al. 2002). Flow number testing is similar to pavement loading because
pavement loading is not continuous; there is a dwell period between loadings. This allows a pavement
a certain amount of time to recover some strain induced by the loading. There is good correlation
between field performance and the flow number. The flow number test could be used as a

means of comparing mixes for rut susceptibility (Zhou and Scullion 2003). It was reported in
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NCHRP Report 589 that flow number test results are not satisfactory when it comes to

moisture damage prediction (Solaimanian et. al 2007).

The calculation of flow number was presented in NCHRP report 513 (Bonaquist et al. 2003).
There is a three-step process for flow number calculation. The procedure consists of 1)
numerical calculation of the strain rate; 2) smoothing of the creep data; and 3) identification of
the minimum smoothed creep rate as this is where the flow number occurs. The following

equation was used to determine the creep rate:

d(gp)i _ (5p)i+AN _(gp)i—AN
dN 2AN

2-7)

where:

d(s,)

P7i

dN

= rate of change of strain with respect to cycles or creep rate at i cycle (1/cycle),

(€, )i, sy = strain at i+AN cycles,
(&,)i_ay = strain at i-AN cycles, and

AN = number of cycles sampling points.

The next step required that the data be smoothed through a running average of five points. Two
creep rates before and after and including the creep rate at that instant was used. Equation 2-8

was used to determine the smoothed creep rate:

de; l(dgizAN + déi_an +%+ déi,an n dgi+2ANJ (2-8)

dN 50 dN dN dN  dN dN
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where:

de )
d_lfll = smoothed creep rate at i sec (1/cycles),

Yoiam _ creep rate at i-2AN cycles (1/cycles),

dN

dj—NAN = creep rate at i-AN cycles (1/cycles),

ds _ creep rate at i cycles (1/cycles),

dN

d‘;‘—;\;‘“ = creep rate at i+AN cycles (1/cycles), and

Yoiom _ creep rate at i+2AN cycles (1/cycles).

dN
The final step is to determine the cycle where the minimum creep rate occurs in the data set. If
no minimum occurred during the test, then the flow number is reported as being greater than or
equal to the number of loads applied during the course of the test. When several minimum

creep rates occurred in a data set, then the first minimum value is reported as the flow number.
2.9 Ohio State model

One way to analyze the flow number test results is the Ohio State Model. This model is
presented by Huang (2004). It assumes a linear relationship between log the strain and log the

number of load repetitions. The formula of this relationship is:
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o _AN)" (2-9)
N

where:

&, 1s permanent strain at a specific loading cycle,

N is the loading cycle, and
A and m are regression constants.

Khedr (1986) analyzed the parameters of this relationship and concluded that the parameter
(m) is dependent on the material type. Stress-strain pattern and intensity, stress level, and
dissipated plastic strain energy during the dynamic loading affect the parameter (A). The lines
achieved are nearly parallel, which means that (m) is constant for all samples of the same
material tested under various conditions and is independent of the stress level and temperature,
Figure 2-3. Studying the parameter (A) and applying regression analysis, the result achieved

showed that (A) is a function of the applied deviator stress and the resilient modulus.
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Figure 2-3 Relationship Between ¢,/N and N (1 psi = 6.9 kPa), after (Khedr 1986)
The relationship between log A and log (Mr/0y) is a straight line, Figure 2-4 (Khedr 1986)

AzaMey- (2-10)

Oy

where:

A is the regression constant from equation 2-9,

My is the resilient modulus,
o, is the applied deviator stress, and

a and b are material dependent regression constants.
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Majidzadeh et al (1978) applied these two relationships. They tested specimens by varying the
deviator stress and the temperature. The variation in parameter (m) came out to be
insignificant. They generalized the results by taking an average value for (m) which represents
the all tested samples and then calculated the normalized value of the parameter (A). The
relationship (2-10) was analyzed using the normalized (A) value and both equations came out

to be applicable to all samples tested in that research.

T T | T T T ‘
o Corr. Coef. — 0.888

Parameter A

107" - Sl

10° 104
MR/UCI

Figure 2-4 Relationship Between Parameter A and Mg/o4, After (Khedr 1986)
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2.10 Asphalt pavement analysis and modeling
2.10.1 The beginnings of asphalt pavement analysis

Asphalt pavement mixtures have been around since 1874 (Roberts et al. 2002), with informal
pavement design procedures starting in 1920 (Vesic and Domaschuk 1964). In 1885, Joseph
Boussinesq developed a method for determining induced stresses and strains in an infinite
elastic half-space based on a point load (Coduto 1999). These equations were based on a linear
elastic material and have been applied to asphalt pavements. Donald Burmister was the first
researcher to apply elastic layer theories developed by Love and Timeshenko to determine
stress and displacement of a pavement structure (Burmister 1943). Burmister realized that most
pavements were multi-layer systems and that the theories that were developed by Boussinesq
(infinite elastic half-space) and Boit and later Pickett (infinitely elastic second layer) were not
applicable to such systems. Burmister deemed that settlement was the most important aspect to
consider in pavement design. Burmister used the basic Boussinesq equations to develop his
own set of equations for a two-layered system. A correction coefficient was employed and
compared to that of the Boussinesq results, to verify the solutions. The correction coefficient
was a function of the radius of the load to the thickness of the first layer and the ratio of the
elastic modulus of the second layer to that of the first layer. Burmister demonstrated through
example pavements how the graphical representation of the correction coefficient could be
used in various material and loading conditions for the determination of layer thicknesses. In
addition, an approach for a three-layer system was presented. In the discussion of the paper by
Burmister (1943), T.A. Middlebrook, U.S. Engineer Department, War Department cited that
there was no field knowledge of the true stress-strain characteristics to warrant the use of the
developed method by Burmister. It was also noted that pavement failures are not by deflections

but rather the stresses and strains that are developed under loading (Huang 2003).

www.manaraa.com



39

In an effort to better understand the mechanisms of pavement failure, the critical location
where the failure originates needed to be identified. There are two major modes of failure for
flexible pavement: permanent deformation and fatigue cracking. Kerkhoven and Dormon
(1953) determined that the critical location where rutting was believed to occur could be
readily attributed to compressive strains at the surface of the subgrade. The interface of the
other pavement layers should also be examined to ensure that higher compressive strains do not
persist. The mode of fatigue cracking was found to be the horizontal strains at the bottom of the

asphalt layer (Saal and Pell 1960).

In an effort to validate the mechanistic functions of Boussinesq and Burmister, an analysis of
the AASHO Road Tests was conducted by Vesic and Domaschuk (1964). The true stress-strain
characteristics of a pavement under a variety of loading and environmental conditions were
readily available from this field study. It was determined that the stress distribution and the
deflection basins closely approximated the Boussinesq results. This does not discount
Burmister’s findings but demonstrates that there is a need to better understand the mechanics of
flexible pavement, because field results inherently have greater variability and uncontrollable
environmental conditions. Areas where additional study was suggested were the effects of

pavement temperature, the presence of moisture, and the rate of load application.
2.10.2 Rheological models for asphalt concrete

To better understand flexible pavements response to loading an explanation of the models used
to describe the interaction of loading and the response of flexible pavements was identified by
Lytton et al. (1993). Lytton et al. (1993) present in detail the different models that are used to
describe the elastic, plastic, viscoelastic, and viscoelastoplastic models as they apply to the
different distresses and temperatures that a pavement endures throughout its life. At low
temperatures a linear elastic or viscoelastic model is appropriate, with Maxwell, Kelvin-Voigt,

and Burger components in series or in parallel as illustrated in Figure 2-5. The Burger model
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with Kelvin model elements in series can capture the viscoelastoplastic behavior of a flexible

pavement at the higher temperatures. The reason that a series of Kelvin models are required is

that a single Kelvin model is not adequate to capture the retarded strain that takes place over

time.
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Figure 2-5 Mechanical Models: (a) Maxwell, (b) Kelvin-Voigt, and (¢) Burger

For higher temperatures, flexible pavements response is said to best be described by a

viscoelastoplastic model. A viscoelastoplastic model (Figure 2-6) is representative of a

repeated load, where a load is placed on a pavement and there is instantaneous deformation

followed by some creep; and with the unloading of the pavement, there is an instantaneous

elastic rebound followed by creep recovery. Figure 2-6 displays a single loading cycle and the

materials response due to the loading.
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Figure 2-6 Viscoelastoplastic Component Model (Lytton et al. 1993)

In Figure 2-6, . is the elastic strain - recoverable and time independent, ¢, is the plastic strain -

irrecoverable and time independent, &, is the viscoelastic strain - recoverable and time
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dependent, and &, is the viscoplastic strain - irrecoverable and time dependent (Uzan et al.

1985).
2.10.3 Finite element modeling of asphalt concrete

The first research that studied asphalt as viscoelastic material was that done by Secor and
Monismith (1961). The first application of the finite element analysis was the research by
Duncan et al. (1968), in which the elastic theory was applied. Owen and Hinton (1980)
developed a two dimensional (2D) finite element analysis program. The model that Owen and
Hinton uses is a four parameter model with a spring and dashpot in series and a second spring
and dashpot in parallel to the first series. Additionally, one of the dashpots is modeled with a
friction slider to account for the initial viscoelastic response prior to initial yielding followed by
viscoplastic response. Lytton et al. (1993) developed a similar 2D finite element program, with
only minor modifications based on a viscoelastoplastic model. Two main finite element
programs were developed in the 1980s: ILLI-PAVE (Raad and Figueron 1980) and MICH-
PAVE (Harichandron et al. 1989). The two programs are used in the analysis of the pavement

structures for mechanistic pavement.

Collop et al. (2003) have developed a finite element program named CAPA-3D which uses the
viscoelastoplastic model to determine the stresses throughout an element due to loading. This
program uses the Burger model for material characterization as it was mainly concerned with
permanent deformation. The program allows for the development of the pavement structure
where each layer is characterized by its Young’s Modulus, Poisson’s ratio, and thickness.
Collop et al. (2003) ran a simulation with a load of 700kPa at 20°C to show the stress,
accumulated strain and damage, and equivalent viscosities throughout the element, due to a
single load application. The simulations illustrated that the location of the maximum strain was

dependent on the stress-dependence of the flexible pavement. Stress-dependent pavements
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showed the greatest stress at approximately one-half the thickness of the asphalt layer, whereas
non-stress-dependent pavements showed more of an even distribution of vertical strain. Elseifi
et al. (2006) used the finite element analysis method to compare the material response when the
material was modeled as elastic or as viscoelastic. The conclusion of this study was that the
viscoelastic simulation results in a more accurate simulation of the pavement response (Elseifi

et al. 2006).
2.11 Stochastic finite element analysis

The stochastic finite element model (SFEM) approach was developed by Ghanem and Spanos
(1991). SFEM provides an extension for the deterministic finite element method to incorporate
uncertainties. The stochastic finite element method is defined as a combination between the
finite element method and probabilistic analysis (Haldar and Mahadevan 2000). There are two
main approaches to perform a stochastic finite element analysis. The first approach is the
intrusive approach, in which the variability is applied to the inputs and then implemented in the
stiffness matrix. The second approach is the non-intrusive approach, in which a finite element
software is used as a black box and the variability is applied to the input. In this case, the user
obtains several stiffness matrices (Herzog et al. 2007). Although several studies were done on
asphalt cement concrete using the finite element method, the number of studies that are
reported to use the stochastic finite element approach is very limited. The majority of the
research that utilized the finite element method did a sensitivity analysis, which can include
pavement thickness, effect of different tire loads, etc. The first research that used SFEM in
asphalt pavement application is the research done by Lua and Sues (1996). The researchers
documented that ignoring uncertainties and spatial variability in pavements implies a false
sense of accuracy. The researchers also concluded that including spatial variability is a more
accurate representation of the field physical conditions (Lua and Sues 1996). Another research

study (Stolle 2002) used the stochastic finite element simulation to backcalculate the layer and
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subgrade moduli variability that corresponds to the scatter achieved using the falling weight

deflectometer (FWD). It was concluded that stochastic finite element method provided a

powerful tool for evaluating the sensitivity of the response of the system parameters. (Stolle

2002).
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CHAPTER 3 EXPERIMENTAL PLAN AND TEST SETUP

3.1 Experimental plan

Loose samples were procured from sixteen projects that were constructed within the
state of lowa. The mixes were selected to cover a wide range of material properties. The
mixes sampled include base course, intermediate course, and surface course mixes. Three
traffic levels were considered; <3, 3-10, and >10 million equivalent single axle loads
(ESALs). Two nominal maximum aggregate mixes (NMAS); 12.5 and 19.0mm were used
and three binder performance grades (PG 58-25, PG 64-22, and PG 70-28) are represented.
The properties of the mixes are presented in Table 3-1. The samples were compacted using a
Pine Superpave gyratory compactor to obtain samples that are 100mm in diameter and
approximately 150mm in height. All samples were compacted to 7+1% air voids. The
experimental plan was developed to be able to test the samples under different conditions that
might occur in the field. The samples were subjected to five different modes of moisture
conditioning: 1. unconditioned without water submersion testing, 2. unconditioned with
water submersion testing, 3. moisture saturation with water submersion testing, 4. moisture
saturation with freeze/thaw conditioning without water submersion testing, and 5. moisture
saturation with freeze/thaw conditioning and with water submersion testing. Five replicates
were tested in each condition for each mix. The five conditions were tested under the flow
number test scheme. Condition 2 was only tested on five of the sixteen mixes. It was not
possible to run the dynamic modulus test in the case of water submersion because the test
protocol dictates the use of external linear variable differential transformers (LVDTs) on the
sides of the specimen. As a result dynamic modulus test was performed on unconditioned
samples (condition 1) and samples conditioned with one freeze-thaw cycle (condition 4). The
test was performed at two different temperatures (4 and 21°C) and nine frequencies (0.1, 0.3,

0.5, 1.0, 3.0, 5.0, 10.0, 15.0, and 25.0Hz). The samples used in the dynamic modulus testing
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were then used in the flow number testing. Ten samples not five were tested in condition 4
because the samples were used in conditions 4 and 5 for flow number testing. Ten gyratory
compacted samples 100mm in diameter and 62.5mm in height with 7+1% air voids. The
samples were split into two groups with equal average air voids. One of the groups was used
as a control and the second group was conditioned with one freeze/thaw cycle (condition 4).

Table 3-2 summarizes the testing plan, where each X represents a sample tested.

Table 3-1 Properties of Sampled Mixes

NMAS | Binder Traffic Level
Project Name Designation
(mm) PG Million ESALSs
HWY 330 Base 19.0 64-22 <3 330B
HWY 218, Tripoli 19.0 64-22 <3 218
I-80 Base 19.0 64-22 >10 180B
[-235 Intermediate 19.0 70-28 >10 2351
6th St. Nevada 12.5 64-22 <3 O6N
Dedham 12.5 58-28 <3 Ded
Rose Street 12.5 64-22 <3 Rose
F-52 12.5 58-28 <3 F52
Northwestern Avenue 12.5 64-22 <3 NW
HW 4 12.5 58-28 <3 HW4
HWY 330 Int. 12.5 64-22 3-10 3301
Jewell 12.5 64-22 3-10 Jewell
HWY 330 Surface 12.5 64-22 3-10 330S
I-80 Surface 12.5 64-22 >10 I80S
[-235 Surface 12.5 70-28 >10 235S
Altoona 12.5 64-22 >10 ALT
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Test Condition 1 | Condition 2* | Condition 3 | Condition 4 | Condition 5
Dynamic XXXXX
XXXXX
Modulus XXXXX
Flow Number XXXXX XXXXX XXXXX | XXXXX | XXXXX
AASHTO T283 | XXXXX XXXXX
* This condition was applied to five mixtures only.
A summary of the experimental plan is presented in Figure 3-1.
16 Field Mixes from Iowa
|
i 4 y
Indirect Tensile | — Dynamic Modulus | — Flow Number
Unconditioned Unconditioned Unconditioned/Air

F. Conditioned

F. Conditioned

W. Conditioned/Water

F. Conditioned/Air

F. Conditioned/Water

Unconditioned/Water

Finite Element Calibration

Stochastic Finite Element

Figure 3-1 Summary of the Experimental Plan
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3.2 Sample conditioning

The conditioning of the samples was done in accordance with AASHTO T283 Resistance of
Compacted Bituminous Mixture to Moisture Induced Damage (AASHTO 1993). Specimens
were compacted according to section 4.2.3 in AASHTO T283 and divided into two subsets so
that each subset had the same average air voids. The dry subset (control group) deviated from
the standard specification as the samples were placed in an environmental chamber rather than
being wrapped with plastic or placed in a heavy-duty, leak-proof plastic bag and stored in a
water bath at 25+0.5°C for 2 hours = 10 minutes prior to testing. The conditioning of the
conditioned subset specimens was done by placing the samples in a pycnometer with a spacer.
Approximately 25mm of water was placed above the specimen. The specimens were vacuum
saturated for 5 to 10 minutes at 13-67 kPa. The specimens were left submerged in water bath
for 5 to 10 minutes after vacuum saturating. The mass of the saturated, surface dry specimen
was determined after partial vacuum saturation. Next, the volume of absorbed water was
calculated. Finally, the degree of saturation was calculated. If the degree of saturation was
between 70% and 80% testing proceeded. If the degree of saturation was less than 70%, the
vacuum saturation procedure was repeated. If saturation was greater than 80%, the specimen
was considered damaged and discarded. If the sample required a freeze/thaw cycle, each
vacuum saturated specimen was tightly covered with plastic wrap and placed in a plastic bag
with approximately 10+0.5 ml of water, and sealed. The plastic bags were then placed in a
freezer at -18+3°C for a minimum of 16 hours. After the freeze/thaw cycle, the final steps are
the same for moisture conditioning with or without freeze/thaw cycling. The next step is to
place the samples in a water bath at 60+1°C for 24+1 hour with 25mm of water above the
specimens. The specimens were then removed and placed in a water bath at 254+0.5°C for 2
hours + 10 minutes. Approximately 25mm of water should be above the specimens. Not more
than 15 minutes should be required for the water bath to reach 254+0.5°C. If needed, ice could

be used to prevent temperature increase. The specimens are then ready for testing.
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3.3 Dynamic modulus test

The test setup was derived from NCHRP Report 547 (Witczak 2005). The test was
performed using a universal servo-hydraulic testing system inside a temperature controlled
environmental chamber that was set to the designated test temperature. The test was a strain
controlled test, in which the strain was maintained at 80 microstrain to be able to capture the
linear visco-elastic behavior of the material. The vertical deformation measurements were
obtained using four LVDTs with a 100-mm gage length. They were attached to the specimen
by aluminum buttons which were fixed on the specimen surface using Epoxy glue. One
average strain measurement was obtained from the four LVDTs and this average strain was

then used to control the test. The test setup is shown in Figure 3-2.

Load

Specimen

«— LVDT

Figure 3-2 Dynamic modulus test setup (NCHRP Report 547)

The test was performed at two different temperatures (4 and 21°C) and nine frequencies (0.1,
0.3,0.5, 1.0, 3.0, 5.0, 10.0, 15.0, and 25.0Hz). At each frequency-temperature combination, the
dynamic modulus value and the phase angle were calculated. The concept of time-temperature

superposition was applied to the results from these temperatures and frequencies to develop a
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master curve for each mix. The master curve can be used to predict the modulus at other
temperatures and frequencies. The use of more frequencies and less temperatures is more

practical because it reduces the testing time.
3.4 Flow number test

The testing procedure described herein was derived from NCHRP report 465 (Witzack et al.
2002) and NCHRP report 513 (Bonaquist et al. 2003). This testing protocol has been referred
to as Protocol W1: Simple Performance Test for Permanent Deformation Based Upon

Repeated Load Test of Asphalt Concrete Mixtures.

A 100-mm diameter by 150-mm high cylindrical specimen was tested under a repeated
haversine compressive stress at a single effective temperature unconfined. A UTM 14P
machine was used to conduct the tests with a temperature controlled testing chamber. The load
was applied for a duration of 0.1-sec and a dwell period of 0.9-sec. No design axial stress
levels have been stipulated in the NCHRP 465 or 513 Protocols. The deviator stress used in
testing the sixteen mixtures was 600kPa (87psi) which is analogous to the load used in the
Superpave gyratory compactor. Since no confining pressure was used, the axial stress is the
deviator stress stated (600kPa). The effective test temperature was selected to be 37°C, which
is representative of the effective rutting temperature in the state of lowa. The temperature
inside the environmental chamber was checked using a probe inserted in a dummy sample. The
strains for these tests were measured directly through the machines actuator as opposed to
affixing axial LVDTs to the sides of the specimen. Affixing axial LVDTs to the side of the
specimen is not suitable to the test conditions because of the high deformation levels expected

during the test.

Specimens were placed in the testing chamber for a minimum of two hours as specified in

Protocol W1 to ensure that the test temperature was obtained in the test specimens. After the
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test temperature had been reached, the specimen was then centered under the loading platens so
as to not place an eccentric load on the specimen. The test was conducted in accordance with
the aforementioned parameters. Depending on the test condition designated for the sample, the
sample was either placed in water or not. The water in the container was at the designated test

temperature. The test setup is shown in Figure 3-3.

Figure 3-3 Flow Number Test Setup

The loading regime was applied to the specimens for a total of 40,000 continuous cycles or
until the specimen failed and results in excessive tertiary deformation, which ever occurred
first. Excessive deformation was considered 100,000pustrain. The exact length of the test was

variable from one mixture to the next because of the different material properties.
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3.5 Indirect tensile strength testing

The testing procedure described herein is derived from the AASHTO T283 Resistance of
Compacted Bituminous Mixture to Moisture Induced Damage (AASHTO 1993). The indirect
tensile strength of the dry and conditioned specimens was determined at 25°C. The specimen
was placed between two bearing plates in the testing machine such that the load is applied
along the diameter of the specimen as shown in Figure 3-4. A Universal Testing Machine was

used to conduct the testing.

Figure 3-4 Indirect Tensile Strength Test Setup

The load is applied at a constant rate of movement of the testing machine head of 50mm per
minute. The maximum load is recorded and placed in the equation 3-1 in order to calculate

tensile strength.
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S _ 2000x P
Y ozxtxD (3-1)
where:

S; = tensile strength (kPa),

P = maximum load (N),

t = specimen thickness (mm), and
D = specimen diameter (mm).

A numerical index or resistance of an HMA mixture to the effects of water is the ratio of the

original strength that is retained to that of the moisture conditioned strength.

S

TSR =2
S

(3-2)
where:

TSR = tensile strength ratio,

S2 = average tensile strength of conditioned subset, and

S1 = average tensile strength of dry subset.
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CHAPTER 4 DYNAMIC MODULUS TEST RESULTS AND
ANALYSIS

4.1 Approach

The dynamic modulus was performed on two groups of samples: control and moisture
conditioned samples. The dynamic modulus values and phase angles were calculated for the
mixes at the different frequency-temperature combinations. The approach of this analysis was
to evaluate the change of dynamic modulus and its associated parameters (phase angle, storage
modulus, and loss modulus) and see which of these parameters is linked directly to moisture
damage. A visual representation of the results is presented by plotting the mastercurves for the

different mixes for both the control and conditioned groups.
4.2 Dynamic modulus test results

The results of the dynamic modulus test and phase angle for both the control and conditioned
groups are presented in appendix B. The E* ratios were then calculated by dividing the
dynamic modulus results from the moisture conditioned group over those from the control
group (Table 4-1). The lower the E* ratio, the greater the effect of moisture conditioning on a
specific mix. The E* ratios appear to vary with test temperature and frequency. The general
trend is that the E* ratio decreases with an increase in temperature and/or a decrease in
frequency. This variation provides the impetus for performing a statistical analysis to check the
variability in the results. The phase angle ratios are presented in Table 4-2. The increase in the
phase angle ratio indicates greater moisture damage. The general trend is that the phase angle
values increase with moisture conditioning. This means that the moisture conditioned samples
are more viscous compared to the control samples. The phase angle ratio decreases with the

decrease in test frequency and an increase in test temperature.
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Nl\;[:ze Temp | 25Hz | 15Hz | 10Hz | SHz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 41 097 093] 1.01] 089 ] 0.86 | 0.84 0.79 0.83 0.78
6N 21 1.02 1.00| 1.00| 097 ] 094 | 0.93 0.91 0.88 0.81
218 4| 1.04 1.02 ] 1.03 ] 1.02 | 1.05| 1.01 1.01 1.01 1.00
218 21| 1.16 1.16 | 1.14 ] 1.13 | 1.23 | 1.13 1.07 1.05 0.94
2351 41 090 0.88 | 0.88 ] 0.87] 0.83 | 0.84 0.84 0.84 0.84
2351 21| 0.90 090 | 090] 089 | 0.87 | 0.86 0.84 0.85 0.83
235s 4] 1.15 1.13 ] 1.14 ] 1.13 | 1.18 | 1.12 1.11 1.11 1.09
235s 21| 1.21 120 1.19] 1.19 | 1.30| 1.21 1.17 1.20 1.11

330B 41 093 092 095] 093] 096 | 0.91 0.91 0.93 0.93

330B 21| 1.10 111 1.2 ] 1.12 ] 1.22 | 1.16 1.11 1.04 1.04
3301 41 1.07 1.04 | 1.04] 1.03 | 1.03 | 1.02 0.99 1.02 1.01
3301 21| 1.17 1.17] 1.16 | 1.16 | 1.15| 1.18 1.16 1.14 1.15
330s 41 0.99 099 | 098 | 098] 096 | 0.94 0.93 0.92 0.89
330s 21| 0.85 0.83 | 0.82] 0.82] 0.79 | 0.80 0.84 0.88 0.88
ALT 41 099 099 098] 097 ] 096 | 0.95 0.95 0.95 0.93
ALT 21| 1.11 1.12| 1.11] 1.10| 1.10 | 1.09 1.09 1.08 1.04
Ded 41 0.90 090] 091 | 092 | 094 0.85 0.88 0.86 0.96
Ded 21| 1.12 1.11 ] 1.12] 1.11 | 1.25] 1.08 1.05 0.92 0.86
F52 41 1.02 1.02 | 1.02 ] 1.02 | 098 | 0.95 0.96 0.92 0.85
F52 21| 1.11 1.09| 1.07 ] 1.05] 1.06 | 1.02 0.95 0.86 0.81

HW4 41 092 092] 091 | 0.89 | 0.87 | 0.87 0.86 0.85 0.89

HW4 21| 0.67 0.66 | 0.66 | 0.68 | 0.64 | 0.71 0.81 0.87 0.90
180B 4| 1.01 1.01 ] 1.02] 1.01 | 1.00 | 1.01 0.99 0.98 1.00
180B 21| 0.98 1.02 | 1.03 ] 1.03 | 1.03 | 1.04 1.06 1.00 1.01
180s 41 093 0.88| 091 ] 090 ] 092 | 0.86 0.86 0.87 0.83
180s 21| 091 093] 093 | 091 ] 094 | 0.87 0.86 0.85 0.79

Jewell 4| 1.06 1.03 ] 1.04] 1.01 | 1.06 | 1.00 0.99 1.00 0.98

Jewell 21| 1.20 1.19| 1.18 ] 1.18 | 1.28 | 1.19 1.17 1.14 1.12
NW 41 0091 0.89 | 0.90] 090 ] 0.92| 0.89 0.87 0.88 0.88
NW 21| 1.05 1.07| 1.07 ] 1.07| 1.17| 1.09 1.06 1.05 1.04
Rose 41 094 0.89 | 088 | 0.89 | 0.87 ] 0.84 0.83 0.84 0.79
Rose 21 ] 0.85 0.84 ] 084 0.82| 0.79| 0.75 0.75 0.73 0.69

www.manaraa.com



Table 4-2 Phase Angle Ratios

56

Nl\;[:ze Temp | 25Hz | 15Hz | 10Hz | SHz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 4] 1.83 121 1.25] 121 | 1.25] 1.17 1.13 1.15 1.36
6N 21| 1.14 1.12 | 1.12] 113 | 1.13 ] 1.12 1.14 1.15 1.08
218 41 1.19 1.01] 1.09| 1.07] 1.06 | 1.10 1.06 1.06 1.24
218 21| 1.03 1.02] 1.02] 1.02 | 098 | 1.01 1.03 1.02 1.00
2351 4] 1.26 1.16 | 1.16 | 1.14| 123 | 1.12 1.19 1.19 1.20
2351 21| 1.08 1.09| 1.08| 1.07] 1.04| 1.06 1.02 1.05 1.03
235s 4] 093 093 | 093] 094 ] 096 | 0.99 0.92 0.98 1.03
235s 21| 099 099 1.00| 1.00 | 096 | 1.00 0.96 1.02 0.99
330B 41 098 1.09] 1.07] 1.04 | 1.04| 0.99 1.04 1.12 1.28
330B 21| 1.06 1.00 | 1.00| 1.00 | 097 | 1.00 0.93 1.02 1.00
3301 4] 1.23 1.12| 1.10] 1.10 | 1.06 | 1.05 1.06 1.09 1.35
3301 21| 1.01 1.00 | 1.00| 1.00| 097 | 0.99 0.95 0.99 1.00
330s 41 1.20 .17 121 127 | 132 ] 1.28 1.31 1.36 1.53
330s 21| 1.11 .11 1.12 ] 1.14 | 112 | 1.17 1.13 1.18 1.26
ALT 41 225 1.28 | 1.17] 113 | 1.12 ] 1.12 1.16 1.20 1.38
ALT 21| 1.05 1.03 ] 1.02] 1.03] 1.01 | 1.04 1.05 1.03 1.05
Ded 4] 1.12 1.05] 1.06 | 1.03 ] 1.07 | 0.97 0.96 1.05 1.25
Ded 21| 1.02 099 098] 099 099 | 1.01 1.00 1.02 1.10
F52 4] 138 1.10| 1.09| 1.10] 1.13 | 1.05 1.07 1.07 1.67
F52 21| 1.05 1.05| 1.07] 1.06 | 1.00 | 1.05 1.08 1.10 1.05
HW4 41 122 120 1.15] 1.16 ] 125 1.11 1.15 1.09 1.09
Hw4 21| 1.15 1.17 | 121 ] 127 ] 125 1.32 1.39 1.39 1.45
180B 41 122 .18 | 1.12] 1.10| 1.11 | 1.09 1.03 1.00 1.03
180B 21| 097 099 1.01 | 1.02| 1.01 | 1.00 0.97 0.99 1.04
180s 41 173 130 | 128 ] 124 ] 120 | 1.16 1.17 1.26 1.50
180s 21| 1.14 1.14 | 1.13] 113 | 1.15] 1.12 1.15 1.16 1.19

Jewell 4] 125 .17 1.13] 1.11 | 1.10] 1.07 1.09 1.10 1.17

Jewell 21| 097 099 099] 099 098 | 0.97 0.98 0.98 0.92
NW 41 145 135 122 134 | 134 | 1.28 1.40 1.59 1.80
NW 21| 130 128 | 126 1.25] 125| 1.25 1.24 1.32 1.26
Rose 4| 1.17 1.09| 1.11] 1.10 | 1.15| 1.06 1.03 1.06 1.26
Rose 21| 1.04 1.02] 1.03] 1.03| 1.00 ] 1.01 1.00 0.97 0.93
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4.3 Statistical analysis

A statistical analysis was performed to test the hypothesis that the results at different
temperature-frequency combinations are statistically different. A pair-wise comparison using a
level of significance (a) of 0.05 was performed between the ratios for the sixteen mixes at each
of the temperature — frequency combinations to those at the other frequency-temperature
combinations. The results of this statistical analysis are presented in Table 4-3 and show that
there are statistical differences between the results. This means that the temperature and the
loading frequency are significant factors and that they affect the extent of moisture damage to
which the mix is subjected. The same analysis was performed on the phase angle ratio (Table
4-4). The analysis also showed that many of the temperature-frequency combinations are

statistically different from the other combinations.

Figures 4-1 and 4-2 show the E* ratio distribution for all the mixes with respect to temperature
and frequency, respectively. It appears from Figure 4-1 that the range of ratios at 21°C is larger
than that at 4°C. The Tukey-Kramer all pair comparison method was used to test whether the
mixes are statistically different from each other or not. This was used to group the mixes that
show no statistical difference from each other. The results of the comparison are presented in
Tables 4-5 and 4-6 for the E* ratio and phase angle ratio results, respectively. Ranking of the
mixes at the different temperature-frequency combinations using E* ratios are presented in

Table 4-7, while those using phase angle ratios are presented in Table 4-8.
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Table 4-3 Statistical Comparison between the Different Temperature-Frequency Combinations for E* Ratios*

Temp- 4- 4- asiz | a3nz | 4-1mz 4- 4- 4- 21- 21- 21- 21- 21- 21- 21- 21- 21-
Freq. 15Hz 10Hz 0.5Hz 0.3Hz 0.1Hz 25Hz 15Hz 10Hz SHz 3Hz 1Hz 0.5Hz 0.3Hz 0.1Hz
4-25Hz 0.0011 | 0.1652 | 0.0018 [ 0.0591 | 0.0001 [ 0.0001 | 0.0001 | 0.0008 | 0.1919 | 0.2087 | 0.2519 0.336 | 0.1698 | 0.5000 [ 0.7161 | 0.6452 | 0.1379
4-15Hz 0.0958 | 0.2506 | 0.7577 | 0.0001 | 0.0001 | 0.0002 | 0.0039 | 0.0722 | 0.0813 | 0.1013 | 0.1374 | 0.0837 | 0.2366 | 0.3186 | 0.8034 [ 0.3511
4-10Hz 0.0631 | 0.5643 | 0.0003 | 0.0004 | 0.0002 | 0.0025 | 0.1113 | 0.1244 | 0.1529 | 0.2118 | 0.1154 | 0.3482 | 0.5019 | 0.8812 | 0.2143
4-SHz 0.8056 | 0.0001 | 0.0001 [ 0.0001 | 0.0038 | 0.0456 | 0.0511 | 0.0645 | 0.0893 | 0.0587 | 0.1711 | 0.2287 | 0.6528 | 0.4506
4-3Hz 0.0006 [ 0.0001 | 0.0001 [ 0.0009 | 0.0339 | 0.0375 | 0.0490 | 0.0673 | 0.0385 | 0.1369 [ 0.1868 | 0.6553 | 0.3667
4-1Hz 0.0846 | 0.1321 | 0.1866 | 0.0075 | 0.0080 | 0.0104 | 0.0133 | 0.0145 | 0.0290 | 0.0244 | 0.0769 | 0.7566
4-0.5Hz 0.6091 | 0.4711 | 0.0039 | 0.0042 | 0.0055 [ 0.0069 | 0.0084 | 0.0164 | 0.0127 | 0.0452 [ 0.5411
4-0.3Hz 0.3351 | 0.0035 | 0.0038 [ 0.0049 | 0.0062 | 0.0085 [ 0.0153 | 0.0108 | 0.0350 | 0.5749
4-0.1Hz 0.0027 | 0.0027 | 0.0031 | 0.0033 [ 0.0041 | 0.0070 | 0.0026 [ 0.0107 | 0.2949
21-25Hz 0.8845 | 0.4546 | 0.1230 | 0.2473 | 0.1659 | 0.1010 | 0.0510 | 0.0175
21-15Hz 0.1380 | 0.0186 | 0.1997 [ 0.1107 | 0.0810 | 0.0467 | 0.0154
21-10Hz 0.0362 | 0.1309 | 0.1826 | 0.1069 | 0.0608 | 0.0183
21-5Hz 0.0535 | 0.3466 | 0.1437 | 0.0731 | 0.0190
21-3Hz 0.0155 | 0.0337 | 0.0300 | 0.0123
21-1Hz 0.2209 | 0.0929 | 0.0181

21-0.5Hz 0.0817 | 0.0055

21-0.3Hz 0.0047

*Numbers in bold are statistically significant at a=0.05
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Table 4-4 Statistical Comparison between the Different Temperature-Frequency Combinations for E* Ratios*

Temp- 4- 4- asiz | a3nz | 4-1mz 4- 4- 4- 21- 21- 21- 21- 21- 21- 21- 21- 21-
Freq. 15Hz 10Hz 0.5Hz 0.3Hz 0.1Hz 25Hz 15Hz 10Hz SHz 3Hz 1Hz 0.5Hz 0.3Hz 0.1Hz
4-25Hz | 0.0152 | 0.0128 | 0.0151 | 0.0307 | 0.0078 [ 0.0102 | 0.0305 | 0.8363 | 0.0043 | 0.0036 | 0.0044 | 0.0052 | 0.0028 | 0.0056 | 0.0039 [ 0.0094 | 0.0105
4-15Hz 02295 | 0.1674 | 0.9498 | 0.0197 | 0.0539 | 0.9251 | 0.0023 | 0.0012 [ 0.0004 | 0.0009 [ 0.0022 | 0.0002 | 0.0046 | 0.0059 | 0.0375 | 0.0563
4-10Hz 0.7255 | 0.3183 | 0.0314 | 0.2543 | 0.6224 | 0.0012 | 0.0023 | 0.0006 | 0.0015 | 0.0048 [ 0.0004 | 0.0116 | 0.0151 [ 0.1055 | 0.1363
4-5Hz 0.0680 [ 0.0046 | 0.1146 | 0.3951 | 0.0004 | 0.0007 | 0.0001 [ 0.0004 | 0.0020 | 0.0001 [ 0.0060 [ 0.0117 | 0.0806 | 0.1259
4-3Hz 0.0015 | 0.0138 | 0.9599 | 0.0020 | 0.0001 | 0.0001 | 0.0001 [ 0.0001 | 0.0001 | 0.0002 [ 0.0008 | 0.0090 | 0.0233
4-1Hz 0.4392 | 0.0545 | 0.0002 | 0.0704 | 0.0150 [ 0.0313 | 0.0919 | 0.0101 | 0.1352 | 0.1529 | 0.5820 | 0.5869
4-0.5Hz 0.0209 | 0.0001 | 0.0379 | 0.0117 | 0.0272 [ 0.0657 | 0.0091 | 0.0802 | 0.0958 | 0.3534 | 0.3936
4-0.3Hz 0.0002 [ 0.0042 | 0.0029 | 0.0077 [ 0.0175 | 0.0033 | 0.0206 | 0.0291 | 0.0726 | 0.1019
4-0.1Hz 0.0001 | 0.0001 | 0.0001 | 0.0001 [ 0.0001 | 0.0002 | 0.0002 [ 0.0003 | 0.0007
21-25Hz 0.1762 | 0.5805 | 0.9067 | 0.1152 | 09632 | 0.7744 | 0.3241 | 0.5569
21-15Hz 0.4156 | 0.2418 | 0.1907 | 0.4685 | 09118 | 0.1200 | 0.3477
21-10Hz 0.1984 | 0.0563 | 0.5680 | 0.9324 [ 0.1200 | 0.3816
21-5Hz 0.0010 [ 0.8996 | 0.5501 | 0.1420 | 0.4630
21-3Hz 0.0109 [ 0.2717 | 0.0045 | 0.0745
21-1Hz 0.4995 | 0.0389 | 0.3265
21-0.5Hz 0.0158 | 0.1850
21-0.3Hz 0.8462

*Numbers in bold are statistically significant at a=0.05
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Table 4-5 All Pair Comparison for E* Ratios*

Mix Level Mean
235s A 1.1633
Jewell |A B 1.1011
3301 A B 1.0939
218 B C 1.0667
ALT B C 1.0283
330B B C 1.0217
180B B C 1.0128
F52 C D 0.9867
Ded C D 0.9856
NwW C D 0.9839
6N D E 0.9089
330s E F 0.8939
180s E F 0.8861
2351 E F 0.8644
Rose E F 0.8239
HW4 F 0.8100

*Levels not connected by same letter are significantly different.

Table 4-6 All Pair Comparison for Phase Angle Ratios*

Mix Level Mean
235s A 0.9733
330B A B 1.0350
Ded A B 1.0367
180B A B 1.0489
NwW A B 1.0533
218 A B 1.0561
Jewell A B 1.0589
3301 A B C 1.0594
F52 B C D 1.1206
2351 B C D 1.1206
ALT B C D 1.1733
6N C D E 1.2050
330s D E 1.2217
HW4 D E 1.2233
180s D E 1.2306
Rose E 1.3433

*Levels not connected by same letter are significantly different.
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Table 4-7 Ranking of Mixes Based on E* Ratio

Nl\grlr)ie Temp | 25Hz | 15Hz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 4 9 9 7 13 15 15 16 16 16
218 4 4 4 4 3 3 3 2 3 4
2351 4 16 16 16 16 16 16 14 14 13
235s 4 1 1 1 1 1 1 1 1 1
330B 4 12 10 10 9 7 9 9 7 7
3301 4 2 2 3 2 4 2 5 2 2
330s 4 8 7 8 7 8 8 8 8 9
ALT 4 7 8 9 8 9 7 7 6 8
Ded 4 15 12 12 10 10 13 10 12 6
F52 4 5 5 5 4 6 6 6 9 12
HWwW4 4 13 11 13 14 14 11 13 13 10
180B 4 6 6 6 5 5 4 3 5 3
180s 4 11 15 11 11 12 12 12 11 14

Jewell 4 3 3 2 6 2 5 4 4 5
NW 4 14 13 14 12 11 10 11 10 11
Rose 4 10 14 15 15 13 14 15 15 15
6N 21 10 11 11 11 12 11 11 11 14
218 21 4 4 4 4 4 5 6 5 8
2351 21 13 13 13 13 13 13 13 14 12
235s 21 1 1 1 1 1 1 1 1 3
330B 21 8 7 5 5 5 4 4 7 6
3301 21 3 3 3 3 7 3 3 3 1
330s 21 15 15 15 15 14 14 14 10 10
ALT 21 6 5 7 7 8 6 5 4 4
Ded 21 5 6 6 6 3 8 9 9 11
F52 21 7 8 8 9 9 10 10 13 13
Hw4 21 16 16 16 16 16 16 15 12 9
180B 21 11 10 10 10 10 9 8 8 7
180s 21 12 12 12 12 11 12 12 15 15

Jewell 21 2 2 2 2 2 2 2 2 2
NW 21 9 9 9 8 6 7 7 6 5
Rose 21 14 14 14 14 15 15 16 16 16
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Table 4-8 Ranking of Mixes Based on Phase Angle Ratio

Nl\grlr)ie Temp | 25Hz | 15Hz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 4 15 13 15 13 14 14 10 11 11
218 4 5 2 4 4 3 9 7 5 6
2351 4 11 8 11 11 12 11 14 12 5
235s 4 1 1 1 1 1 2 1 1 1
330B 4 2 4 3 3 2 3 5 10 9
3301 4 9 7 6 7 4 5 6 8 10
330s 4 6 9 13 15 15 15 15 15 14
ALT 4 16 14 12 10 8 12 12 13 12
Ded 4 3 3 2 2 5 1 2 3 7
F52 4 12 6 5 6 9 4 8 6 15
HWwW4 4 7 12 10 12 13 10 11 7 3
180B 4 8 11 8 5 7 8 4 2 2
180s 4 14 15 16 14 11 13 13 14 13

Jewell 4 4 5 7 8 10 6 3 4 8
NW 4 10 10 9 9 6 7 9 9 4
Rose 4 13 16 14 16 16 16 16 16 16
6N 21 13 13 12 12 13 12 13 12 11
218 21 6 7 8 7 5 6 9 6 4
2351 21 11 11 11 11 11 11 8 10 7
235s 21 3 4 5 5 1 5 3 5 3
330B 21 10 5 3 4 2 4 1 7 6
3301 21 4 6 4 3 3 2 2 3 5
330s 21 12 12 13 14 12 14 12 14 15
ALT 21 13 13 12 12 13 12 13 12 11
Ded 21 8 9 7 8 9 9 10 9 9
F52 21 5 2 1 2 6 7 6 8 12
Hw4 21 9 10 10 10 8 10 11 11 10
180B 21 15 15 15 16 15 16 16 16 16
180s 21 2 1 6 6 10 3 4 4 8

Jewell 21 14 14 14 13 14 13 14 13 13
NW 21 7 8 9 9 7 8 7 1 2
Rose 21 1 3 2 1 4 1 5 2 1
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4.4 Master curves

The data from the dynamic modulus test was used to plot master curves for the different mixes.
For each mix, the master curve for the control and moisture conditioned results are plotted
together at a reference temperature of 21°C. Figures 4-3 through 4-18 present the master curves
for the 16 mixes. It can be seen from the master curves that at low temperature and/or high
frequencies, the moduli for the control and moisture conditioned samples are very close for all
the mixtures with a possible increase in the dynamic modulus values for the moisture
conditioned group. The values of the moduli start to be different when the temperature is
increased and/or the frequency is decreased. The magnitude of the difference changes from one
mixture to the other depending on the moisture susceptibility of the mixes. This means that
developing the master curves provides a good means to visualize the effect of moisture on the
mixes over the full range of the operating frequencies and temperatures. Only one of the
sixteen mixtures (330S) did not follow this trend, the moisture conditioned samples modulus

increased at higher temperatures and/or lower frequencies.

For the mixes studied under this project, the area under the master curve was calculated to
quantify the difference caused by moisture conditioning. Based on the previous discussion, the
area under the master curve had to be split into two zones. The first zone is for frequencies
lower than 10Hz at the reference temperature, which represents the high temperature-low
frequency zone. The second zone is for frequencies higher than 10Hz, which represents the low
temperature-high frequency zone. The results are shown in Table 4-9. The results show that
splitting the area under the master curve can be used to provide a good distinction between the
different mixes when it comes to moisture susceptibility. The distinction is very clear at the

high temperature-low frequency zone.
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Figure 4-4 Master Curve for Mix 218
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Figure 4-7 Master Curve for Mix 330B
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Figure 4-8 Master Curve for Mix 3301
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Table 4-9 Area Under the Master Curve (GPa.s)

Mix High temperature-low frequency Low temperature-high frequency
Name Control | Conditioned | Diff. Ratio Control | Conditioned | Diff. Ratio
6N 21.36 17.13 4.24 0.80 | 171.93 203.46 | -31.53 1.18
218 22.60 20.79 1.81 092 191.39 217.65 | -26.25 1.14
2351 19.20 15.97 3.23 0.83 | 204.55 188.96 15.59 0.92
235s 21.22 22.73 -1.51 1.07 | 19533 246.01 | -50.69 1.26
330B 17.75 17.43 0.33 098 | 183.17 187.41 -4.25 1.02
3301 24.87 28.08 -3.21 1.13 | 240.96 26749 | -26.53 1.11
330s 32.76 29.96 2.80 091 | 230.22 234.06 -3.84 1.02
ALT 40.29 41.41 -1.12 1.03 | 288.35 302.73 | -14.37 1.05
Ded 9.87 8.62 1.25 0.87 | 135.57 145.16 -9.60 1.07
F52 15.60 13.92 1.68 0.89 | 18598 211.12 | -25.14 1.14
HW4 17.31 12.79 4.52 0.74 | 178.18 182.19 -4.01 1.02
180B 25.98 25.59 0.39 098 | 233.98 246.23 | -12.25 1.05
180s 36.84 28.07 8.77 0.76 | 246.28 247.59 -1.31 1.01
Jewell 23.77 2541 -1.64 1.07 | 206.92 238.67 | -31.74 1.15
NW 19.99 19.48 0.50 097 | 20145 200.64 0.81 1.00
Rose 38.12 26.75 11.37 0.70 | 230.32 222.73 7.59 0.97

4.5 Storage and loss moduli

The dynamic modulus and phase angle were used to calculate the storage and loss moduli for
all the mixes the storage modulus ratio is the storage modulus of the control mix divided by
that of the moisture conditioned mix. Table 4-10 presents the storage modulus ratios for all the
temperature-frequency combinations. The same was done for the loss modulus and the results
for the loss modulus ratios are presented in Table 4-11. The results of the storage modulus
ratios show that although the ratios have a trend within the same mix, there is no specific trend
between the mixes. The ratios are sometimes higher than one and sometimes lower and this
makes these values inconclusive when it comes to the effect on the mix performance. For the

case of the loss modulus ratios, the results do not have a specific trend within the mixes.
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Nl\;[rl;(e Temp | 25Hz | 15Hz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 41 0.96 092 ] 101 | 0.89] 0.85] 0.84 0.78 0.82 0.75
6N 21| 1.02 099 ] 098] 095 092 091 0.88 0.84 0.78
218 41 1.04 1.02] 1.03] 1.02] 1.05| 1.01 1.01 1.00 0.98
218 21| 1.16 1.16 | 1.13 ] 1.13 ]| 1.23| 1.13 1.06 1.04 0.94
2351 41 0.90 0.88] 087 ] 0.86| 0.82| 0.83 0.83 0.83 0.82
2351 21| 0.90 0.89 ] 0.89| 0.88]| 0.86| 0.84 0.84 0.84 0.82
235s 4] 1.15 1.13 | 1.14| 113 ] 1.18 ] 1.13 1.11 1.11 1.09
235s 21| 1.21 1.21] 1.19] 1.19] 131 | 1.21 1.19 1.19 1.11

330B 4|1 093 092] 095] 093] 096 | 091 0.91 0.92 0.91

330B 21| 1.10 1.11 ] 1.12 ] 1.12 ] 1.23 | 1.16 1.14 1.03 1.04
3301 4| 1.07 1.03] 1.04] 1.03 | 1.02 | 1.02 0.99 1.02 0.99
3301 21| 1.17 1.17 | 116 | 1.16 | 1.15] 1.18 1.17 1.14 1.15
330s 41 0.99 099 ] 098] 097 ] 096 | 0.93 0.92 0.91 0.87
330s 21| 0.84 0.82] 081 ] 0.81] 0.78| 0.79 0.83 0.85 0.84
ALT 41 0.99 098] 098] 097 | 0.96| 0.95 0.95 0.94 0.91
ALT 21| 1.11 1.11 | 1.11] 1.10| 1.10| 1.08 1.08 1.07 1.02
Ded 41 0.90 090 ] 091 ] 092 | 093] 0.85 0.88 0.86 0.90
Ded 21 1.12 1.12 ] 1.12 | 1.11 ] 1.25| 1.07 1.05 0.91 0.81
F52 4| 1.01 1.01 ] 1.02] 1.02]| 097 | 0.95 0.96 0.91 0.73
F52 21| 1.10 1.08 ] 1.06 | 1.04| 1.05| 1.01 0.92 0.82 0.80

HW4 41 092 091 ] 090 ] 089 | 0.86 | 0.86 0.85 0.84 0.87

HW4 21| 0.66 0.65] 0.65] 0.65| 0.61 | 0.67 0.74 0.79 0.79
180B 4] 1.01 1.01] 1.02| 1.01 ] 1.00 | 1.00 0.99 0.98 1.00
180B 21| 0.98 1.03 ] 1.03| 1.03 | 1.03 | 1.04 1.07 1.00 0.99
180s 4] 093 0.88 ] 091 ] 089 | 091 | 0.86 0.86 0.86 0.81
180s 21| 0.90 092] 092] 090 | 093] 0.86 0.83 0.82 0.75

Jewell 41 091 0.89] 089] 0.89] 092 | 0.88 0.86 0.87 0.86

Jewell 21| 1.06 1.07] 1.07| 1.07] 1.18| 1.10 1.07 1.06 1.08
NW 4|1 094 0.88] 088 ] 0.89| 0.86 | 0.84 0.82 0.83 0.77
NW 21| 0.84 0.83 ] 0.83] 081 ] 0.77] 0.73 0.72 0.69 0.65
Rose 4] 1.05 1.03 | 1.04| 1.00| 1.06 | 1.00 0.99 1.00 0.96
Rose 211 1.19 1.19] 1.17] 1.17] 1.28| 1.19 1.17 1.15 1.16
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Nl\;[rl;(e Temp | 25Hz | 15Hz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1Hz
6N 4| 1.77 1.12 | 1.26 | 1.08 | 1.07 | 0.98 0.89 0.95 1.05
6N 21| 1.16 112 | 1.11 | 1.08 | 1.05] 1.03 1.02 0.99 0.86
218 41 124 1.04] 1.12] 1.09] 1.12| 1.11 1.07 1.07 1.22
218 21| 1.20 1.18 ] 1.16| 1.15] 1.20 | 1.14 1.10 1.07 0.94
2351 4] 1.13 1.02] 1.01] 099 ] 1.02| 0.93 1.00 1.00 1.00
2351 21| 0.98 097 ] 097 095] 091 ] 0.90 0.86 0.89 0.85
235s 4] 1.06 1.05| 1.06 | 1.06 | 1.13 | 1.11 1.02 1.08 1.13
235s 21| 1.20 1.19] 120] 1.19] 1.25| 1.22 1.13 1.22 1.10
330B 4|1 0091 1.00 | 1.02| 097] 1.00 | 0.90 0.95 1.03 1.19
330B 21| 1.16 1.11 ] 1.12 ] 1.12 ] 1.19| 1.16 1.04 1.06 1.04
3301 4| 131 1.16 | 1.14 | 1.13| 1.09 | 1.07 1.05 1.12 1.36
3301 21| 1.18 1.17 | 116 | 1.16 | 1.11 | 1.16 1.10 1.12 1.15
330s 41 1.19 1.15] 1.19| 1.24 | 1.27| 1.20 1.21 1.25 1.36
330s 21| 094 091 ] 092 ] 093] 0.88| 0.93 0.94 1.03 1.09
ALT 41 223 126 | 1.14 ] 1.09| 1.07| 1.07 1.10 1.14 1.27
ALT 21| 1.16 1.15] 1.14| 1.13 | 1.11 | 1.14 1.15 1.11 1.08
Ded 4] 1.01 095] 096 | 095 1.00 | 0.82 0.85 0.90 1.17
Ded 21| 1.14 1.10] 1.10] 1.10] 1.24| 1.09 1.05 0.94 0.92
F52 4| 140 1.12 ] 1.11| 1.12 ] 1.11 | 1.00 1.03 0.98 1.34
F52 21| 1.16 1.14 ] 1.14] 1.10| 1.06 | 1.07 1.02 0.93 0.85
HW4 4| 112 1.10 | 1.05| 1.04 | 1.08 | 0.96 0.99 0.93 0.96
HW4 21| 0.77 0.77] 0.80] 085 0.79 | 0.92 1.09 1.18 1.25
180B 4] 1.23 120 1.14 | 1.11] 1.12| 1.09 1.02 0.97 1.04
180B 21| 0.96 1.01 ] 1.04| 1.05] 1.04 | 1.04 1.02 0.99 1.05
180s 4| 1.6l 1.14 | 1.16| 1.11 | 1.10| 1.00 1.01 1.09 1.24
180s 21| 1.03 1.06 | 1.05| 1.02 | 1.08 | 0.98 0.98 0.97 0.93

Jewell 4] 1.14 1.04] 101 ] 1.00]| 1.01 | 0.95 0.95 0.96 1.02

Jewell 21| 1.02 1.05] 1.05] 1.05] 1.15| 1.06 1.04 1.03 0.97
NW 4| 136 1.19] 1.07| 1.19] 1.16 | 1.08 1.16 1.33 1.41
NW 21| 1.10 1.07 ] 1.06 | 1.02| 097 | 093 0.92 0.95 0.85
Rose 4| 124 113 | 1.16 | 1.11 ] 1.22 | 1.06 1.02 1.06 1.23
Rose 21 1.24 122 121 ] 1.21] 1.28| 1.21 1.17 1.11 1.05

www.manaraa.com



76

4.6 Comparison between E* ratio and master curve

A paired t-test was used to compare the significance of the difference between the dynamic

modulus results of the conditioned and the unconditioned group. A similar comparison was

done to compare the difference between the master curves of both groups. The results of both

comparisons are presented in Table 4-12 with a level of significance (o) = 0.05. The results

show that the two methods yield different conclusions for some of the mixes.

Table 4-12 Statistical Comparisons for E* and Master Curves

Dynamic Modulus

Master Curve

Mix
Name o Indication o Indication
6N 0.0009 | Statistically different 0.0075 | Statistically different
218 0.0001 | Statistically different 0.0006 | Statistically different
2351 <0.0001 | Statistically different | <0.0001 | Statistically different
235s <0.0001 | Statistically different | <0.0001 | Statistically different
330B 0.2910 | Statistically the Same 0.0225 Statistically the Same
3301 <0.0001 | Statistically different | <0.0001 | Statistically different
330s <0.0001 | Statistically different 0.8558 Statistically the Same
ALT 0.7355 Statistically the Same | <0.0001 | Statistically different
Ded 0.0618 Statistically the Same 0.0216 | Statistically different
F52 0.8781 Statistically the Same 0.0003 | Statistically different
HW4 | <0.0001 | Statistically different 0.9622 Statistically the Same
180B 0.0124 Statistically the Same 0.0032 | Statistically different
180s <0.0001 | Statistically different 0.0666 Statistically the Same
Jewell | <0.0001 | Statistically different | <0.0001 | Statistically different
NW 0.0208 | Statistically different 0.2803 Statistically the Same
Rose <0.0001 | Statistically different | <0.0001 | Statistically different

4.7 Dynamic modulus test conclusions

The dynamic modulus ratio gives a good evaluation for the moisture susceptibility of the

mixes. It provides a distinction between the mixes and the results can be used in modeling the

mix performance. The E* ratio results are dependent on the testing conditions (temperature and
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frequency). This means that the results from the dynamic modulus test need to be coupled with
some evaluation tool related to the expected in-situ conditions of the pavement. This implies
that simulation is necessary in this case. This can be done either by modeling or by simulating
the results in the M-EPDG. Another easy approach that can be used is to plot the master curve
of the control and conditioned groups then compare the results to have a visual representation
of the effect of moisture on the various working conditions. The area under the master curve
can be used to quantify the effect of moisture damage provided that a range of frequencies be
selected to reflect the expected aite conditions for the pavement. The phase angle ratios show
that the materials tend to be more viscous with moisture conditioning. The storage and loss
moduli ratios are not recommended as tools to evaluate moisture damage because of the scatter

in the data and the mixed results.
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CHAPTER S FLOW NUMBER TEST RESULTS AND ANALYSIS

5.1 Test results

In this chapter, the flow number results are presented and discussed. As mentioned earlier in
the experimental plan, the test followed the NCHRP report 465 (Witzack et al. 2002) and
NCHRP report 513 (Bonaquist et al. 2003) procedure and calculation method. The
calculation method was discussed in the literature review. The flow number test is known for
its variability. The test is also known to be a good representation of the field’s loading
conditions. Good simulation of the field loading conditions was the reason for including this
test in this study. Several outputs, other than the flow number can be calculated from this
test. The number of cycles at which the test stops, the total strain at the end of the test, the
flow number, and the strain at the flow number are general outputs that can be calculated
from this test. These results are shown in Tables 5-1 through 5-5. By looking at the results,
the following can be concluded. The number of cycles at which the test ends is not a reliable
measure because it occurs either by the specimen failure or by reaching the machine test
limit, which is 40,000 cycles. The strain at failure is constant when the sample reaches
failure. The flow number is the main output of this test and it can be seen that it has very high

variability, the same goes with the strain at flow number.

The previous discussion leads to the need to have a different analysis method for the test.
Two approaches were incorporated in this study. The first approach was to have a designated
strain level and to get the corresponding number of cycles. A strain level of 30,000
microstrain was selected for this purpose. The second approach was to apply the Ohio State
Model on the test results and see if the parameters “A” and “m” are affected by moisture

conditioning or not. Mainly parameter “m” was taken into consideration because this

parameter is a function of the material properties as discussed in the literature review.
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Table 5-1 Flow Number Results for Control Samples

Cycles Strain at Flow . Cycles at
Mix );0 failure Number (?Itll;z:‘l(:si:";:) g0,000 A m
Failure | (microstrain) (FN) microstrain
6N Mean 10482 100158 1761 10109.5 6778 | 1.96E-04 | 0.5515
6N Std 6829 113 1137 662.4 4553 | 3.40E-05 | 0.0815
6N CoV (%) 65.1 0.1 64.6 6.6 67.2 17.4 14.8
218 Mean 2936 100713 534 10046.8 1709 | 1.62E-04 | 0.6571
218 Std 620 1086 118 1205.8 376 | 1.44E-05 | 0.0182
218 CoV (%) 21.1 1.1 22.1 12.0 22.0 8.9 2.8
2351 Mean 9828 100103 2522 15799.7 5648 | 2.71E-04 | 0.5182
2351 Std 1395 43 474 1142.7 882 | 6.13E-05 | 0.0158
2351 CoV (%) 14.2 0.0 18.8 7.2 15.6 22.6 3.1
2358 Mean 37063 72736 14840 15164.5 28798 | 1.58E-04 | 0.4710
2358 Std 4448 28004 4645 1318.3 6442 | 1.95E-05 | 0.0066
235S | CoV (%) 12.0 38.5 31.3 8.7 22.4 12.3 1.4
330B Mean 1337 102026 248 10413.7 760 | 2.08E-04 | 0.7088
330B Std 157 964 48 1385.3 107 | 2.05E-05 | 0.0073
330B | CoV (%) 11.7 0.9 19.2 13.3 14.1 9.8 1.0
3301 Mean 4033 100375 876 10038.9 2719 | 1.64E-04 | 0.6037
3301 Std 238 76 104 1276.7 179 | 1.89E-05 | 0.0081
3301 CoV (%) 5.9 0.1 11.9 12.7 6.6 11.5 1.3
330S Mean 31353 53670 19533 12968.3 28392 | 1.20E-04 | 0.4918
3308 Std 11892 43193 15275 1840.9 14644 | 2.05E-05 | 0.0380
330S | CoV (%) 379 80.5 78.2 14.2 51.6 17.1 7.7
Alt Mean 34361 48319 12990 8988.1 31893 | 1.58E-04 | 0.4326
Alt Std 7922 47323 6881 726.5 11168 | 3.32E-05 | 0.0181
Alt CoV (%) 23.1 97.9 53.0 8.1 35.0 21.0 4.2
Ded Mean 583 101831 206 30704.3 317 | 3.24E-04 | 0.8072
Ded Std 161 1525 154 38352.8 98 | 1.50E-04 | 0.1856
Ded CoV (%) 27.6 1.5 75.0 124.9 30.8 46.2 23.0
F52 Mean 1191 102520 290 9838.8 855 | 2.39E-04 | 0.6593
F52 Std 311 1292 88 847.8 217 | 1.64E-05 | 0.0204
F52 CoV (%) 26.1 1.3 30.5 8.6 254 6.9 3.1
HW4 Mean 8485 101288 1941 11437.2 6062 | 2.69E-04 | 0.6229
HW4 Std 11163 1517 2461 941.8 8134 | 9.72E-05 | 0.1248
HW4 | CoV (%) 131.6 1.5 126.8 8.2 134.2 36.1 20.0
180B Mean 4780 100298 963 9372.0 3191 | 1.27E-04 | 0.6248
180B Std 599 146 224 1103.6 428 | 1.24E-05 | 0.0197
180B CoV (%) 12.5 0.1 233 11.8 13.4 9.8 3.2
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Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:aln at ITN g0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
180S Mean 30645 48972 10912 9866.9 28519 | 4.17E-04 0.3883
180S Std 12830 46700 13892 4183.0 15730 | 4.43E-04 0.0871
180S | CoV (%) 41.9 95.4 127.3 42.4 55.2 106.1 22.4
Jewell Mean 5484 100171 1515 16423.7 3135 | 3.35E-04 0.5307
Jewell Std 1048 61 393 2316.0 672 | 6.93E-05 0.0241
Jewell | CoV (%) 19.1 0.1 25.9 14.1 21.4 20.7 4.5
NW Mean 3211 100293 701 11935.1 1930 | 2.26E-04 0.6048
NW Std 627 131 193 1206.5 422 | 9.91E-06 0.0202
NW | CoV (%) 19.5 0.1 27.6 10.1 21.9 44 33
Rose Mean 34169 45509 5640 6748.6 30984 | 1.07E-04 0.4629
Rose Std 7984 52628 3488 5326.6 12334 | 3.07E-05 0.0734
Rose | CoV (%) 23.4 115.6 61.9 78.9 39.8 28.7 15.9
Table 5-2 Flow Number Results for Water Conditioned Samples Tested Under Water
Cycles Strain at Flow . Cycles at
Mix };0 failure Number (itllljzl:'l(;si:*;l:) g0,000 A m
Failure | (microstrain) (FN) microstrain
6N Mean 1733 100601 539 18394.4 971 6.44E-04 | 0.5348
6N Std 319 205 289 5026.3 202 1.00E-04 | 0.0184
6N CoV (%) 18.4 0.2 53.6 27.3 20.8 15.6 34
218 Mean 2893 100225 648 16453.2 1473 5.69E-04 | 0.5179
218 Std 693 101 109 2110.8 385 6.71E-05 | 0.0202
218 | CoV (%) 24.0 0.1 16.8 12.8 26.1 11.8 3.9
2351 Mean 11120 100114 3398 23700.2 5159 1.09E-03 | 0.3766
2351 Std 3657 27 1318 4027.8 1962 1.47E-04 | 0.0204
2351 | CoV (%) 329 0.0 38.8 17.0 38.0 13.5 54
2358 Mean 30867 100091 13245 22644.8 19513 7.36E-04 | 0.3573
2358 Std 3483 38 6130 6419.6 2450 3.10E-04 | 0.0562
235S | CoV (%) 11.3 0.0 46.3 28.3 12.6 42.1 15.7
330B Mean 920 100642 227 17567.4 436 5.35E-04 | 0.6457
330B Std 70 62 20 836.0 42 1.15E-04 | 0.0369
330B | CoV (%) 7.7 0.1 8.8 4.8 9.6 21.5 5.7
3301 Mean 6522 100380 1274 11350.0 4636 7.47E-04 | 0.3805
3301 Std 1317 223 154 11524 841 1.22E-04 | 0.0171
330I | CoV (%) 20.2 0.2 12.1 10.2 18.1 16.3 4.5
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Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:am at F.N 3y0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
330S Mean 4521 100223 1150 17129.3 2502 7.24E-04 | 0.4572
3308 Std 642 82 281 3034.7 465 3.26E-04 | 0.0381
330S | CoV (%) 14.2 0.1 24.4 17.7 18.6 45.1 8.3
Alt Mean 29370 44178 6085 10011.4 24831 8.58E-04 | 0.3022
Alt Std 17337 36708 5257 4873.2 15801 1.81E-04 | 0.0301
Alt CoV (%) 59.0 83.1 86.4 48.7 63.6 21.1 10.0
Ded Mean 272 101854 77 22384.1 115 1.27E-03 | 0.6711
Ded Std 40 350 11 1433.8 22 4.73E-04 | 0.0479
Ded | CoV (%) 14.8 0.3 14.8 6.4 19.5 37.2 7.1
F52 Mean 796 101482 209 13805.9 519 8.26E-04 | 0.5276
F52 Std 153 308 48 1018.5 118 6.41E-05 | 0.0227
F52 CoV (%) 19.2 0.3 23.1 7.4 22.8 7.8 4.3
HW4 Mean 742 100792 199 21502.0 315 9.48E-04 | 0.5919
HW4 Std 94 157 54 3861.2 61 1.52E-04 | 0.0446
HW4 | CoV (%) 12.6 0.2 26.9 18.0 19.4 16.0 7.5
180B Mean 11541 100117 3106 17036.8 6928 8.85E-04 | 0.3759
180B Std 1637 46 2248 3093.7 1734 3.02E-04 | 0.0436
I80B | CoV (%) 14.2 0.0 72.4 18.2 25.0 34.1 11.6
180S Mean 12408 100206 1797 16057.6 7059 8.58E-04 | 0.3934
180S Std 11020 248 265 4354.3 6615 2.91E-04 | 0.0640
180S | CoV (%) 88.8 0.2 14.7 27.1 93.7 34.0 16.3
Jewell Mean 7321 100150 1602 15512.0 4275 8.47E-04 | 0.3956
Jewell Std 1191 51 300 1793.6 642 2.10E-04 | 0.0293
Jewell | CoV (%) 16.3 0.1 18.7 11.6 15.0 24.8 7.4
NW Mean 4863 100206 1135 18815.5 2455 1.09E-03 | 0.4117
NW Std 878 92 333 5061.9 626 4.56E-04 | 0.0438
NW | CoV (%) 18.1 0.1 29.3 26.9 25.5 41.8 10.6
Rose Mean 9237 100287 2325 16733.8 5462 6.59E-04 | 0.4153
Rose Std 2756 157 549 1451.1 1280 4.57E-05 | 0.0126
Rose | CoV (%) 29.8 0.2 23.6 8.7 23.4 6.9 3.0

www.manaraa.com




82

Table 5-3 Flow Number Results for Freezer Conditioned Samples Tested in Air

Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:aln at ITN g0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
6N Mean 7266 100233 2194 15860.6 4177 | 4.76E-04 0.5088
6N Std 9273 124 3234 2481.7 5397 | 2.19E-04 0.0554
6N CoV (%) 127.6 0.1 147 .4 15.6 129.2 46.1 10.9
218 Mean 2659 100253 494 9715.5 1621 | 2.14E-04 0.6210
218 Std 534 49 126 1889.8 359 | 5.97E-05 0.0534
218 CoV (%) 20.1 0.0 25.4 19.5 22.2 27.9 8.6
2351 Mean 14568 100095 4146 18134.5 7964 | 4.43E-04 0.4512
2351 Std 6431 38 2381 3629.1 3533 | 1.38E-04 0.0124
2351 | CoV (%) 44.1 0.0 57.4 20.0 44 4 31.2 2.8
2358 Mean 31344 68986 16603 16883.5 26316 | 3.10E-04 0.4289
2358 Std 11434 42610 12112 1605.3 13970 | 1.51E-04 0.0629
235S | CoV (%) 36.5 61.8 72.9 9.5 53.1 48.8 14.7
330B Mean 1063 100690 229 13476.8 564 | 3.18E-04 0.6905
330B Std 136 62 24 764.6 87 | 5.18E-05 0.0231
330B | CoV (%) 12.8 0.1 10.4 5.7 15.3 16.3 33
3301 Mean 6044 100278 1332 9936.4 4274 | 2.29E-04 0.5229
3301 Std 619 77 477 3961.1 336 | 8.37E-05 0.0212
3301 | CoV (%) 10.2 0.1 35.8 39.9 7.9 36.6 4.1
3308 Mean 18210 77861 5200 13417.8 12681 | 4.36E-04 0.4793
3308 Std 19901 33817 6425 2866.0 14246 | 3.66E-04 0.0955
330S | CoV (%) 109.3 43.4 123.6 21.4 112.3 83.9 19.9
Alt Mean 27123 43836 8250 10750.5 25081 | 4.12E-04 0.3748
Alt Std 8202 34436 5164 3314.9 9531 | 2.38E-04 0.0624
Alt CoV (%) 30.2 78.6 62.6 30.8 38.0 57.8 16.7
Ded Mean 612 101324 170 19808.6 289 | 7.40E-04 0.6398
Ded Std 51 151 17 1262.3 19 | 8.96E-05 0.0273
Ded | CoV (%) 8.4 0.1 10.2 6.4 6.7 12.1 43
F52 Mean 956 101948 218 9280.3 689 | 3.09E-04 0.6364
F52 Std 196 244 74 1632.7 148 | 5.82E-05 0.0370
F52 CoV (%) 20.5 0.2 34.1 17.6 21.4 18.8 5.8
HW4 Mean 4142 100542 1007 16740.1 2426 | 5.55E-04 0.5559
HW4 Std 6490 256 1539 588.6 3961 | 6.68E-05 0.0843
HW4 | CoV (%) 156.7 0.3 152.9 3.5 163.3 12.0 15.2
180B Mean 10813 100190 2089 9283.4 7658 | 2.17E-04 0.5276
180B Std 5209 68 1310 4097.3 4047 | 1.49E-04 0.1042
180B | CoV (%) 48.2 0.1 62.7 44.1 52.8 68.6 19.7
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Cycles Strain at Flow . Cycles at
Mix );0 failure Number (Sl‘rtllgzil(:si:;:) gﬂ,OOO A m
Failure | (microstrain) (FN) microstrain
180S Mean 15532 100140 4849 14312.7 10302 | 2.32E-04 0.5011
180S Std 9485 69 4137 2847.1 6917 | 7.86E-05 0.0581
I180S | CoV (%) 61.1 0.1 85.3 19.9 67.1 33.8 11.6
Jewell Mean 4460 82266 1133 10999.1 2941 | 3.39E-04 0.5291
Jewell Std 1737 40083 292 2251.2 979 | 1.99E-04 0.1143
Jewell | CoV (%) 39.0 48.7 25.8 20.5 333 58.9 21.6
NW Mean 5011 100178 1186 13828.5 2981 | 3.50E-04 0.5192
NW Std 1040 71 324 1936.1 699 | 6.08E-05 0.0338
NW | CoV (%) 20.8 0.1 27.3 14.0 23.5 17.4 6.5
Rose Mean 19326 102306 4348 15918.6 11493 | 3.50E-04 0.4601
Rose Std 11810 4954 3013 4389.7 7806 | 9.78E-05 0.0392
Rose | CoV (%) 61.1 4.8 69.3 27.6 67.9 27.9 8.5

Table 5-4 Flow Number Results for Freezer Conditioned Samples Tested Under Water

Cycles Strain at Flow . Cycles at
Mix );0 failure Number (it:::;zsi;;l:) 3?,0,000 A M
Failure | (microstrain) (FN) microstrain

6N Mean 5374 100289 1085 13192.7 3414 5.79E-04 0.4536
6N Std 2570 72 450 2811.4 1819 1.80E-04 0.0247
6N CoV (%) 47.8 0.1 41.5 21.3 53.3 31.1 5.4
218 Mean 3499 100200 732 12925.8 1991 3.32E-04 0.5585
218 Std 173 52 98 1615.2 81 9.29E-05 0.0397
218 CoV (%) 4.9 0.1 13.3 12.5 4.0 28.0 7.1
2351 Mean 20844 100056 3447 11771.7 12639 5.11E-04 0.4430
2351 Std 9582 289 1828 5942.8 4783 3.91E-04 0.1472
2351 | CoV (%) 46.0 0.3 53.0 50.5 37.8 76.6 33.2
2358 Mean 39696 51494 13895 14446.7 31893 5.09E-04 0.3470
2358 Std 680 31811 5853 4838.6 5335 1.70E-04 0.0378
235S | CoV (%) 1.7 61.8 42.1 33.5 16.7 33.3 10.9
330B Mean 3449 94900 791 16126.5 1663 4.12E-04 0.5750
330B Std 1016 11876 323 2220.3 641 2.30E-04 0.0981
330B | CoV (%) 29.5 12.5 40.9 13.8 38.5 55.8 17.1
3301 Mean 12863 100184 3992 13671.1 9113 4.05E-04 0.4204
3301 Std 1480 92 1129 2637.5 1037 9.91E-05 0.0328
3301 | CoV (%) 11.5 0.1 28.3 19.3 114 24.5 7.8
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Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:am at F.N 3y0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
3308 Mean 26165 50252 5420 11642.7 25015 | 8.90E-04 0.3077
330S Std 17400 45863 3966 4570.3 18959 | 2.70E-04 0.0788
330S | CoV (%) 66.5 91.3 73.2 39.3 75.8 30.3 25.6
Alt Mean 40000 15018 35335 11674.3 33927 | 3.93E-04 0.3634
Alt Std 0 3311 4366 2745.4 13562 | 3.49E-04 0.0861
Alt CoV (%) 0.0 22.0 12.4 23.5 40.0 88.6 23.7
Ded Mean 994 100736 245 17923.5 484 | 6.25E-04 0.6274
Ded Std 176 296 77 4548.7 121 | 2.99E-04 0.0610
Ded | CoV (%) 17.7 0.3 31.4 25.4 24.9 47.8 9.7
F52 Mean 1496 101070 414 13077.5 998 | 6.19E-04 0.5267
F52 Std 734 329 298 3155.3 480 | 1.99E-04 0.0625
F52 | CoV (%) 49.1 0.3 72.0 24.1 48.1 32.2 11.9
HW4 Mean 5723 96944 2153 19910.5 3304 | 6.68E-04 0.5115
HW4 Std 8186 7813 3571 2591.8 5063 | 1.76E-04 0.0869
HW4 | CoV (%) 143.0 8.1 165.9 13.0 153.2 26.4 17.0
180B Mean 18615 100103 3167 9518.9 13432 | 4.71E-04 0.3725
180B Std 3885 24 1192 2745.1 3576 | 1.20E-04 0.0153
I80B | CoV (%) 20.9 0.0 37.6 28.8 26.6 25.4 4.1
180S Mean 24347 68181 8990 12669.6 20032 | 5.40E-04 0.3889
180S Std 12389 43780 8766 3521.3 13401 | 4.45E-04 0.0656
180S | CoV (%) 50.9 64.2 97.5 27.8 66.9 82.3 16.9
Jewell Mean 10510 69888 2479 14184.5 7326 | 8.90E-04 0.3600
Jewell Std 3520 41818 566 3064.1 1651 | 3.93E-04 0.0648
Jewell | CoV (%) 33.5 59.8 22.8 21.6 22.5 44.1 18.0
NW Mean 6707 100120 1973 21244.7 3234 | 7.76E-04 0.4398
NW Std 1178 44 696 1776.9 917 | 2.05E-04 0.0326
NW | CoV (%) 17.6 0.0 35.2 8.4 28.4 26.5 74
Rose Mean 26033 82459 7182 14066.7 18615 | 5.63E-04 0.3650
Rose Std 7953 39568 4131 3840.8 12014 | 1.49E-04 0.0665
Rose | CoV (%) 30.5 48.0 57.5 27.3 64.5 26.4 18.2
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Table 5-5 Flow Number Results for Unconditioned Samples Tested Under Water

Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:am at F.N 3y0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
2351 Mean 11976 100104 2700 16116.2 6634 | 5.36E-04 0.4350
2351 Std 2255 43 1480 5546.5 1445 | 2.15E-04 0.0422
2351 CoV 18.8 0.0 54.8 344 21.8 40.1 9.7
2358 Mean 27012 100126 8640 21260.6 16694 | 6.89E-04 0.3669
2358 Std 5834 78 1548 4891.6 3858 | 3.27E-04 0.0554
2358 CoV 21.6 0.1 17.9 23.0 23.1 47.4 15.1
HW4 Mean 3020 100304 646 17657.3 1471 | 8.49E-04 0.4766
HW4 Std 1126 115 245 5431.2 457 | 3.31E-04 0.0576
HW4 CoV 37.3 0.1 37.9 30.8 31.1 39.0 12.1
180S Mean 20194 69457 5261 15988.6 17487 | 6.40E-04 0.3745
180S Std 16039 42731 3303 7438.2 17445 | 2.14E-04 0.1016
180S CoV 79.4 61.5 62.8 46.5 99.8 33.5 27.1
Jewell Mean 18192 100152 4662 18086.6 10779 | 9.63E-04 0.3624
Jewell Std 12985 50 2810 1978.9 8498 | 5.80E-04 0.0670
Jewell CoV 71.4 0.0 60.3 10.9 78.8 60.3 18.5

It can be concluded from Tables 5-1 through 5-5 that for the parameters tested (cycles to

failure, flow number, cycles at 30,000 microstrain, and parameter “A”) have very high

variability. Parameter “m” has lower variability as compared to the other parameters. Tables 5-

6 through 5-9 present the ratio of dividing the different parameters at each condition by those

of the control samples. It should be noted that the strain at flow number and parameter “A” are

expected to increase with moisture conditioning so the ratios are expected to be greater than

one.
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Table 5-6 Ratio of Flow Number Test Parameters for Water Conditioned Samples
Tested Under Water to Control Samples

. Cycles at
Mix Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 0.17 0.31 1.82 0.14 329 | 0.97

218 0.99 1.21 1.64 0.86 352 0.79
2351 1.13 1.35 1.50 091 4.02 | 0.73
2358 0.83 0.89 1.49 0.68 4.65| 0.76
330B 0.69 0.92 1.69 0.57 2.57 | 0.91
3301 1.62 1.45 1.13 1.70 4.55 | 0.63
330S 0.14 0.06 1.32 0.09 6.03 | 0.93

Alt 0.85 0.47 1.11 0.78 5421 0.70
Ded 0.47 0.37 0.73 0.36 392 | 0.83
F52 0.67 0.72 1.40 0.61 345| 0.80
HW4 0.09 0.10 1.88 0.05 352 | 0.95
180B 2.41 3.23 1.82 2.17 697 | 0.60
180S 0.40 0.16 1.63 0.25 206 | 1.01
Jewell 1.33 1.06 0.94 1.36 2.52| 0.75
NwW 1.51 1.62 1.58 1.27 4.82 | 0.68
Rose 0.27 0.41 2.48 0.18 6.18 | 0.90
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Table 5-7 Ratio of Flow Number Test Parameters for Freezer Conditioned Samples

Tested in Air to Control Samples

. Cycles at
Mix Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 0.69 1.25 1.57 0.62 243 0.92
218 0.91 0.93 0.97 0.95 1.32 | 0.95
2351 1.48 1.64 1.15 1.41 1.64 | 0.87
2358 0.85 1.12 1.11 091 1.96 | 091
330B 0.80 0.92 1.29 0.74 1.53 | 0.97
3301 1.50 1.52 0.99 1.57 1.39 | 0.87
330S 0.58 0.27 1.03 0.45 363 | 0.97

Alt 0.79 0.64 1.20 0.79 2.60 | 0.87
Ded 1.05 0.83 0.65 091 228 | 0.79
F52 0.80 0.75 0.94 0.81 1.29 | 0.97
HW4 0.49 0.52 1.46 0.40 2.06 | 0.89
180B 2.26 2.17 0.99 2.40 1.71 ] 0.84
180S 0.51 0.44 1.45 0.36 056 | 1.29
Jewell 0.81 0.75 0.67 0.94 1.01 | 1.00
NwW 1.56 1.69 1.16 1.54 1.55| 0.86
Rose 0.57 0.77 2.36 0.37 328 | 0.99
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Table 5-8 Ratio of Flow Number Test Parameters for Freezer Conditioned Samples

Tested Under Water to Control Samples

. Cycles at
Mix Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 0.51 0.62 1.30 0.50 296 | 0.82

218 1.19 1.37 1.29 1.16 2.05| 0.85
2351 2.12 1.37 0.75 2.24 1.89 | 0.85
2358 1.07 0.94 0.95 1.11 322 | 0.74
330B 2.58 3.19 1.55 2.19 1.98 | 0.81
3301 3.19 4.56 1.36 3.35 247 0.70
330S 0.83 0.28 0.90 0.88 741 | 0.63

Alt 1.16 2.72 1.30 1.06 248 | 0.84
Ded 1.70 1.19 0.58 1.52 1.93 | 0.78
F52 1.26 1.43 1.33 1.17 2.59 | 0.80
HW4 0.67 1.11 1.74 0.55 248 | 0.82
I180B 3.89 3.29 1.02 4.21 371 0.60
180S 0.79 0.82 1.28 0.70 1.29 | 1.00
Jewell 1.92 1.64 0.86 2.34 2.65| 0.68
NwW 2.09 2.82 1.78 1.68 343 | 0.73
Rose 0.76 1.27 2.08 0.60 528 | 0.79

Table 5-9 Ratio of Flow Number Test Parameters for Unconditioned Samples Tested

Under Water to Control Samples

. Cycles at
Mix Cycles to Failure Flow Strain at Flow 30,000 A m
Number Number . .
microstrains

2351 1.22 1.07 1.03 1.17 | 1.98 0.84
2358 0.73 0.58 1.23 0.58 | 4.36 0.78
HW4 0.36 0.33 1.41 0.24 | 3.16 0.77
180S 0.66 0.48 1.63 0.61 | 1.53 0.96
Jewell 3.32 3.08 1.10 344 | 2.87 0.68

The mixes were then ranked to study based on the ratios for each of the parameters studied.

Ranks of the water conditioned mixes tested under water are presented in Table 5-10. Ranks

www.manaraa.com



89

for freezer conditioned mixes tested in air are presented in Table 5-11. Ranks for freezer

conditioned samples tested under water are presented in Table 5-12.
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Table 5-10 Ranking of Mixes Performance Based on the Ratio of Flow Number Test

Parameters for Water Conditioned Samples Tested Under Water to Control Samples

. Cycles at
Mix | Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 14 13 14 14 4 2

218 6 5 11 6 6 9
2351 5 4 8 5 9 12
2358 8 8 7 8 11 10
330B 9 7 12 10 3 5
3301 2 3 4 2 10 15
330S 15 16 5 15 14 4

Alt 7 10 3 7 13 13
Ded 11 12 1 11 8 7

F52 10 9 6 9 5 8
HW4 16 15 15 16 7 3
180B 1 1 13 1 16 16
180S 12 14 10 12 1 1
Jewell 4 6 2 3 2 11
NwW 3 2 9 4 12 14
Rose 13 11 16 13 15 6
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Table 5-11 Ranking of Mixes Performance Based on the Ratio of Flow Number Test

Parameters for Freezer Conditioned Samples Tested in Air to Control Samples

. Cycles at
Mix Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 12 5 15 12 13 8
218 6 7 4 5 4 7
2351 4 3 9 4 8 12
2358 7 6 8 7 10 9
330B 9 8 12 11 6 5
3301 3 4 5 2 5 11
330S 13 16 7 13 16 6

Alt 11 13 11 10 14 13
Ded 5 9 1 8 12 16
F52 10 12 3 9 3 4
HW4 16 14 14 14 11 10
180B 1 1 6 1 9 15
180S 15 15 13 16 1 1
Jewell 8 11 2 6 2 2
NwW 2 2 10 3 7 14
Rose 14 10 16 15 15 3
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Table 5-12 Ranking of Mixes Performance Based on the Ratio of Flow Number Test

Parameters for Freezer Conditioned Samples Tested Under Water to Control Samples

. Cycles at
Mix | Cycles to Failure Flow Strain at Flow ?3’0,000 A m
Number Number . .
microstrain

6N 16 15 10 16 11 6

218 9 9 8 9 5 3
2351 4 8 2 4 2 2
2358 11 13 5 10 12 11
330B 3 3 13 5 4 7
3301 2 1 12 2 6 13
3308 12 16 4 12 16 15

Alt 10 5 9 11 7 4
Ded 7 11 1 7 3 10

F52 8 7 11 8 9 8
HW4 15 12 14 15 8 5
180B 1 2 6 1 14 16
180S 13 14 7 13 1 1
Jewell 6 6 3 3 10 14
NwW 5 4 15 6 13 12
Rose 14 10 16 14 15 9

5.2 Statistical analysis

The parameters studied in the flow number test showed very high variability represented in the
coefficient of variation. The parameter that showed the least variability in most of the cases is
the parameter “m”. Cycles to failure will not be included in the statistical analysis because it is
based on two different failure conditions caused by the machine limit and this introduced extra
variability to this parameter. The flow number ratios are scattered around one, which provides
inconclusive results. The variability in the flow number ratios is shown in Figure 5-1 for one
of the conditions, which is the freezer conditioned samples tested in air. This variability is
similar to what was found by Solimanian et al. (2007). Strain at flow number followed a

similar trend as shown in Figure 5-2. Both parameters “A” and “m” offer promising results, but
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only parameter “m” will be considered because it depends mainly on the material properties
and the ratios achieved using this parameter are very consistent in being less than one except

for one reading that was 1.29.

2.5

1.5

0.5

Figure 5-1 Variability of FN ratios for Freezer Conditioned Samples Tested in Air
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Figure 5-2 Variability of Strain at Flow Number ratios for Freezer Conditioned

Samples Tested in Air
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CHAPTER 6 AASHTO T283 TEST RESULTS

Performing the AASHTO T283 test is important to compare the results achieved using the
other methods to those achieved using the AASHTO T283 test. The main reason behind the
comparison is that AASHTO T283 is what practitioners are used to performing and thus
provides a good reference to the test that is currently being performed in practice. The test
followed the methodology described in Chapter 3. Two groups of samples were tested: a
control group and a moisture conditioned group, which was subjected to one freeze/thaw cycle.
Five samples were tested in each group. Table 6-1 presents the tensile strength for both groups
for the mixes tested. The individual sample results are presented in Appendix C. The results
were then use to calculate the tensile strength ratio (TSR), which is presented in Table 6-2. The
TSR was used to rank the mixes, where 1 represents the least moisture susceptible mix. The
ranking of the mixes is presented in Table 6-2. The next step was to perform a statistical
analysis on the results. A statistical analysis software (JMP) was used in the analysis. The first
hypothesis that was tested was that the mean of the two tested groups for all the mixes was
equal. This hypothesis was tested by a pair wise comparison t-test. This resulted in a p-value
less than 0.0001, which means that the hypothesis is rejected at a level of significance 0=0.05
and that the two groups are statistically different. The second hypothesis that was tested was
that the mean of the two groups for each mix is equal for the five samples tested for this mix.
The results of this analysis are presented in Table 6-2. The results are presented as a p-value
and whether the two means are statistically different or not. It can be seen from the results of
this analysis that the means of the good performing mixes are not statistically different (p-value
less than 0.05). It appears that the transition between the statistically similar and the statistically

different groups occurs somewhere between TSR values of 0.93 and 0.86.
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Table 6-1 Tensile Strength for Both Groups

Mix

Sample

Tensile strength, control

Tensile Strength, moisture

(kPa) (kPa)

6N Mean 994.8 854.9

6N Stdev 25.6 69.7

6N COV 2.6 8.2
218 Mean 1206.3 859.2
218 Stdev 69.3 80.2
218 COoVv 5.7 9.3
2351 Mean 1204.3 1170.5
2351 Stdev 31.8 36.5
2351 COV 2.6 3.1
2358 Mean 1174.7 1206.8
2358 Stdev 45.8 73.4
2358 COV 3.9 6.1
330B Mean 1014.5 777.8
330B Stdev 67.7 344
330B COV 6.7 4.4
3301 Mean 1202.9 1145.7
3301 Stdev 56.1 22.2
3301 COV 4.7 1.9
330S Mean 1266.6 1248.8
330S Stdev 13.9 7.3
330S COV 1.1 0.6
ALT Mean 1343.3 1339.6
ALT Stdev 5.3 5.2
ALT COV 0.4 0.4
DED Mean 1171.8 873.0
DED Stdev 50.1 30.3
DED CoVv 4.3 3.5
F52 Mean 839.3 781.4
F52 Stdev 111.6 57.5
F52 COoVv 13.3 7.4
HW4 Mean 1135.9 910.3
HW4 Stdev 164.5 180.8
HW4 COV 14.5 19.9
180B Mean 1290.9 1247.4
180B Stdev 10.3 18.5
180B COV 0.8 1.5
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Mix Sample Tensile stz‘l(zgzgl;h, control Tensile Str(elzngsl, moisture
180S Mean 1243.0 981.1
180S Stdev 13.3 42.5
180S Cov 1.1 43
Jewell Mean 1177.5 1107.0
Jewell Stdev 24.0 93.1
Jewell Cov 2.0 8.4
NW Mean 914.3 789.3
NwW Stdev 19.1 79.5
NW Cov 2.1 10.1
Rose Mean 1220.8 1221.6
Rose Stdev 30.8 15.1
Rose CoVv 2.5 1.2

Table 6-2 TSR and Mixture Ranking
Tensile Strength Ratio p-value Statistical Variation

Mix (TSR) Rank
6N 0.86 0.0109 | Statistically different 11
218 0.71 0.0042 | Statistically different 16
2351 0.97 0.2596 Statistically the same 5
2358 1.03 0.4716 Statistically the same 1
330B 0.77 0.0006 | Statistically different 14
3301 0.95 0.1198 Statistically the same 7
330S 0.99 0.0563 Statistically the same 4
ALT 1.00 0.3577 Statistically the same 3
DED 0.75 <0.0001 | Statistically different 15
F52 0.93 0.4566 Statistically the same 9
HW4 0.80 0.0385 | Statistically different 12
180B 0.97 0.0220 Statistically the same 6
180S 0.79 0.0004 | Statistically different 13
Jewell 0.94 0.2292 Statistically the same 8
NW 0.86 0.0376 | Statistically different 10
Rose 1.00 0.9672 | Statistically the same 2
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CHAPTER 7 COMPARISON BETWEEN THE DIFFERENT TEST
METHODS

In order to investigate the difference in results between the three tests investigated, a
comparison was conducted between the results achieved using the different tests. The results
from the three tests were compared together. The comparisons were done between samples
with the same conditions. This means that only samples tested under condition 4 (moisture
conditioned with one freeze/thaw cycle) and condition 1 (control) are included in this
comparison. Based on the discussion presented earlier about the dependence of the E* ratio on
temperature and frequency, a situation corresponding to that of the flow number was
considered. The master curves were used to calculate the dynamic modulus at 37°C and a
loading frequency of 10Hz. These dynamic modulus values were then used to calculate the
ratios used in the statistical analysis. The average of the E* ratios of all the tested temperature-
frequency combinations was also used in the comparison. A statistical analysis software (JMP)
was used to run a pairwise comparison to show statistically different groups. The comparison
was done for the ratio between the conditioned and unconditioned group results. The results of
the different tests are presented in Table 7-1. A paired t-test comparison was performed on
these results. The results of the comparison are presented in Table 7-2. The results showed
that there is no statistical difference between the parameter “m” and the TSR ratio and the
average E* ratio. All the other comparisons are statistically different. Figures 7-1 through 7-6
show a graphical representation for the tested pairs. The ranking of the mixes based on the

different methods is presented in Table 7-3.
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Mix TSR ratio | E* ratio (average) | E* ratio (37°C-10Hz) | Parameter “m” ratio
6N 0.86 0.92 1.10 0.92
218 0.71 1.08 1.19 0.95
2351 0.97 0.87 0.91 0.87
235s 1.03 1.17 1.27 0.91
330B 0.77 1.03 1.28 0.97
3301 0.95 1.09 1.31 0.87
330s 0.99 0.90 0.78 0.97
ALT 1.00 1.03 1.26 0.87
Ded 0.75 1.00 1.21 0.79
F52 0.93 1.01 1.10 0.97
HW4 0.80 0.80 0.59 0.89
180B 0.97 1.01 1.04 0.84
180s 0.79 0.90 0.92 1.29
Jewell 0.94 1.11 1.37 1.00
NW 0.86 0.99 1.25 0.86
Rose 1.00 0.83 0.78 0.99
Table 7-2 Statistical Comparison Between the Different Methods*
E* ratio (average) | E* ratio (37°C-10Hz) | Parameter “m” ratio
TSR ratio 0.0235 0.0090 0.3460
E* ratio (average) 0.0125 0.2612
E* ratio (37°C-10Hz) 0.0453

* Values in bold are statistically significant at 0=0.05
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Table 7-3 Ranking of the Mixes Using the Different Methods

Mix TSR ratio | E* ratio (average) | E* ratio (37°C-10Hz) | Parameter “m” ratio
6N 10 11 10 8
218 16 4 8 7
2351 5 14 13 13
235s 1 1 4 9
330B 14 6 3
3301 7 3 2 11
330s 4 12 14 6
ALT 2 5 5 12
Ded 15 9 7 16
F52 9 8 9 5
HW4 12 16 16 10
I80B 6 7 11 15
180s 13 13 12 1
Jewell 8 2 1 2
NW 11 10 6 14
Rose 3 15 15 3
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CHAPTER 8 FINITE ELEMENT MODEL

8.1 Introduction

Finite element analysis was performed using a multi-purpose finite element software,
ABAQUS™ version 6.9.1 (2009). The reason for choosing this software is that it includes a
module for viscoelastic materials and that it has pre- and post-processors that can be used in the
stochastic part of the analysis. Two different models with two different geometries were used
in this study. The first model is the validation model and has a cylindrical geometry having the
same dimensions as the flow number sample. This model was used to validate and calibrate the
data transformation that was done to transform the dynamic complex modulus results to the
shear complex modulus results. The reason for the selection of this validation method is that
the same samples were used in the dynamic modulus and the flow number tests, so if the flow
number test can be simulated and the results are comparable then this demonstrates that the
transformation is correct and can be used to in the main model. The second model is the
stochastic finite element analysis model. The stochastic finite element analysis was conducted
using a non-intrusive technique. In this technique, the test results were analyzed to develop a
variable set of data for each material based on the experimental results. The developed data sets
were used as inputs for the model that was subdivided into sections that varied in material

properties in which the details and results of this model is discussed in detail in this chapter.
8.2 Statistical approach

The purpose of the stochastic finite element analysis is to model the variability of the results
based on variability of the input. In the case of this study, the variability consisted of three
types: material variability, construction variability and loading/testing variability. To be able to
incorporate these three types of variability in the input data, results from different samples and

loading cycles were used. This was achieved by using the dynamic modulus results of five
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samples for each of the control and moisture conditioned groups, which represents the material
and construction variability. The loading/testing variability was incorporated by taking the
results from two different cycles. This resulted in 10 different sets of data for each group. A
random number generator that generates numbers between one and ten was used to pick two
data sets from each sample to be used in the model. The random number generation concept
was used to avoid developing data sets because the mixture behavior depends on the relation

between the numbers within the set, which cannot be maintained in randomly generated data.

8.3 Material characterization

ABAQUS has a viscoelastic module that can be used in modeling asphalt concrete. There are
several alternatives that can be used for defining the material properties. The one used in this
analysis was to use the complex shear modulus, which can be obtained by converting the
dynamic modulus test results. The conversion was done using an approximation technique
developed by Schapery and Park (1999), details about the transportation technique will be
presented later in this section. Temperature dependency of the material needs to be entered in
the model. Temperature dependency is calculated using the WLF equation presented in section
2.7, the inputs are the constants ¢; and c,. Finally the elastic properties of the materials were
assumed. The modulus of elasticity was assumed to be S00MPa, the selection of this value was
based on the high temperature used in modeling (37°C) and a sensitivity analysis was done on
the value of the modulus of elasticity and showed that the results are not affected by the

modulus value. The Poison’s ratio was assumed to be 0.35.

The approximation method proposed by Schapery and Park (1999) for interconversion between
the linear viscoelastic material properties was used. In the case of dynamic modulus

conversion to shear modulus, the following steps apply (Schapery and Park 1999):

The dynamic modulus is converted into the storage modulus:
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E' = E*cos@ (8-1)
Where:

E’ is the storage modulus,

E* is the dynamic modulus, and

@ 1s the phase angle.
The next step is to calculate the adjustment factor that is used to transform the storage modulus
into relaxation modulus
A" =T —n)cos (%) (3-2)
Where:

A’ is the adjustment factor,

['() is the gamma function, and

n is the local log-log slope of the source function (in this case the storage modulus.

the relaxation modulus is calculated as follows:
E(t) = E' (@) /N (8-3)
Where:

E(t) is the relaxation modulus at time t,

E' (@) is the storage modulus at frequency @,

A’ is the adjustment factor, and

t=1/w.

A sigmoidal function can be fitted to the relaxation modulus to get the relaxation modulus at a
reference temperature. The sigmoidal function presented in section 2.7 was used.

The shear modulus is then calculated from the relaxation modulus using the relationship:

E(t)
2(14+v)

G(t) = (8-4)

G(t) is the shear modulus at time t,
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E(t) is the relaxation modulus at time t, and

v 1s Poison’s ratio.

ABAQUS has a built in function that transforms the shear modulus into a Prony series. The
data is entered as the long term modulus and then the ratio of the modulus at specific times to
the long term modulus. The reference temperature that was used in the sigmoidal function
fitting was selected to be 21°C. The simulation temperature was 37°C. All the data was
shifted to 37°C before entering them into the model using the shift factors calculated from the
WLF equation.

8.4 Validation model
8.4.1 Model geometry and meshing

The validation model has a cylindrical geometry having the same dimensions as the flow
number sample. This model was used to test the validity of the data conversion by simulating
the flow number test and comparing the results. This model is presented in Figure 8-1. The
mesh used for this model was a structured a 20-node quadratic brick, with reduced integration

(C3D20R).
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a. Loads and Boundary Conditions b. The Meshed Part

Figure 8-1 Finite Element Validation Model
8.4.2 Loads and boundary conditions

To resemble the laboratory test, the model was restrained at the bottom from movement and
rotation in all directions. The load applied to the model was the same as the load applied in the
lab. The load was defined as a 0.1 sec loading cycle at 630kPa followed by arrest period of 0.9
sec. During the rest period, the load was not completely removed, a load of 30kPa was
maintained. The simulation represented a low volume traffic level of 0.5 million ESALSs, so the

load was applied 0.5 million times on each wheel location.
8.4.3 Model results

The results of the validation model are presented in Figures 8-2 through 8-17. The results

shown in the figures are a comparison between the flow number results and the modeling
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results. The model results needed to be multiplied by scaling factors to obtain strain values
close to the actual strain, these scaling factors were carried over to the full model to be used in
scaling the deformations. Since the model used is a viscoelastic model, it does not simulate the
plastic deformation portion of the material. This is why the model was calibrated up to 1
percent strain, which ensures that the material is still in the linear viscoelastic region of its
behavior (before the flow number). The results show that the model was capable of capturing

the trend followed by the material.

1.0
0.9

0.8
0.7 =
0.6

0.5 / Tested
0.4

03 —FE-Output

0.2
0.1
0.0 1 1 1

0 500 1000 1500
Time (s)

Strain (%)
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Figure 8-17 Validation Model Results for Mix Jewell
8.5 The stochastic model
8.5.1 Model geometry and meshing

The stochastic finite element model represents a three dimensional (3D) pavement structure
that consists of a 15c¢m (6in) thick asphalt pavement on top of a 30cm (12in) granular base with
an assumed modulus of 30MPa (4.35ksi) on top of a subgrade with a modulus of 10MPa
(1.45ksi). The bedrock was assumed to be at a depth of 2m from the surface of the subgrade.
The model was subdivided along the traffic direction (Y-direction) into 12 sections. The first
and last sections were 3 meters (10ft) in length and were not included in the analysis, the only
function of these two segments was to eliminate the edge effects. The remaining 10 sections
were 1 meter in length and each one was assigned material properties based on the variability
of the material. Figure 8-18 presents the data input used in modeling unconditioned mix 6N as

a sample for the input data. On the transverse direction (X-direction), the pavement was
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assumed to be 3.6 meters (12ft) wide, which is the normal width of a traffic lane. The lane

marking was assumed to be 50cm (20in) feet from the edge of the pavement and the traffic was

assumed to be 30cm (1ft) from the lane marking. This model is presented in Figure 8-19. The

mesh used for this model was a structured a 20-node quadratic brick, with reduced integration

(C3D20R). The global mesh size used for the asphalt pavement layer was 0.1m. A wider mesh

was used for the base and subgrade (0.6m). the meshed model is presented in Figure 8-20.
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Figure 8-18 Input Data for Mix 6N (Unconditioned)
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Figure 8-19 The Stochastic Model with Loads and Boundary Conditions

Figure 8-20 The Meshed Stochastic Model

8.5.2 Loads and boundary conditions

As mentioned earlier, the load was applied 0.8m from the right edge of the pavement and the
traffic was assumed to move in the positive Y-direction. The load was simulated using a wheel
with a contact dimension of 0.2m in width and 0.33m in length. The applied load was assumed

to be one equivalent single axle load (ESAL). The applied load was 620kPa per wheel, which
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is equivalent to the ESAL load. Blocks that simulate the wheels were placed in two parallel
lines. To simulate the movement of the load, the load was shifted from one block to the
adjacent one every 0.15s, which corresponds to a traffic speed of 80km/hr (50mph). The load

was repeated every 1s.
8.5.3 Model results

The results of the finite element model are presented in this section. The deformation along the
transverse direction (X-axis) is presented for all the mixes. The results for the different
sections of the mix are presented on the same chart to show the variability. The results in
general followed the expected trend and deformation pattern in which the deformation is
highest under the wheel paths. Figures 8-21 through 8-36 show the deformation in the
transverse direction for the unconditioned mixes and Figures 8-37 through 8-53 are for the

conditioned mixes.
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Figure 8-21 Transverse Deformation Profile for Mix 6N (Unconditioned)
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Figure 8-22 Transverse Deformation Profile for Mix 218 (Unconditioned)
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Figure 8-23 Transverse Deformation Profile for Mix 2351 (Unconditioned)
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Figure 8-24 Transverse Deformation Profile for Mix 235S (Unconditioned)
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Figure 8-25 Transverse Deformation Profile for Mix 330B (Unconditioned)
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Figure 8-26 Transverse Deformation Profile for Mix 3301 (Unconditioned)
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Figure 8-27 Transverse Deformation Profile for Mix 330S (Unconditioned)
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Figure 8-28 Transverse Deformation Profile for Mix ALT (Unconditioned)
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Figure 8-29 Transverse Deformation Profile for Mix DED (Unconditioned)
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Figure 8-30 Transverse Deformation Profile for Mix F52 (Unconditioned)

2.00 ==Sectionl
PR 1.00 —Section2
g 0.00 ——Section3
5 -1.00 Section4
.E -2.00 Section5
g -3.00 —Sect}on6
S _4.00 —Sect%on7
< —=Sectiong
a -5.00 ~——Section9

-6.00 ——=Section10

-7.00 : : : : ' ' '

0 0.5 1 1.5 2 2.5 3 3.5 4
Distance (m)

Figure 8-31 Transverse Deformation Profile for Mix HW4 (Unconditioned)
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Figure 8-32 Transverse Deformation Profile for Mix I80B (Unconditioned)
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Figure 8-33 Transverse Deformation Profile for Mix I80S (Unconditioned)
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Figure 8-34 Transverse Deformation Profile for Mix NW (Unconditioned)
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Figure 8-35 Transverse Deformation Profile for Mix Rose (Unconditioned)
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Figure 8-36 Transverse Deformation Profile for Mix Jewell (Unconditioned)
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Figure 8-37 Transverse Deformation Profile for Mix 6N (Moisture-Conditioned)
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Figure 8-38 Transverse Deformation Profile for Mix 218 (Moisture-Conditioned)
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Figure 8-39 Transverse Deformation Profile for Mix 2351 (Moisture-Conditioned)
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Figure 8-40 Transverse Deformation Profile for Mix 235S (Moisture-Conditioned)
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Figure 8-41 Transverse Deformation Profile for Mix 330B (Moisture-Conditioned)
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Figure 8-42 Transverse Deformation Profile for Mix 3301 (Moisture-Conditioned)
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Figure 8-43 Transverse Deformation Profile for Mix 330S (Moisture-Conditioned)
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Figure 8-44 Transverse Deformation Profile for Mix ALT (Moisture-Conditioned)
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Figure 8-45 Transverse Deformation Profile for Mix DED (Moisture-Conditioned)
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Figure 8-46 Transverse Deformation Profile for Mix F52 (Moisture-Conditioned)
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Figure 8-47 Transverse Deformation Profile for Mix HW4 (Moisture-Conditioned)
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Figure 8-48 Transverse Deformation Profile for Mix I80B (Moisture-Conditioned)
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Figure 8-49 Transverse Deformation Profile for Mix I80S (Moisture-Conditioned)
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Figure 8-50 Transverse Deformation Profile for Mix NW (Moisture-Conditioned)
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Figure 8-51 Transverse Deformation Profile for Mix Rose (Moisture-Conditioned)
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Figure 8-52 Transverse Deformation Profile for Mix Jewell (Moisture-Conditioned)

Figures 8-53 through 8-68 show the deformation along the wheel path for all the mixes. Each
chart shows the deformations for both the moisture conditioned and the unconditioned samples.
Each 1 meter in the chart represents one of the sections simulated so the variability in the
response between each section and the other is caused by the material variability. It can be seen
from the charts that the material variability can cause some instances of the moisture
conditioned section to behave better than some of the unconditioned sections. Figure 8-53
includes also the results when the average material data was used as input.
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Figure 8-54 Longitudinal Deformation Profile for Mix 218
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Figure 8-56 Longitudinal Deformation Profile for Mix 235S
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Figure 8-62 Longitudinal Deformation Profile for Mix F52
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8.6 Analysis of finite element results

The deformation under the wheel path at the middle of each section was recorded and
summarized in Tables 8-1 and 8-2 for the unconditioned and conditioned samples, respectively.
Table 8-3 presents statistical summary of the results. It can be concluded from the results that
the variability increased with sample conditioning for 10 out of the 16 mixes simulated. It can
only be concluded that moisture conditioning of the samples increased the predicted

deformation of the mixtures and this means that the mixes are more susceptible to rutting.
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Table 8-1 Deformation Summary for Unconditioned Mixes

Section Deformation (mm)
1 2 3 4 5 6 7 8 9 10

Mix

6n -1.20 | -1.14 | -1.08 | -1.09 | -1.03 | -1.03 | -1.03 | -1.03 | -1.03 | -1.03

218 -1.11 | -1.11 | -1.22 | -1.35 | -1.25 | -1.24 | -1.07 | -1.28 | -2.74 | -2.07

2351 -2.13 | -1.06 | -124 | -1.22 | -1.20 | -1.19 | -1.16 | -1.49 | -1.09 | -1.09

235S | -2.13 | -1.06 | -1.24 | -1.22 | -1.20 | -1.19 | -1.16 | -1.49 | -1.09 | -1.09

330B | -1.16 | -1.19 | -1.14 | -1.53 | -1.19 | -1.86 | -1.16 | -1.14 | -1.16 | -1.54

3301 -1.15 | -1.20 | -1.16 | -1.44 | -1.16 | -1.20 | -1.07 | -1.24 | -1.12 | -2.43

330S -1.09 | -1.06 | -1.09 | -1.23 | -2.25 | -3.79 | -1.16 | -1.10 | -1.16 | -1.16

ALT -2.54 | -1.10 | -1.17 | -1.17 | -2.35 | -2.31 | -3.61 | -3.59 | -3.60 | -3.62

DED | -125 | -1.23 | -1.28 | -1.34 | -1.24 | -1.20 | -1.28 | -1.30 | -1.27 | -1.40

F52 -1.16 | -1.21 | -1.30 | -1.35 | -1.16 | -1.24 | -1.16 | -1.11 | -1.24 | -1.16

HW4 | -6.58 | -134 | -146 | -1.87 | -2.14 | -3.69 | -3.76 | -3.47 | -3.71 | -2.92

180B -3.28 | -3.24 | -3.66 | -430 | -3.22 | -3.55 | -3.50 | -3.94 | -3.86 | -4.04

180S -2.69 | -198 | -227 | -1.87 | -2.82 | -2.72 | -3.28 | -3.17 | -2.79 | -1.99

NW -3.14 | -1.60 | -2.28 | -2.35 | -245 | -2.79 | -3.42 | -3.06 | -2.62 | -2.89

Rose | -291 | -3.17 | -2.72 | -2.73 | -2.35 | -1.56 | -1.62 | -1.62 | -1.47 | -1.30

Jewell | -2.83 | -2.85 | -3.49 | -349 | -3.04 | -1.17 | -1.17 | -2.86 | -3.51 | -2.99
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Table 8-2 Deformation Summary for Conditioned Mixes

Section Deformation (mm)
1 2 3 4 5 6 7 8 9 10

Mix

6n -349| 321 -716 | -573| -181| -122| -190| -2.00| -3.71| -3.77

218 477 -534| -243| -9.13| -520] -334| -330, -1.17] -330] -391

2351 337 251 -181| -217| -134| 413 | -3.65| -2.02| -3.55| -3.54

2358 204 | -391| -142| -541| -445| -215| -294| -3.73| -245| -3.39

330B -3.13 | -255] -389| -641| -4.10| -271| -422| -243| -4.02| -3.30

3301 397 402 | -427| 266 | -374| -341| -341| -274| -402| -2.25

3308 245 ] -243| -7.00| -3.14| -1.12] -3.13| -3.08| -3.74| -327| -423

ALT 379 361 | -378| 411 | -377| -263| -294| -441| -3.10| -3.82

DED -380 | -3.76 | -5.07| -8.07| -3.03| -335| -2.02| -494| -370| -5.05

F52 524 | 445] -386| 472 | -391| -587| -4838| 474 | -485| -594

HW4 -383 | -143| -3.76 | -397| -377| -395| -6.03| -427| -3.67| -3.67

180B 413 -296| -326| -405| -260| -344| -387| -2.04| -191| -3.58

180S 347 329 -2.06| -301| -396| -359| -455| -383| -3797| -2.59

NW -3.60 | -395| -395| -2.68| -398| -374| -327| -3.57| -437| -432

Rose 383 -219| -270| -162| -383| -331| -132] -399| -1.67| -3.31

Jewell -3.68 | -376 | -339| -427| -320] -392| -342| -3.17| -429| -4.62
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Table 8-3 Summary of the Finite Element Results

Mix Condition Mean Deformation Standard Deviation CoV (%) Ratio, COll‘d.ltIOIled/ Rank
(mm) (mm) Unconditioned
Unconditioned -1.07 0.06 5.61
6n 3.18 14
Conditioned -3.40 1.87 54.90
Unconditioned -1.44 0.54 37.25
218 2.90 13
Conditioned -4.19 2.15 51.35
Unconditioned -1.29 0.32 24.85
2351 2.18 8
Conditioned -2.81 0.95 33.81
Unconditioned -1.29 0.32 24.85
2358 2.48 10
Conditioned -3.19 1.23 38.44
Unconditioned -1.31 0.25 18.93
330B 2.81 12
Conditioned -3.67 1.17 31.81
Unconditioned -1.32 0.40 30.53
3301 2.62 11
Conditioned -3.45 0.69 19.92
Unconditioned -1.51 0.88 57.96
3308 2.22 9
Conditioned -3.36 1.53 45.53
Unconditioned -2.51 1.08 43.02
ALT 1.44 7
Conditioned -3.60 0.55 15.21
Unconditioned -1.28 0.06 4.42
DED 3.34 15
Conditioned -4.28 1.65 38.49
Unconditioned -1.21 0.07 6.04
F52 4.01 16
Conditioned -4.85 0.70 14.48
Unconditioned -3.09 1.55 50.12
HW4 1.24 2
Conditioned -3.84 1.10 28.68
Unconditioned -3.66 0.37 10.07
180B 0.87 1
Conditioned -3.18 0.79 2491
Unconditioned -2.56 0.50 19.63
180S 1.33 4
Conditioned -3.41 0.72 20.99
Unconditioned -2.66 0.52 19.60
NwW 1.41 6
Conditioned -3.74 0.50 13.36
Unconditioned -2.15 0.70 32.66
Rose 1.29 3
Conditioned -2.78 1.02 36.62
Unconditioned -2.74 0.87 31.84
Jewell 1.38 5
Conditioned -3.77 0.50 13.19
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS

In this research, sixteen mixes were collected from across the state of lowa. The mixes were
selected to cover a wide variety of materials and traffic levels. For each mix, samples were
compacted using a Superpave gyratory compactor and were divided into four groups with
equal average air voids and different conditioning/testing schemes. Five of the mixes were
subjected to a fifth conditioning/testing scheme. Dynamic modulus, flow number, and tensile
strength ratio (AASHTO T283) tests were performed on the samples. The results were
compared together statistically. A finite element model was then developed using the results
from the dynamic modulus test and was calibrated by the flow number test results. A
stochastic finite element model was then developed using the variability of the tested

materials.

This research studied the use of dynamic modulus and flow number tests in moisture
susceptibility evaluation. The tests were analyzed using different approaches. Finite element
analysis was used as an evaluation tool to evaluate the moisture susceptibility and variability

of the mixes.
9.1 Conclusions

Based on the range of materials and the parameters tested in this research the following can

be concluded:

e The dynamic modulus test is sensitive to the effect of moisture on the mixture. The extent
by which the dynamic modulus value is affected due to the moisture conditioning is
affected by the temperature and the loading frequency. This means that the effect of

moisture varies by the loading conditions.
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For the dynamic modulus test results, the effect of moisture appears more on higher
temperatures and/or lower frequencies.

For best results, the dynamic modulus test results need to be combined either with
information about the conditions at which the mix is going to be used or with a tool that
helps visualize the effect of temperature over a range of temperatures and frequencies.
Plotting a master curve provides a good tool to visualize the effect of moisture on the
mix.

All the parameters evaluated from the flow number test results gave mixed results except
for the parameter “m”, which provides consistent results.

There is no evidence of a statistical difference between the ratios calculated using the
average E* values and the indirect tensile test when compared to parameter “m”.

The different conditioning schemes used in conjunction with the flow number test
showed no evidence of statistical difference. The effect of the different conditioning
schemes of the mixes on the flow number results varied from one mix to the other and
this makes them inconclusive. This can be attributed to the variability of the flow
number test results.

Linear viscoelastic modeling of asphalt material is capable of predicting the material
performance. This kind of modeling is only limited to the linear viscoelastic range and is
not recommended after this range.

Finite element modeling is a good tool to identify the performance difference between the
conditioned and unconditioned samples. This makes modeling a good tool to identify the
moisture susceptibility of a mix and also to quantify the amount of damage.

Moisture damage increased the mix susceptibility to rutting.
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9.2 Limitations of the study

This study has some limitations that are imposed by the testing conditions. The results of the
finite element analysis are limited to the linear viscoelastic range. This limitation can be
eliminated by further testing of the material to be able to model the plastic deformation range.
Another limitation is the complexity of the finite element model usage and this can be
eliminated by developing a software that acts as a pre- and post-processor to perform data
preparation and make the application more user friendly. Calibration to large number of field
data is essential to make sure that the model is actually simulating what will happen in the field

which would include varying pavement structures and loading conditions.
9.3 Recommendations
It is recommended based on the results of this research to do the following:

e Try the various testing/conditioning using the dynamic modulus test using LVDTs
that can be used under water or by relying on the actuator LVDT, which might reduce

the accuracy of the results.

e Run the dynamic modulus test only and skip the flow number test. This gives a
chance to moisture condition the sample after running the control test then the sample
can be tested again. This approach will reduce the variability introduced by testing
two sets of samples.

e The dynamic modulus results should be related to the operating conditions.

e The use of parameter “m” calculated from the flow number test eliminates the need to
test the sample to failure because to calculate this parameter, the sample does not

need to reach the tertiary flow.
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Monitoring the field performance of the mixes and comparing it to the laboratory
results is very important to judge the quality of the test results and to judge which test
provides the most accurate results. It would also be useful to develop a finite element
model based on field data and comparing its results to field conditions.

Further testing is needed to be able to model the plastic material deformation.

If finite element analysis is to be used as an evaluation tool for moisture damage, pre
and post processing software can be developed to facilitate data entry and perform the
data transformation and then help in visualizing the results.

Variability can be also included in parameters that were considered constant in this
study. It can be added to the base layer and subgrade. Variability can also be added
to the thickness of the different layers.
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APPENDIX A JOB MIX FORMULAS

Farm 955 ver. 6.4 Towa Department of Transportation
Highway Division-Oifice of Materials
Proportion & Production Limits For Aggregates

County : Polk Project Mo.:  IM-NHS-235-2(506)5-03-T7 Date:  03/1506
Project Location:  1-235 Surdace  Mix Design No.: IRD-001
Contract Mix Tennage: 20,590 Course: Surface Mix Size (m): 12
Contractor:  Des Moines Asphalt Mix Type:  HMA 30M Design Life ESAL's 30,000,000
Material _Ident# % in Mix Producer & Location [f:&}_ T Beds  Gsb _Sabs
152" or. quartzite | ASD02 | 15.0% Ewerast Dell Rapids, 5.0 A i 2.650 020
1427 crushed ARSDOG | 25.0% MM Ames A 4 2628-39) 2,585 2,00
B chip ABSO06 | 20.0% MM Ames # 4 |262s39| 2595 | 180
man. sand ARS006 | 30.0% M.M. Amnes A 4 262839 2615 2.0
sand ATISOR | 10,0 M.M. Johnston A 4 2.650 050
Type and Soarce of Asphalt Binder: PLiG-22 i i Materials
Individual Aggregates Sieve Analysis - % Passing (Target)
Material 1" 34" 12" 3an A W3 G W30 #50 #1100 H#200
1/2" cr. quartzite 100 100 100 E3 7.0 13 0.8 o7 16 0.s 04
142" crushed 100 100 93 T4 40 23 17 12 11 8.8 7.5
38" chip 100 100 100 Q0 22 3.0 25 1.5 12 1.1 L
‘man. sand 100 100 100 100 98 66 3% 21 11 4.0 24
sand 100 100 100 100 D 87 0 44 12 1.1 03
Prelintnary Job Mix Formula Target Gradation
Upper Taleramce 100 100 100 95 62 40 18 43
Comb Grading 100 100 o8 839 55 35 24 14 LT 3.8 2.3
Lomer Todeame 100 100 9l 22 48 30 10 0.3
S.Asg. mk: Tatal 3.60 +.41 0.22 0.29 039 hdl 0.47 0.47 095
Preduction Limits for Aggregates Approved by the Contractor & Producer,
Sieve 15.0% of mix 25.0% of mix 200,07 of mux 30,055 of mix 10.0% of mix
Size 1/2" er. gquartzile 172" erushed 3/8" chip man. sand sand
in. Mmn Max Min Max Blin Max Belin Mlax Min Iax
1" 1000 1000 100.0 100.0 100.0 1000 1000 100.0 100,10 1000
34 100.0 10000 1000 10000 1000 1000 104000 100.0 1000 100
113" 98.0 1000 Q0.0 1000 100.0 1000 00,0 100.0 100k 100.0
38" 6.0 9.0 670 a1.0 Bi0 a7 100,0 100.0 1000 1000
i 2D 19,0 330 470 12.0 260 3.0 100.0 9.0 100.0
#E 0.0 6.1 18.0 280 0.0 a0 58.0 T2.0 20.0 A
W30 0.0 4.0 2.0 17.0 0.0 5.0 150 250 40,0 48.0
#2100 L] 2.2 5.0 8.5 0.0 1.5 b0 3.0 0.0 1.0

Comments:  Signed 955's on file in District 1 Materals Office.
Copies to! Dies Moines Asphalt Jetferson RCE Mare Lamareux Craig Berry
Central Materials  Mark Trushlood Cheryl Barton
The above targsl gradations and production lunits have been discussed with and agread 1o by an aathorized
- reprasentative of the aggregale produces.

Signed: Signed:
Produce Comiractor
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Form 756 ver, 6.5 Towa Department of Transportation
lighvary Drivision - Office of Materisls
HMA Gyratory Mix Diesign
Caurty : Palk Project ; IM-NHS-235-2(506)5--13-77 Mix No.:  1BDEOD]
Mix Zaze {in.) - 12 Typed Comteactor : Dies Moines Asphals Comtrast No. T7 TAET 504
Mix Type: HMA30M L-2 Design Lifie ESAL'S : 30,000,000 | Date Reported : 031546
Intarded Use : Surfaze _ Projust Location ; 1-335 Surfsar
Aggegate Yo in Mix  Source [D Source Locatian Beds (e %aabs FAA
112" er. quartsite 150, AEDOO2 Everest Diell Rapids, 8.1 2ES0 .20 450
172" crushed I50%  ABSDDG MM, Ames 2638-39 285 2.0 450
38 chip 00 ABSDDG MM Amca 2620-3% 2,295 130 450
man. sand 00 ABSDDG MM, Ames 26,28-29 2605 2.2 480
il 100%  ATTH0Z BB Tohaeston 2.£50 0,50 410

Fob: Mix Formula - Combined Gradation (Sieve Sizein.)

[ R 12" g #4 a% #14 #il IO #1040 0
Unper Tolerarce
10 100 104 £ [+ A 1% 4%
nn 10 9% £ £5 5 ! 14 77 38 29
10 1o * B2 45 n n on
Lower Tolerance
Auplsalt Bunder Source aod Geade, Ditumninous Materials PGd-22
B Gryratory Dats
¥ dsphalt Binder 510 S.60 5462 ald
Carrected Genb & N-Des 2350 1381 1381 2388 [-Iritial
Max. Sp.ir. {(Grm) 2.494 Z.4B1 2480 2867 H
% Cirnm (F) N- Innial 231 B85 Hi.5 813 M-Design
- SeiGrren @) N-Max 936 7.4 974 ELA | (L]
o Adr Vioids 58 40 40 32 MN-Max
% VMA 146 14.0 14.0 142 (AL ]
Y VFA 6.5 7.1 T1.3 4 Gish for Angulacdity
Film Thickness 1C.59 1LEL 1LES 13.00 Mletbod A
Filler Rit, Ratic 073 068 068 62 2623
Tish ZALZ 612 2412 2412 Phes Mo 4bs Ratie
Gse 2703 11 2710 m7 038
Ihe 385 425 427 4568 Sloge of Compretion
Fba 132 143 142 151 Curve
% Hew Asphalt Binder 10020 100.0 100.0 100.0 1i.
Azphak Binder Sp.Cr. i@ 25¢ 1072 1.022 1022 a2 Miz Gim Linearity
5 Water Al 162 162 162 162 Good
SA w2 Kg 360 360 160 360 Fh Range Chezk
% + 4 Type 4 Apg. Or Betier 1000 1600 100.0 1000 100
%44 Tyre Zor 1 Apg. o 30 3L0 3.0 1 Bpecification Check
Argalatity-method A 46 46 46 26 Corply
1 Flat & Flangied B 1 i1 il TSE Check
Band Fupudvalemt T3 T3 73 33

Disposition ;. An asphelt conentof  50%  is recomnisneded bo atast this projoct.
Dota shown v 562%  colwmn s mterpolated from test dats.

Comments © QM4 Verification CompliesFinal Approvasl Riaed fm Plant Procced Mix.

Copies to: Des Moines Asphalt  Jefferson RCE Marc Lamoreus Cruig Berry
Cental Materials Mark Trueblood Cheryl Barton
M Disigrer & Cert# o . Morton Cl-235 Signed -
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Farm 956 ver, .50 Towa Department of Transportation
Highway DHviaion - Offies of Matcrial:
HMA Gyratery Mis Design
County : Folk Project : IM-NHS-235-2(502)12-03.77 Mix No, - IBDa-014
_ MixSize (n): M TypeA Cnntractor - Thee Maoine: Asphalt Contract No :
Mix Type: HMA JOM L-4 Design Life ESAL's : 30M . Date Reported © 06/1306
Intended 1se - Intermedize Project Locatign | 1-235 Intermediate :
M ppregate Y in Mix  Sowrce 1D Snurce Location " Beds kb tdbs FAA
142" erushed 0,00 ARSO0E B, Arsea 26,2839 2585 200 45.0
38" chip 29.0%  ARSO0G ML Armes 26,28-3% 2585 180 450
man. Sand 30.0% MBSO ML Amcs 26,30-0% 2415 220 B0
simd 6.0% ATIE(02 MM Johmston 2650 050 4.0
Claasificd FAT 15.0% 1-RAPG-1 Dies botnes Asplall 2088 222 410

Job Mix Formmula - Combinag Gredation (Sieve Sizein,)

" " 1 R & a3 #16 #i0 el #100 A0
Lpper Tolerance
Wil 100 Bk BT &7 “3 1] &
100 100 ] o0 il 38 6 I6 91 a4 40
M 100 [} £3 53 ek ] 12 el
Lower Tolerance
Asphalt Tinder Source and Grade: Ditvrmincus Matzrials PO4-22
" Gyratery Daa
o Azl Binla 4T 520 5451 FI0 Fluilye wl Gyralivns
Corrected (mb @ N-Des 2319 2327 2,369 2378 M-lnitial
Belax. Spir. (Cimmm) 2501 2484 2468 2464 §
& G 4@ M- Tibial B4 8.6 BGD E74 W-Dzsign
_l yUirnm () N-Max i i1 w3 ury L
4% Ax Voidi 3 £3 4.0 335 N-Iax
B VA 150 152 4.0 118 174
4 VFA 516 534 7.7 % Cish for Angularity.
Film Thickness 775 RS 9.51 1002 Method A
Filler Bit. Ratio 117 102 043 ns0 2.614
Gsb 2501 2501 2,601 2,601 Pta/ %eabs Retio
Gse 2.594 2596 2595 2,695 069
Fbe 3141 a9 432 441 Slope of Compation
Pha 135 138 137 137 Curve
9% Wew Asphalt Binder 853 #5.8 818 ] 1.E
Asphalt Binder Sp.Cr. @ He 1020 1020 1.020 1.020 Miz Grom Linearity
% Witer Abs 157 197 187 157 Exezllent
5A. w2 K 440 440 440 440 Ph Range Check
3 d Type 4 Agg. Or Betier &7 87 2.7 857 100
% +4 Type 2 ord Age 0.0 0o 0.0 i) Spegification Check
Arngularity-method A Camply
% Flat & Flanged 0.9 ) (] .9 TSR Cheek
Sand Exuivalent 3 (] B9 3

DHapamition:  Anasphilt conientof  56% i recommwnded to start this project,
Datashown it 5.61%  column is interpolated from test data.
Th: % ADD} A to start project is 4.0%

Coremente - Qb4 VeriTication Cormplies Finsl Appeowal Raced Din Plant Producesd Wiz

ﬁ' Copes to: Des Moines Asphalt  Marshalltown RCE Marc Lamorcux. Craig Berry
Central Maerials WVicky Rink Chend Barton
Mix Desiguer & Cert.ff © D Morten Cl-2:5 Signesl
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#
Farm 835 ver, 6 5 Llowsa Diepartment of Transportation
Highway Division-Offics of Materizls
Propartion & Production Linits Fu Aggepatos
_ County : Palk Project No.m  IM-NHS-235-2(302)12-03-T7 Date: (61306
Project Lecation:  1-235 Intermediate Mix Design No.: D614
Contract Mix Toanage: 27083 Comrse: Intermediate Mix Siee (in ) 172
Contractor;  Des Moines Asphalt Mix Type:  HMA 30M Dies:gn Life ESAL's 20M
Frictiom
Material Ident # & in Mix Producer & Location {:ml Type Beds Gsh  %Abs
12" enshed ARS006 | 20.0% MM, Ames A 4 26,2839 2585 OO
8" chip A3S006 | 29.1% MM, Ames A 4 |26283%| 2595 | 190
man Sanrd AZSO0G | A00% B B Aimes A 4 26,3830 2615 L0
sand ATTSOR [ 607 MM, Johnsion A 4 Zosy | 050
Clasaificd RAF |1 RBAPE 1| 1538 Dea Mainca Asphalt - 2588 | n22
I'ype and Seuree of Aspralt Binder: FLifid-12 Hitwnineus Maerials
Individual Aggrepates Sieve Analysis - % Passmg (Target)
| Matenal 1" R Ty 3 4 fif #la #30 #al #1100 #200
12" ershed 100 i} 93 S T4 L] 23 17 13 1l 8.8 7.5
38" chip L0 160 100 0 i 3 2.3 I3 1.2 1.1 1.0
man: Fand 100 160 100 10 8 i kL 21 1l 4.0 2.4
sand 100 100 100 100 103 &7 70 a4 11 1 03
Clasgified RAF 1040 w 93 Bo % 52 349 I8 13 14 10

Preliminary Job bix Feamnula Tasygel Cradatioe

Uper Toemece 100 100 L0 &7 67 43 i 6.0
Comb Grading 100 1) 0B 90 1] 38 26 16 23 54 4.0
1 riveer Trd 10 1l a1 #3 51 £k 12 .0
5 Asg mhg Total 440 +H1A1 025 .31 042 046 057 (.68 1.31
Production Limits for Aggregates Approved by the Contractor & Producer.
Sieve 20.0% ol mix 29.0% of mix 30.0% of mix 6.0% ol mix 15.0% wl ia
Size 1/2" crusaed 38" chip mae. Sand sand {'In_sssiﬁed RAP

i Min Wax Min IMax Min Max M1 Max IAin Tz
™ 1000 1000 | 1000 1000 | 1000 W00 | 1000 1000 [ 950 1000
e 1000 1000 | 1000 1000 | 1000 10 [ 1000 1000 [ 20 10mD
12" 900 W00 | 1000 1000 | 1000 1000 | 1000 1000 | 60 100.0
as" 67.0 BLO 31.0 970§ 1000 1900 | 1000 1000 | 9.0 3.0
=1 10 47.0 170 26.0 930 W00 | 900 1000 | 420 T80
i 18.0 8.0 o 124 8.0 .0 Bl 0.0 L0 7.0
30 ok 17.0 L 6.0 15.0 220 A0 Ag.0 0 0
#200 5.5 8.5 Y] 1.5 0.4 a0 0.0 1.0 B0 12.0

Comments:
Cipies b Ties Moines i Ware Larmoreus iz B
Vicky Rink Ceniral Materials Marshallown
The chave wrget gradations and production limits save been dircuesed with and agreed to by an authosized
-+ representative of the aggregate producer.
Sigeed: Sigmzd:
Troduser Contrastor
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Finm 356w, .50 Towa Department of Transportation
Highway Civisior - Offize of Materiak
HMA Gyrawey M Design

Loury - Jasper Project 1 MHM-550- 129)--LK-20 Mix Mo, THM-UUS
Min Size (in) W4 Typsa Contrueter: Cessford Constriction Coniract No. : 24003
M [ype: HMA IM Nom Design Lite ESALS: 1M Date Bepored 1 05/10/06
Intended Use Base Projsct Location : Ia 330 from Jasper Couny Ling . to US30
Agprezale %o i1 Mix Source I Source Locaion Beds Gsh %Abs FAM
340235 Lmst, Z00% AG4004 Cessford - LeGrand 3-27 1.551 2,35
A RTEE Lmst, 0% AR4004 Cesaford - LeGrand 3-27 1573 .M
Man. Sand Prim. 100% A0 Cessford - LeGrand 3-27 1592 2.37 49.3
& Cone, Sand 40.0%  ARS02 Martin Marieta - Marshal kown 1627 66 41.0

Jeb Mix Formula - Combined Gradation (Sieve Sizx in.)

" gn 12 a8 #4 #A 416 #30 #30 #100 #200
Upper Tolerince
] IUH] 44 &5 67 54 28 57
106 100 87 T8 a0 49 k1 24 5.6 4.6 37
16H i3 L] 1 53 4 il 1.7
Lower Tolerince
Asphislt Binder Sourcs and Grade: Bituminous Tama PG58-28
Gyramory Dela
% Asphult Birder 573 6,25 (7] (%5 i
Corrected Gmb el N-Dies 2322 2330 1333 2,156 M-Initial
Max. Splir (Gmm) 2442 2421 241K 2397 7
Y Gmm & M- Initeal 504 .5 .8 26 M-Design
Blamm v M Mo Ch0 a7l L | gz 6l
e Adr Yaids 4.9 kR is 1.7 M-Max
B YA 15.6 15,7 LE7 152 104
WA [ ) Th.l 7 388 Gsh for lari
Filun Fhinhomzs 12,05 11.29 1146 12.61 Moathod A
Filker Bit. Ralio 0.78 0.70 169 063 2618
G 2592 2.592 592 2592
s 2665 2661 Lokl 1653 061
53 4.71 529 336 590 Sluge v Coanpaeting
Pl L] V) 10 0l Curve
W Mow Arphall Binder L. 1040, g0 oo 17.7
Asphalt Binder Sp Cr. i 25¢ 1028 Lo2g 1028 1028 Mix Gmm Linearity
e Water Abs 1.66 7] 16k 1.ty Leood
SA 0T Ke 408 468 .68 468 Ph Range Check
%+ 4 Type 4 Agg Or Btier 1300 1000 100,10 0.0 102
%+ 4 Type Tor § AGE a0 0.0 0.0 0.0 Speci fization Check
Arpularity-meshod A 42 a2 42 a2 Camply
% Flat & Elongted 15 05 .5 0.5 TSR Cherk
Sanad Fouivalert 1 91 491 4

Dispasition = As asphalt content af £3%  is reeomimeended fo stirt this project.
Data shownin - £31%  column is nterpelated from test daa,

Comments : QMA Venfication Complies. Final approval based on plant produced mix.

Copes o Uesdlord Lonstrection Ceniral Malenals Marshalltewn KUk fWlarc Lamoreun
Cheryl Banon Jim Bailey
Six Dhosigner & Cert ¥ Ted Huisman C1-515 Sizned :
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Tonr B55 wer, 6,57 lowa Department of Transportation
Highway Division-Offize of Materals
Proportion & Production Timits Foar Agrregaes
County ; lssper Project Mo NHSN-330-1(2¢)-2R-50 Date:  05/1005
Project Logation: 1a 340 from Saiper County Line N to U530 Mix Lesign No.: 1BD6-00T
Comtract Mix T anmage: 15,000 Course: Base Mix Size (in.): 34
Comtractor;  Cessford Comstruction. M Type:  HMa IM Dresign Life ESAL's IM
Mawciial  Wems %iMin  Produe & Locmion  (ners)  Type  Beds  Gsb reabs
TEE23E Lmst [oandond | 200 Cessford - LeGirand A 4 k27 | 2551 | 235
SR Lnst | Asdud | 300 Cessfiord - Lefirand A 4 227 | 2573 | 230
an. Sand Prin, | A64004 | 100% Cesafond - Lelimand A 4 §27 | 2562 | 237
38 Conz, Sand AGISNT | A0E Martin Maricita - Marsha Bown A 4 2.627 .66
|
|
!
e St gl ner i R
 Individual Aggregates Sicve Anolyais - 7o Pasing | Target)
Material " g 12" yE" #4 #1 #16 #i0 #50 E100 #200
W3 23S Lme we | owo | ome | 4s ] sz K] 3.0 1% 5 23 06
I4ELIE L, 100 100 Tk 62 32 20 15 13 11 n L]
Man. Sosd Prim. | 100 100 103 10 97 a7 37 17 . 53 36

34 Conz. Sand 100 100 1l 1 (K 95 hE] 73 44 9.2 1.2 0.8

Prelminary JobMix Formula Tarzet Gradation

Lpper Toleranc: 1o | G g | a1 | W 28 57
Comiby Crrading 106 100 57 TE & 4% 38 24 X3 4.6 3.7
Lower Tolerancs 100 a3 Rl 71 53 44 20 1.7
sAsqgmky | Totl 468 G041 | 025 | 040 | 062 | d6k [ 033 | uwae | 1a

Froduction Limits for Azgregaies Approved by e Conracior & Froducer.
Siwe | 200% ofmix | I0.0%ofmix | 10.0% ofmix | 400% of mix
Size | 340235 Lmst. | 34113 Lmst. | Man, Sand Prim. | 3/ Conc, Sand

.| Min BMax | Min M | Min Max [ Min Mol
- 10cg 000 | 1o RGO | 1000 1000 | 1000 1000
v o809 130.0 0.0 L0E.0 100.C 10083 (L] 1000
12" 637 T50 .0 40 1000 1000 | 1000 1000
IE" kLR 0.0 50,00 GHEO 1000 10kd | [es 1000
) 2L 12.0 270 3on Q5.0 100.0 Q00 1000
i LIRE . 1.0 2B B30 50 BA0 930

#30) o 50 o 170 14.0 4.0 380 438.0

0 0r. 40 f 50 80 | 00 40 | 00 15
Commecnts:
Copres 1o Cessfond Constructicn Marshallioan RCE Plarc Lamonous Cheryl Barton

Cahiel Mataals  Jios Dailey

1he above taspel gradations and productios limis have seen dacussed with and agreed o by an suthorized
representit vie of the nggregate produger,

Higmed: b‘ip'ad:
Produscer Confragtor
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Ferm 956 v 6,50 lowa Depariment of Transporiation
Highway Division - Office of Materias
HM & Gyraiary Mix Design
oty . Jasper Froject: WHSMN-330-1024)—ZR-30 Mz Mo, . |BDE-01E
Mlax Shee (i) 112 Type A Contractor: Cessford Constraction Conmract Mo, 24003
vlia Type: HMA UM Nome Liesign Life ESAL's: 10M Lrate Kepored : 0530006
Intended Use [ntermediale N Progect Location - 1a 330 from Jaspe Couny Line N, to 530
Appregate % Mk Source L source Locaion Beds Gsh YoAhs FAA
Man, Sand Sz, 25.0% AL Cesslond - LeGrand 327 Lol 201 49.0
A WIS Ll 20.0% Ar2004 Cessford - LeGrand 327 1574 230
FH2N0 Ll M ARG Cessford - LeGrand 327 1607 1.58
B Cone, Sand 280% AE4S02  Martin Marieta - Marshallown 1627 i1 41.0

Jeb Mix Formula - Combined Gradation (Sieve Siz in.)

" RN 12" an a4 #8 U W0 #50 #1000 #2200
Upper Tolersnce
10 10k 11 95 T 5l 25 63
1o 10 9 B 64 46 33 21 B 52 4.3
104 Kk a2 i1 57 4] 17 213
Lower Tolerence
Asghall Binder Source and Grade: Hituminous Tama POA4-22
Civratory Data
%y Aphalt Bander 5.50 593 600 5,50
Correetad Cimb @ N-Des 2323 1350 2355 2362 M-Initial
Max. Bp. G (Gmm) 2461 1448 2446 2428 8
B Gimm (¥ M- Jeitial B3 .5 57.E %0.2 MN-Design
Belmem MM 457 w3 LY A Qi
% A Viids A 4.0 i 2.7 N-Max
a5 YMA 15,8 15,2 15.1 53 152
S VT A 6.6 18 154 22 Gsb for Anglarity
Film Thickness 9,55 1236 12,50 11.57 Mathod 4
Filler Hit, Raga .95 087 L5 078 1621
fish 2608 2606 2608 2608 Mha / YpAba Rntio
s 2ATE 1081 2682 26E2 (.63
T 4.33 +a1 =36 548 Ghops ul Cunpraivg
It 1013 .07 109 09 Curve
S Mew Adphall Bemder 1o Ty 1000 [l iy 131
wsphall Einider Sp.Gr. () 25e 1028 1028 1.028 1028 i
a Wiler Al 104 .04 1.4 b Exgellert
SA 02K 474 4.74 274 4.74 Ph Range Check
ot d Typed Agp. Or Betier [RHVRI] o 10 LN 1.0
H 4 Type 2ar 1 Ag [EY P 20 1V Specifieation Check
Argularite-methad A 43 43 43 43 Camply
% Flat & Elangaed 0.8 08 1. 0.8 T52 Check
Sand Fquivithnt 32 92 92 92

Disposition:  An asphalt cortent of 9% s recommended 10 sta this project.
Data shown ir - 5.93%  column is interpolated rom test dam.

Comments - QMA Veritcation Complies. Final approval based on plant produced mix.

Copoes 1o Cessord Construction . Mare Lamoreus Cheryl Banon Central Materias
Mark Truchlood Marshalltown RCE Jim Bailey
Mk Designer & Cent - T Huisman CI-515 Signed ;
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Form %S5 ver. b5 lowa Department of Transportation
Highway Drvision-Office of Materils
Progortion & Production Limits For Aggregates
County : Tmper Paect N NHSN-331{24)-2R-50 Date: 1530006

Froject LoCaton:  la 530 trom Japer Coundy Ling N, to U330 K Lesign Mo, 181112

Contract Mix Tonnags: Course: Intermediats Mix Size (m.): 172
Contractor;  Cessford Construction Mic Typz:  HMA 1OM Design Life ESAL's 10M

o Maiegial  Blemn h ¥ in Mix FProducer & Location [:g:] I-TI"::- Berds Gsb aAbs

Man. Sand Sec. | AG400: | 250% Cissfioad - Lelrand A 4 827 2606 201

132 1225 Lnst And0De | HLO0% Cesstond - Lelirand A 4 827 15 P

1.2 /220 LmsL Ad400: | MLO0% Cesalond - Lelirand A 4 827 2607 1.88

3% Cone, Sand ARdSOE | 250% Martin Marictts - Marshalltown A 4 Lall (.66

s S A e PG Wi ans
" Indivdual Approgatcs Sicve Analysis - % Passing (| Target)

_ Material 1" 34" WT B #4 #E F16  #30 _ #50  #10)  #200
mlan, Sand Sec. 100 100 100 100 Rilv) L3 35 17 B0 4.7 a7
173 §225 Lmsl. 100 100 e 73 17 48 kLY 37 35 34 32
171 6220 Lmsl 100 oo a5 T EL] 23 13 15 12 10 H.4

3% Cone, Sl 1640 10 100 140 9% B8 73 44 @z 12 0.8

Prefimmary Job Mix Formua Tarzet Geadation

Upper Tolernnce | 1007 | 100 | 1o |98 7 51 25 63
Comb Gradmg | 100 | woe | 9% B8 64 a5 33 21 a6 sz | 43
Lowar Telorane: | 100 | 100 91 a1 s e 17 23
Sasgmke | Toml 474 0 andr | eze | g | usa | wse | ooas | oo | 140

- Producrion Limiis i Aggregarcs MAaprovad by the Contractor & Producer.
Sieve 25.0% ol mix A0.0% of mix 300 of mix 25.0P% of mix
Sxe | Mar. Sand Sec. | L2 #2258 Lmst. | 1/2 4220 Lmst. | 38 Conc, Sand
in. | Min _ Max | Min  Max [ Min  Max | Min May
" 1000 10000 | 1000 10000 [ 100 1200 | 1000 1008
EEN 100.0 100, 100.0 1000 100 120.0 100,00 1000
L2 1000 1000 | S8.0 1000 | 980 1200 | 1000 1000
hE" 100.0 1000 .0 00 T4.0 ko0 1000 1000
e 950 1000 130 250 330 Z5.0 900 10040
i LR FERS] 0o B.0 17.0 iro 550 25.0
10 120 20 0. .0 9.0 18.0 380 48.0
#0008 40 | o 50| 65 @0 | op 1.5

Cormmonts: Eiﬁnuh.m:s on filc im Datrict 1 Materala O e,
{ophes o Cpsslond Congruction Miare Lamarsux Cherl Bartan Central Miterinls
Shank Trwglinal BMlamballown RUL Jim Dailey
The shve target gradat ons and production limits have been discussed witt and agreed o by an authorized
represendative of the aggregate protheer,

Shgned: sigred
Producer Confractar
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Frem 456 wr, fa 51 Towa Department of Transportation
Highway Livisior - Offize of Materiak
HM A Gyrary Mix Dhesign

Courty : Jasper Froject : NHSN-330-1[24)--LK-50 M Noo o LBDG-RD
Pl Sizee (in.) 2 112 Typea Canracior: Cessford Constraction Coniract B, : 24003
Mk 1 vpe: HMA [ L2 Uesegn Lite ESALS: 10M Lrate Keporled D6 06
Intended Use : Surfuce Projzet Location : la 330 from Jasper Couny Line N, 1 J530
Appregate o Mix  Source TR Source Locadion Heds Cish Yadbs FAA
Manf, Sand Combined  25.0% AfL004 Cessford - LeGrand 27 L1601 224 49,0
22N s, 0% ARL004 Cessford - LeGrand 3-27 a7 1.58
58 58 K 4 Slag 120% ATO0E Limwood - Montpelier 3721 1.32
W8 Cone, Sand 250% ALAE02 Martin Marictu - Marshallown 1627 .66 410

Jeb Mix Formula - Combined Gradaticn {Sieve Sizx in.)

" Tg4n 12 T ud HE §16 H30 #30 #100 #200
Upper Tolerince
] 100 Tk a4 3 a4 25 6.3
100 10 49 &7 b 49 15 21 a4 55 4.5
] L] az En 39 44 17 2.5
Lower Tolerance
Asphalt Binder Source and Grade: Bituminous Tama PCH4-22
Giyrawory Dela
% Asplull Hirder 550 6,00 b.0d w50
Cormeeted Gmb gl N-Des 2410 2424 2425 2436 Helntial
Mun. Bplir (Gmm) 2552 23527 L5826 2514 ]
%o Limm g0 M- [arial 567 BE.0 5.0 58.8 N-Design
9 ) M Max 057 07.2 %73 081 Ty
e Aur Wamds b 3.1 4.0 11 M-Max
B WA 15.0 155 159 5.0 152
T VFA 5.0 4.3 43 0.5 Gsb for Angularity.
Filars Theckiness £.69 10,04 10.15 1.0 Method A
Filler Brl Banio 1.03 IRE] [ R[] 0,84 2617
Cish 2708 2,704 2708 2708 [/ HAba Rutio
Gine 2Tl 1784 LTE9 1Tal .69
e 443 302 a03 343 Slupe v’ Cunwaetivg
Pl 113 104 111 I.15 Cupve
W Mo Arphall Binder (RE 100,10 10,0 1oo.o 13.%
Asphalt Binde Sp.Cr. @ 25¢ 14033 1033 1033 1033 Mix Gmm Liyearity
% Water Abs 1,60 LBl Lobp [RTH iood
SA W2/ Kg 408 498 198 498 Fh Range Check
e+ 4 Type d Ag. Or Hetier 1200 100.0 1iHLD 1000 1.00
%4 4 Tyre T ar 3 AgE 4.2 4.2 .2 4.2 Specifization Check
Anyularity-method A 44 44 44 44 Camply
S Flat & Ekmgased 1.0 1.0 1.0 1.0 TSR Check
sand Fyuivalem 4 91 91 41

Dispasition @ A1 asphalt content of  £0%  is reeomimended 1o sten this projest.
[ata shorwnon &.04%  column is nterpelated from wst daa,

Comments : OMA Verification Complies. Final approval based on plant produced i,

Uopes 1o Cesstord Lonstruction  Marn: Lamareus Lheryl Barton Certral Materials
Jim Bailey Marshalltewn RCE
Mix Dhosngner & Cortst Ted Huiarman CI-515 Sizned :

www.manharaa.com
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For B85 v 5 Iowa Department of Transportation
Highway Divizgion-Offize of Materals
Proportion & Praduction [imite Far Agaregates

County :  lwsper  ProjectMo.  NHSM-33001(24)-2R-50 Date:  06/1906
Fropeet Lovaten:  la 330 fom Jaiper County _ine N LSS0 Mix CesignMNo.: 1BIM-015
Comract Mix Tannage: 28,500 Course: Surfiece Mix Size (in): 1/
Contractor: Cessfond Comstruction Mis Type: HMA TOM Diesign Life ESAL's 100
Mawrel  Mems Mk Produce&Lxat  (awn) Tpe  Bxs  Gsb  %abs
Man T, Sand Combi bS04 | Z30% Cesstord - Lelrand A 4 B-27 2601 2.4
112 #220 Lmsl, AGA008 | 3500 Cessford - LeGrand A 4 827 2.607 1.58
SIE S NS4 She | ATOO0E | 12.0% Lnwood - Movpelier A 2 370 | 132
3% Cone. Sand Ab4S0E | 0% Wartin Marienta - Marshalltown A 4 2627 .66
Cype and Source of Asghalt Binder | PGe1T1 Bitsminous Toms
B  ludnvidual Apgrepates Sieve Amalysis - M Fassing [Targst)
Material 1" ECS 12" 3R 54 #3 #16 #30 W50 W00 W200
fanf Sand Combind 100 [ 100 B L I T BT B 2 al 21 1 a3 EE
1.2 #2203 Lmst. 100 106 90 L 41 n 16 13 11 og 55

SR SE N B Sag] 100 10 a6 55 3.2 [ LG 1.4 1.3 1.1 1.0
34 Conc. Sard 100 100 100 100 S8 B3 3 a4 8.2 1.2 08

Preliminary lobMix Formula Tamget Gradation

Upper Todemame | 300 | 00 | 1o 44 pil 54 5 6.5
Comb Grading | 100 | o0 | 99 KT A6 43 33 21 5.4 55| 43
Lower Toleranae | 100 |00 a2 i 54 a1 17 25
SAsgmhe | Toml 498 04 [ 027 | 040 [ 05 061 | uss | wer | 14w

Produetion Lamats for ARgregates approved by the Comractor & Froducer,

Siove 250% of mix 2E8.0% of mx 1200 of mx ] 25,0%% of mix
Size  Janf Sand Combing 172 #230 Lmat. | #/8 /4 X #< Slag| 3% Conc. Sand
i, | M Max '_'_.I.'m_  Max Min Mo Min My
1" 1000 1000 1000 100,00 100.0 1000 | 1000 1000
4 1000 1000 1000 1000 1000 Q0.0 | 1000 1002
12" 100 1000 TR0 1000 400 1000 | 100 1000
N 8.0 100.0 4.0 a0 45.0 390 108 100
] a5.0 1000 130 45140 0.0 ([ S0 1002
] 670 THA 7.0 2Ty LAY Wil HaU wa.0
130 16,0 260 .0 1840 0.0 50 380 48,0
mo | 04 a0 [ as ey | oo 25 | oo 15

Cunnminls,
Cispies 1o Cessford Construction Marc Lamareux Cheryl Barkn Cencral Matesials
Jim Bailey Warshallwown RCE
The abowe target gradatons and production limits have been discussad with and zgreed te by in authorized
representative ol the nggregate produecer,

Hignad: Sipred;
Producer Contractor

www.manharaa.com
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Feom 456w 5 Towa Department of Transportation
Highway Civisioe - Offize of Materiak
HMA Gyrawey M Design
Couny © Greae Project: S TFN-3-2 30 )--10-3 1 Mis Mo TBDG-UZS
Mix Size (in.) : W2 TypeB Comractar: Hermingsen Corst Contract No.
Wlix Type: HMA 1M MNone Design Lile ESAL'S! Date Repored : 100206
Intended Use : Intermedize Projact Lozation : On 14 4 From US 30 Ta 1A 175 In Calboun Coanty
Aggregale P Mix Sowce ID Source Locaion Beds (sh aAbs FAA
34 Srone 30 AS400Z  Mertin Marietta Fort Dodge Mine  36-42 1644 .81 450
IE Stene Chips Ml A%H002  Martin Marietn Fort Doge Mine 36-42 L6114 083 450
4 Screen Gravel 33.0% Wew Pl Becker Gravel Haupert it 1326 233 40,0
14 Cone Sasd 15,0t Hallett Jeffeson 2614 087 40,0

Jab iz Formula - Combined Gradation {Sieve Sizz in.)

o 3q" 2" g #4 #8 #16 $30 #50 §100 #2000
Upper Tolerance
[ 1 L] L] Gify 52 25 6.3
100 100 11 §h 50 47 35 21 10 57 4.3
it 1011 i 9 52 47 17 23
Lower Tolersnce
Aspaalt Bnder Source and Grade: Flint Hills Algona PG oSR-28
Ciyrataey Dita
W Asphall Binder 4.50 500 47 L0 £.00 Mumber of Gyations
Corvected Gmib 8 N-Dhes, 2321 2319 1338 2339 2352 N-Initial
Pax. Sn Gr Gamd 247 2430 2436 2435 2409 7
o dmm G M- Inital 579 BE.5 7 BB 911 N-Dwesig
Wimim 7 M-Mox ) L] 5.8 6K wE.S5 6
% A Voids 6.1 49 1.0 39 24 M-Max
T VA 4.1 11.5 1.6 14.6 A6 117
% VEA 5.7 G0 7.6 730 1.7 Cish for Angulanty
Film Thickngs TAT HET .46 a1 1085 Method &
“iller Bit, Rafws .16 1.1 .92 041 0.80 1574
il 2584 2588 1588 2.588 L5588 Pla 7 Yhtbs Ratic
Cisr 2645 2642 1642 2645 2634 0.55
The 368 4,23 4,606 59 133 Slype of Compastivn
Fha 085 .81 (.81 0,85 0,70 Curve
e Mew Asphalt Einder 100, 1] 1Ay 13400 1000 17.3
Asphal: Binder Sp.Gr. @ 25c 1033 1.030 1030 1.030 1.030 Mix Gearn Linearity
e Walor Ald 1.3t |40 1406 |4t - Al Laood
SAL a2 Ky 493 493 4.93 £93 4.93 Ph Bange Caeck
4 Typu 4 Apg. Or Better 100.0 1000 1Mk 130 1000 1.50
b4 Type 2or 3 Agp 0o (] (X 10 0.0 secificati heck
Angubarive-method A 40 Al 40 40 Al Camply
% Flun & 1 lomgated 1.9 149 L9 1.9 1.9 TSR Check
Surst Equivalat T8 % 78 T8 7%

Dispusition:  Anasphaly coment o 55% i reenmmended fo stant this project.
Dot shewnin - 5.47%  column s interpalated from test dats,

Comments : QMA Verification OB, Final approval based upon plant produced mix.
Made with the addition of Washed Sand.

Copks 1o Henningsen Consl Marg Lamoreus LUleeryl Haron Uenral Malenak
Jeflerson RCE Mark Truchloed M. Marieta Crag Berry
Mix Dusigner & Cony Seott Schoenrock  SW130 Signed :

www.manharaa.com
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Form 955 ver. 6.5 lowa Depariment of Transportation
Highway Diviston-Offize of Materals
Proportion & Praduction Limits For Aggregakes
County :  Gireeme  PojectMo;  STON-36)-20-37 Date:  10/02106
Froject LOCATen: Un 1A 4 FromUs 30 Lo 14 175 In Calkaun County Mix Lesign MNo.: 1BLM-02Y
Comtract Mix | snnage: Cowrse: Intermediag Mix Size (in): iz
Contractor:  Heamingsen Const Mix Type:  HMAIM Design Life ESAL's
Fricti
Platcrial Ileot & imMin  Producer & Lovation 'Iﬁmﬂ. ]'u,_:“ Bads Osh Yoshs
B Sone ARG | 250% Martin Varieta Fort Dodgz Mine A 4 JE-42 2.644 081
Se% store Uhips | AWUUZ [ 20N Marun Mareita Fon Doge Mine A 4 JE-42 2014 L83
34 Sceeen Gravel | New Pr | 20.0% Bevier Grvel Haupert Pit A 4 2526 2.53
1'4 Core Sand 1E.0% Haller Jefferson A 4 Lal4 087
Type and Sonce of Asphall Binder PG SS38 Flist Hills Algons

Inadividunl Aggregates Sicve Anakeais - % Passing [Targst)

Material 1" 34 1z 3B 4 #3 #16 #30 50 H100 W00
3 Suw woe | e |7 ] e | 36 25 20 17 14 10 7.3
3% Stone Chaps 100 100 100 100 24 80 50 35 15 20 1.7
54 Screen Lisavel] 10U 1 9 BY T3 ) as 2y 14 by EW

14 Core Sand 100 10 100 100 {1 92 ik 32 58 1.1 0.8

Preliminary Job Mix Formula Tamet Gradation

Upper Toiemame | 100 | 00 9 53 B 52 5 6.3
Comb Gradi | 100 | 00 |9 B 38 47 EL 21 10 55 | 43
Lower Talerane | 100 | 000 8 74 51 4z 17 3
SAsg mkp | Towl  a¥s &l | uz4 | 0S8 | wass | 062 | 063 | 062 | L4

Frodustion Limis for Aggregares Approved by the Comrasor & Frodwer,

SEve 250% o mix 20.0% of mx 37.00% of mx 15.0%% of mix
Size ¥4 Stone | 38 Stone Chips | /4 Screen Gravel] 1/4 Con: Sand
g | Mia o Max | Min Mex | Min  Wax | Min Mas
1" 1000 1000 | 1000 1000 | 000 1000 | 1000 1000
q= R 10 1000 T4 QR0 1000 100, EOD,0
2= 70D 4.0 100 100G | 40 8.0 1000 000
g 560 0 43.0 O a0.0 24,0 100, F00.0
it 26,0 40.0 30 370 To.o E4.0 95.0 1000
L] 172 210 4.0 140 LR 9.0 57.0 97.0
#30 110 9.0 ENH 110 310 0.0 280 ELRE
N0 4.4 CEUNEY A e 57 og 1.5

Co 1Es
Copius to; Hennmgsen Consl [¥ar 1 Lab

Theabove target gradadons and production limits have been discussed with and agreed to by an suthorized
representative of the aggregate prodecer.

signed: Signed:
Producer Coniractar

www.manharaa.com
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—
Form 956 ver. 6.5 Towa Department of Transportation
Highway Lnnsion - Uftiee of Materials
HMA Gyratory Miz Design
Conmity Potmwatttumie Project: IMN-080-/(299)10—0E-T8 Mg Mo, 4BDS-25
- Ml Size In) 374 Type A Conlracior: Westarn Eagiucn g Contmct Mo : 24620
Mix Type: HMA 306 L-2 Design _ife B3AL's: 30,000,000 Date Reported - 062506
Intended Use : Surface Project Location | 1-80 Trom 1.3 M N of US6 N, 1€ Mile (EBLWEL)
Aporegats & m Mix  Source [ Source Location Eeds (b SiAbs Fas
34T Oz 15.0%  ASDOO LAH Bvesed L5339 a0 3.0
WS QT2 130%  ASDOIO LG Sveredt 2639 0.E0 47.0
3/8" Limestone 44.0%  ATRO02 Sehildberg 25B-25E 1587 R 1] 43.1
AL Sand 120%  AMESL4 Lymen Rickie 2510 060 EE ]
AP 200% MBOS.TE 1829 047 47.1
Jeb My Formula - Combined Crdation (Sieve Size m.)
1" 304" 12" 38" #a #y it #30 #30 00 200
Upper Tolerence
100 100 a7 a5 Gl 40 24 58
100 100 o0 T9 54 ERT 26 20 11 54 LB
L 93 83 72 47 3 16 [
- Liovwer Tolerancs .
Asphalt Sinder Souree and Grade: Flint Hills  Cmaha PO6d4-22
Gyralory Dita
% Asphait Bnder 475 5,00 5.0 §.23 575 bomber of Gvpstions
o] Chsb (@) W-Thes 1345 1350 21353 1353 2367 © o M-mitial
Mae. 8p.Gr. (Gmm) 1.458 1453 1451 1447 2430 B
B, Gamea (3 M- Initind g5 R an 71 7.6 8.2 W-Degign
. Sl Tmm (f) N-Max 06,6 L | 1.3 LER] T Log
86 Air Voida A6 a3 dan 1.4 2.6 M-Max
25 VhA 157 154 157 155 59 174
% VA 0.8 T3.4 T4.6 e EIR (3sb for Angularity
Film Thicksess 10.93 11.33 11.45 179 12.90 Mehod 24
Pliler BiL Ratio .78 075 075 0,72 084 2615
Geh 2651 L1651 1.651 1651 2651 !
ise 2.639 X 644 1.647 2647 .04
Phe 452 510 513 531 .81 Slope of Compaction
Fha .18 0.0 AB.10 .06 .06 Cunve
% Mew Asphal! Binder B2 238 B0 LN 6.0 13.2
Asptalt Binder SpOr. (@) I3 1034 1034 1034 1.034 1034 3otz Grven Lincarity
5 Waler Abs 1.12 1.12 L12 .12 1.12 Crood
3.A.m"%2 (Kg 4,50 4.50 4,30 430 4,50 Ob Roage Chach
% +d Type 4 Agp. Or Better 1.0 1000 1040 1000 1000 100
% +4 Tope 2 or 3 Agr. 545 4.8 54.8 148 45 SBeesification Cheel:
Angulaity-method A 45 45 45 45 45 Comphy
9% Flat & Eleagated 0.8 [iE-} (%] 0.8 0.8 TAE Chegs
Sard Equivalent 81 Bl 81 a1 &l 0.4

Dispositier. :  An asphalt contentof  51%  is recommendesd to start this projest.
Twta shenwmin 3 (O6%  eolmn is interpolated. from test deta.
The % ADD AC tostart projectis 4.2%

Comrmenis |

- Copies ty 1 Weslern Engincering Ames Cook-2 CBRCE

Tugper=2 Lal=3 Tils N

Mix Diesigmer & Cert.# Mdarin Ssavey BW 160 SM:'H!&{ S:E E:i ‘; M Zag

www.manharaa.com
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Form 355 war, 6.5 Lowa Department of Transportation
' Highway Division-Office of Matenials
Propoartion & Production Limits For Aggogates
- Coumy Potawatitamie Project Mo.:  IVN-O80- {2991 0=-0F-T3 Date: 062906
Project Location: 18 frem 1.5 M of 186 N, 10 Miles (EBL,WEL) Mix Design Mo 1BD6-25
Coatraet Mis Tommage: 42 418 Crnrse Surnoe Mix Sze (in): 34
Contraztor:  Western Engineermg Miz Type:  HMA 30M Design Life ESAL'S: 30,000,000
i
Mauteril  Tdemt# % in Mix Procucer & Locatior A ye  Bels  Gsh  %Abs
A" ot AR | 1E M .G Everest A 2z 265 | el
M3 QTZ ASDOLO | 100% LG Everest A 2 2639 | (80
WE® Limestons | ATBOOZ | 44.0% Sakildbery A 4 |2spasE| 2587 | 180
- AC Band ANES14 | 100% Lyman Rickie A 4 2610 | 060
RAP 00% ARCH-TE A 3 2829 | 047
Type ind Source «f Asptalt Binder: PO64-22  FlinHills Cmaba
icdeal Aggregntes Sieve Analysis - % Pasang (Target)
Daterial 1" 34° i) kL 4 F A6 #0 #60 #1000 #200
3a = 100 100 53 20 3.0 20 16 1.0 09 0.8 0.5
M3 GTZ 100 100 100 100 bl 2 57 30 a1 54 1.8
308" Limestens | 100 | 100 ] 91 52 18 10 7.7 69 &4 56
AL Sand jTLl] 1 oo 100 100 98 az 30 az 4.4 Lo
RAZ 100 100 o1 20 51 4] 32 25 15 75 5.1
- I
Preliminary Job Mix Formula Target Gradation
U Tuimuee 100 120 a7 B 51 0 24 £
Comb Grading 100 100 90 79 5 35 26 o i1 54 38
Lowver Toleranc 100 L= ] LE] 72X 47 30 16 1.8
SAsq mkg Tiotal 450 +1.41 (.22 0,19 (.42 .56 Q.70 0.66 1.26
Froduction Limits for A ggregetes Approved by the Coatractor & Froducer.
Sieve 16.0% of mix 10.0%% of mix 44 0% of o 10:0% of mix 2000% of mux
Size 24* Q= MS QTT TR Limesinne AL Sand RAP
im. Min [T Min Max Min Max hdm Max Min Max
" 1000 000 | tooe 1000 | 1000 1000 | 1000 1000
3" G98.C 000 | 1000 1000 3.0 000 | 1000 1000
e 530 ST.00 | 1000 1000 | 92e 1000 | 1000 10040
ElCy 16.C 300 980 1000 340 8.0 1000 1000
# o0 50 910 o0 | 4ap 590 | 980 1000
W 0.0 4.0 7440 85,00 14.0 40 930 1004
#20 0.0 30 250 350 37 1.7 Tan 8B40
| #200 | oo zo | wo 40 | 0o &0 | 00 30

Comments:  Signed §35's o fle in Dist Matls office.

Copies ta: Western EEE Ames Cook-2 CH HUE Tupper-2
Lah-5 CBLab

The thove mrget gradatins and prodoction limits have boen dscussed with and agreed o by an aushorized
represenimine of the apgrepate peodozer.

Sigued- Sigmed: R

www.manharaa.com
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Form 486 wer, i S Towa Depariment MTranspumnnn
Highway Division - Office of Materia s
HM.A Gyratory Mix Diesizn
Coumty © Ixatlas Froject : 5 TP-U-35T0(G07)-=70-25 Mix Moo 1BLG-ULL
Mix Siae (n.) L2 Typea Cuntractor - Dhes Moines Asphalt Comract Ko, © 260623
Min Iype: HAMA 10 Lesign Life ESAL'S: 1M Date Reported © 062006
Interded Use : Intemmediale Project Location ; Dalls Couty, Ao se $£ -
Aggregaie Faom Mix Bource 1T Source Location Beds Gish YoAbs FAA
12" erushel 15.0% ALS06 M.M. Ames 26, 28-34 1585 2.00 48,0
man. Sand 16.0% ARSODR M.M. Ames 26,28-39 L6153 2.20 48,0
sand 20,0, ATTS02 M.M. Johngon L1650 0.50 41,0
Classified RAF 20.08% |-RAPR-] [es Moines Asphalt 1588 222 42.0

Job Mis Formula - Combined Gradaticn {Sieve Sim in.)}

" 4" " R i iR #la H30 #50 #1100 #2000
lipper Toleranee
LE 162 ol 5 TH 3 30 7
100 10K i 88 Tl 54 40 26 13 6.8 5.0
i LY Y Kl i 49 2 10
Lower Tolerance
Asphalt Binder Source and Grade: Bituminous Matenals-OM PCed-22
Ciyratory Data
Hu Aspull Hinder Ll 598 810 601 Mumber of Gyrations
Carrected G el M-Des 1350 2361 2364 2376 M-Initial
Max. BpLir (Gimm) 2478 1459 2454 2439 7
Yo G e M- [nglsal o 9.6 0.0 LB M-Design
Ll Gimm v W-Max 50 LR 7.3 g2 T6
% Adr Vs il 4.0 T 26 M-Max
B A 15.0 1.8 .9 4.4 n?
aVEA (] 3.2 5.4 52.7 Gsb for Angylarity
Film Thivkniss .37 B 533 LA Mathod A
Filler Bit. Ratio 118 107 04 195 2627
sy 2ol 2609 209 2604 [ba / “hAbae Ratic
it 1705 2,704 2701 2705 0.83
Fha 4.9 4.72 4,53 M { Juulitn
Pha 1.39 137 A3 1.39 Curye
o Mew Axphiull Hirler E5.7 L] 551 A6.3 16.8
Asphak Bingder Sp.Cr. & 25¢ 1 020 1020 1020 1020 Mix Gmm Linearity
% Waler Abs L4 14 _bg ) Excellent
54, m 2 Ky iEZ 582 582 iEZ Pt Ringe Check
B+ 4 Type 4 Agg. O Beter i1 7.8 1 .5 1.00
S+ 4 Twpo 2or 5 Apg. 0.0 113 0.0 0.0 Specifieation Chech
Angulariy-methesd A Comipky
“ Flal & Glongated 0e (%] 0% 09 T52 Chesk
sand Eyuivabat & Bb 36 &6

Thspesition : An asphall content of 60% i< recommender tnostart this progec.
Data shown e 598%  column is interpelated from 1251 data,
The % ADD AC ta Sart prajoct i 5.1%

Commens  OMa Verilication Complies. Final approval based o plant produced mix.

Copics to Des Moines Aspealt  Mare Lamorcus Lheyl Baton Leniral Materias
Craig Berry Vichy Rink Matk Truchlood
Win Desigrer & Cer# 1 Morton Cl-235 Signed :

www.manharaa.com




183

Farm 955 ver. .50 lowa Department of Transportation
Highway Division-OfTice of Materials
Fropartiom & Productinon Limits For Aparepates

County Dallas  ProjectNo  STR-U-S470(607)--7025 Date:  DE/20/06
Freject Location:  [allas County Mix DesignNo.: 1BD&016
Centract Mix Tonnags: Course:  [ntermedialz Mix Size (ia.): 1/2

_Contnctor: - Des Meines Asphalt  MiType:  HMAIM _ Design Life ESAL's 1M
Maerial  ent# %Mk Produce & Locaton Amh Tome  Bes G %abs
12" crushed ARSDDG | 3EAMG MLML Ames A 4 26,2839 2.585 200
min. Janmd ARSD0G | 1EARG MM, Ames A 4 16,18-39) 2615 2.20
sand ATTS0L | 26005 MM Johnston A 4 2.650 .50
Classified BAP |T-RAPG-1| 200% D Meknes Asphalt 2.588 222
Type nnd _.S::!I.IL'L' D|Iﬁ!ﬁ1l|.l..ﬁl.1_é|_l.'_l? o ____1 FGad 2;__.__ I_B_Illl;rl':inms Matariale- DM

T Individual Aggregates Sicve Analysis - % Passing [Target)

| Mamerial 1Y Ma" [ ). 14 ] e 30 50 B0y w200
1127 crushed 100 100 EE T4 40 23 17 13 n 55 7.3
man. Fand 100 100 107 10 S8 L1 39 kil 1 4.0 24
aand 100 00 100 100 96 BT 70 44 13 1.1 03
Clhssofied AP 100 59 93 Ll it 52 39 I8 18 14 n

Preliminary Job Mix Formu a Tarzet Giadation

Upper Tolerance 100 100 10 95 78 59 30 .0
Comb Grading | 100 100 96 88 k! 54 40 26 13 6.8 5.0
Lswer Toleranc: 100 1K) By fil [ 4 22 3.0
Sasymby | Towl 882 0 4041 | 029 | D44 [ 066 | 275 | 079 | 0EF | 163

Production Limits for Aggregates Approvad by the Contracior & Froducer,

Sirve 35 1% of mix 16.0%, of mix 29,0 of mix 20,0%% of mix
S 12" crushed man. Sand ag_ngl Clissifie] RAP
i | Min  Max | M Mae | Min  Max | Min  Max
1" 1000 1000 | 1800 1000 | 100L 100.0 980 10:0.0
14m 8.0 100 | 1800 100G | oG 100 | S0 100.0
(Ira ap.n 1000 | 1600 1000 | o1odc 120.0 6.0 1000
3E 670 1.0 10000 100D SE.0 0.0 740 930
4 EERH 47.0 a0 100D 0.0 100.0 6.0 Ta.0
[ 150 250 .0 TN L L 4.0 370
30 il 17.0 15.0 250 400 8.0 24.0 3zao
H200 5.5 A5 0.0 3 o 1.0 a0 12.0

Cuaansn s,
Cogres o Des Moines Asphal  Mare Lamareus Chervl Bartan Ceniral Meterials
Cruig Fuiny Wik Rink tlark Trusbrdood

The abowe targed pradatons and prodection limits have been discussed with and agreed o by an authorized
representative of the aggregate producer.

Signed: Sigred:
Producer Contractor

www.manharaa.com
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.-r""'""_
Form 956 ver. 6 % Towa Department of Transportation
Highway Division Office of Material:
HMA Gyratery Mix Design
. County Towa Project | STP-S-C048(44)-5F-25 Mix Ho. : ABD&-6033
M Sieeim): 2 TypeA Cretrsctar . Manatt's Inn Contrect Mo : AR Q048 (4
Mix Type: HMA 300K Desigm Life ESAL'S : 300,000 Date Reported : 0990706
Interded [se - Surfice Project Location : F-57, Powskisk County Line ta V252
Agpregate % inMin  Source D Source Location Bads {sh SeAbs FAd
LY Aephalt Sone 55006 AS400D Douds (Kerwick Quarmy) 1217 2555 a7 491
Manl, Sand 50% AS4004 Doud's (Qllie Crearry) 1318 2644 [Er T * 5 §
Bat. Band AL 0% AARS0E  Mocengo Ready Mix (DisterhafT) 206 72 40,0
Jula Meflin Formmiula - Cornibined Oreduriom (Siewe Size in.)
m EIC i IR ] #8 s #10 #30 #100 L]
Lpper Tolerance
iy 104 106 03 G 52 ] G
100 100 ¥ 86 62 48 I8 5 10 56 44
0 10 B " 55 13 i 24
Lower Tolerasce
Asphalt Binder Source end Grade: Biternines &2 Tt DG S8-28
- Gyratory Daa
% Asphalt Dinder 5315 565 585 635
Carrected Crmb (@ MN-Des 2333 1347 2357 2379 M-[xitial
Wi, Sprr. { G 2345 2.433 Z.424 2408 7
% Gmm & N- Iuitial 837 9.5 gl.1 o2 W-Design
5 T M-Ma Eh i3 w50 .l .3
Y AF Voids 4.6 i5 iE 1.2 W-Max
% VMA 194 14.2 14,0 137 104
HVFA 682 754 B0 912 Gish for Angulerity
Film Thickness 243 LTI %53 10.46 Method &
Filler Bit. Rado 1.0l 054 nEg 0E1 2604
Gab 2.580 2.580 2.580 2.580) Pta / %abs Ratio
Gor 25652 2.650 2548 250 051
Fhe 433 466 | 459 537 Slope of Compastion
Pha 1.08 105 L2 105 Curve
% Mew Asmhalt Biecder 100.0 1000 1000 100.0 17.4
Aspha't Binder Sp.Gr. @ 25¢ 1.027 1027 1.0%7 1027 Miz Gmm Linearity
% Wter Aks 207 207 207 o7 Excellent
S.A w2/ Ke 513 513 513 513 P Ranze Check
%+ 4 Type < Agg. O Beter IO 100.0 100 100.0 100
44 TypeZard Az, L] (Y] ()] 0 Specification Check
Argularity-method A 42 42 42 £z Comply
% Flat & Elongated 3.0 0 10 EXi] TSR Theck
3and Bquivalmt 34 B4 14 B4
Digpegition:  Ar osphelt content of  57% i recommended bo sta this projeet.
Data shywm m 5.05%  column is nterpelated from test data
e
B Copics to - Manatt's Ine. lowa Co. Eng. Roger Boulet Dreninis Lobrer
Dist. & Lah. Aren Inspestor {Cist.5 Matl's) Froducer’s
Pix Designer & Cert# Brad Karsten Cl391 Signed :

www.manharaa.com




185

Farm 995 ver f 5 Towa Department of Transportation
: Highway Division-0ffice of Materiak
_" Propottion & Produstion Limits For Aggragates
f . County:  lowa Troject Mo, STP-5-COdE(44)-SE-3 Date:  OWO7/06
Project Location  F-52, Powshick County Line to W-51 Mix Design No.: ABDM-A033
Contract Mix Tomams: 28,050 Course: Surfice Mix Size (Inh: 1/2
Contractor:  Manatt's Inc. Mlix Type: HiLA 300K Design Lif: ESAL's 300,000
Tt
Matzrnl  Ident# % in Mix Producer & Location W et Becs  Geb  Abs
1/2" Asphalt Stone | ASIONZ | 55.0% Drouds {Keswick Quarry) A 4 13-17 | 2.555 17
Manf Sid | AS9004 | 5.0% Dhoud's (Cilie Quarry) A 1 13-18 | 2644 | €73
Mat. [and AJRS0E  A0.0% Merengo Ready Mix (Disterboff) A 4 2.606 €72
L ype end Sokrce of Aplult Binder PG 5522 Biuninows @ Tama

Individual Apgregates Sieve Analysis - % Pussmg (Targen

‘aterial " 3t 12T ¥E # # #16 M0 #5)  #100  #200
1/2" Asphalt Stone| 100 | 100 | 95 74 U 16 M | 56 | 90 | 84 | i3
Manf, Sand 00 | 10 | 100 | 99 o 72 | 52 37 2% 1 31
Mat. Sand o0 | 1o | wo | w0 | % 8 | 72 45 1w | o | ons

Preliminary Job Mix Farmule Targst Gradation

Upper Tolemance 100 100 100 o3 2] 53 0 64
Comb Grading [LC4] 100 a7 B 62 48 38 15 10 36 4.4
Lower Tolerance 100 100 o0 79 5 43 1 14
B.A.8q. Tatal 513 .41 025 0,29 .61 072 0,63 (.69 1.43
Production Limits for Aggregaes Approved by the Coatractor & Frodueer,
Sieve 35000 of mix 2% of mix 40.0% of mix
Size  [1/2" AsphaltStone|  Manf Sand Mat. Sand
ir. Mm Max Min Telax Min Ivian

I oo 000 | 1000 1000 | 1000 1000
ERY 1000 1000 | 1000 BOOD | MO0 o
1 EBO W00 | 9E0 1000 | 1000 1000
El 67.0 810 9.0 1000 | 980 1000

# 0 410 90.0 1000 [ 890 100.0

#3 11.0 1.0 a%.0 TN 3.0 LR
#30 56 136 1 410 41.0 43,0
#2310 33 5.3 1.1 il 0.0 i3

Comments:  Signatures on File in District 6 Materils Office
Copis ta: Maralt's lac. lowa Co. Eng. Roger Boulet Denmis Lohrer
Dist. & Lah Area Inspector (Dists Mails] _Froducer's
The ihove arget gradations and produetion limirs iave been discussed with and agreed to by an authoized
representative of the aggregate producer.
Siged; Signed:
Producer Conbactor
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Farm 995 ver f 5 Towa Department of Transportation
: Highway Division-0ffice of Materiak
_" Propottion & Produstion Limits For Aggragates
f . County:  lowa Troject Mo, STP-5-COdE(44)-SE-3 Date:  OWO7/06
Project Location  F-52, Powshick County Line to W-51 Mix Design No.: ABDM-A033
Contract Mix Tomams: 28,050 Course: Surfice Mix Size (Inh: 1/2
Contractor:  Manatt's Inc. Mlix Type: HiLA 300K Design Lif: ESAL's 300,000
Tt
Matzrnl  Ident# % in Mix Producer & Location W et Becs  Geb  Abs
1/2" Asphalt Stone | ASIONZ | 55.0% Drouds {Keswick Quarry) A 4 13-17 | 2.555 17
Manf Sid | AS9004 | 5.0% Dhoud's (Cilie Quarry) A 1 13-18 | 2644 | €73
Mat. [and AJRS0E  A0.0% Merengo Ready Mix (Disterboff) A 4 2.606 €72
L ype end Sokrce of Aplult Binder PG 5522 Biuninows @ Tama

Individual Apgregates Sieve Analysis - % Pussmg (Targen

‘aterial " 3t 12T ¥E # # #16 M0 #5)  #100  #200
1/2" Asphalt Stone| 100 | 100 | 95 74 U 16 M | 56 | 90 | 84 | i3
Manf, Sand 00 | 10 | 100 | 99 o 72 | 52 37 2% 1 31
Mat. Sand o0 | 1o | wo | w0 | % 8 | 72 45 1w | o | ons

Preliminary Job Mix Farmule Targst Gradation

Upper Tolemance 100 100 100 o3 2] 53 0 64
Comb Grading [LC4] 100 a7 B 62 48 38 15 10 36 4.4
Lower Tolerance 100 100 o0 79 5 43 1 14
B.A.8q. Tatal 513 .41 025 0,29 .61 072 0,63 (.69 1.43
Production Limits for Aggregaes Approved by the Coatractor & Frodueer,
Sieve 35000 of mix 2% of mix 40.0% of mix
Size  [1/2" AsphaltStone|  Manf Sand Mat. Sand
ir. Mm Max Min Telax Min Ivian

I oo 000 | 1000 1000 | 1000 1000
ERY 1000 1000 | 1000 BOOD | MO0 o
1 EBO W00 | 9E0 1000 | 1000 1000
El 67.0 810 9.0 1000 | 980 1000

# 0 410 90.0 1000 [ 890 100.0

#3 11.0 1.0 a%.0 TN 3.0 LR
#30 56 136 1 410 41.0 43,0
#2310 33 5.3 1.1 il 0.0 i3

Comments:  Signatures on File in District 6 Materils Office
Copis ta: Maralt's lac. lowa Co. Eng. Roger Boulet Denmis Lohrer
Dist. & Lah Area Inspector (Dists Mails] _Froducer's
The ihove arget gradations and produetion limirs iave been discussed with and agreed to by an authoized
representative of the aggregate producer.
Siged; Signed:
Producer Conbactor
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lawa Departrent of Trans portation
Highway Diviion - Oifice of Materiak
HMA Girahory Mo Dasgn

Ccadnty. oOToEY Froject 3FN-03-501 2003 Ml Mo 1003018
Mix Size (n.): 1z Contraciar. MANATTS INC Gortrac! No.: 85.0535.01
Mbx Typa; HE, 38 Cesign Lifa ESAL's 3,000,300 0@z Reported: B2TI2003
Internded Lsa e ] F'Ei';‘i"_melﬁ:rr ETH & GRAKD SVE - - —
Aggregats, ] MAR RIETTA AMES - B 450%
Source 105, 144 CL CHIP GG fEL00GE MARTIN MARIETTA AMES 19-28 (I
Sourca Log, MANF SANDEZ  ARSODS MARTIN MARIETTA AMES I6.28~-32 & 200%
4% & % in Mix: SAND HEEE10 HALLETT WTLE AMES 5 PIT o I50%

Jab Mix Formula - Cominesd Groaton (Sieve Sie in)

1" M- 1w ol ¥4 bl #16 L] ¥50 Lalei] 200
Upmer Tolaranoa
100 100 100 b5 ] a2 24 B2
100 100 L ai L7 47 3 20 9.2 48 4.2
100 100 B 81 85 42 18 23
Lowser Tolaranos
B T SOUGE Ard (Grada; BITUMINOUE MTLE [
G‘ﬂtﬁrm inlerpaksiad
™ Aspan Binoar Tl o 515 541 MUmber of Cyralon:
Corecled Geb 0 N-Des, 1,351 237 2378 pukc -} -Initial
Msce. Sp G (Gl 486 54 2,428 -] T
W G 3 W-Iilial gar.e gar Ba.7 BE1 M-Diesign
% Gy ) H-Max 968.5 =T 9.1 &7 BS
A Vioids 47 34 21 4 H-Max
A 146 143 14.8 144 134
% VFA, &R TEA B5.0 723 GEh for AngulBsy
Film Thickness g2 101 1B arF Mefad A
Filier B2 Ralin a7 fi Rl nv 0ua3 26
s 2,81 261 2.81 281 Fharsahs Rafio
Gign 1,663 2575 1882 2G5 .47
Pra 434 4.74 .43 4.55 Slope of Cornpaction
Pl .06 el 0rv 0BG Cunm
% New Sephall Bindar 100 100 100 100 14.3
Asphalt Bincer Sp.Gr. @25 1.034 1,031 1.6 1031 Mix G Linasrity
% Vaabar Abs 1.83 1.83 1,82 1.83 -
5.4 m9Kg, 4 85 480 4,88 44 B Hange Chece
ad Typa gy Or Bather 5% a8 0 a8 -
S+d Type 2 or 3 430 1 1 1 1 Specificalion Cheadk
Angularty-method A 4% 43 43 43 -
% Flat & Bengated (k] 0.4 o3 2.3 ISR Check
Sand Sounmlant [:L:] i) BE af
Diepoailan: &n BspnaN Canbert TAlE  Erecommandsd 1o stan his project

Datashownin 5.41%  coumn |s nterpolated from i=st dats.

Canmanis:
Coples 19: MANATTS ING LIST 1 MTLS DIST 1 LA2 CITY OF AMES
Wi Designer & Cerle:; signad
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Ne A'h.t

Pt i - .. |ova Department ﬂfﬁmmrﬂm
: !
1

o Project: FM COTHTSRE618
. Comracior Minpitaleg | |

_Diign L ESALS |

! Matic Maresta Fort Dodge Wina) | 547
| M Waerta o Do el 28
Madin Weasstta Fart Docgn bline)

Tiedanhsla I'Lu.t!b:.j -

335 | 11w 23

_____ Comecied Geb@NDas | 233
L W SpGe Gl ) R4 M3 0 34w | 340

D G bewhsghah Bieder | 084 108 e 1080
: Auphik Bnde %IBH 1.087 1.027 1.687 1.027
T a l.lla-lrr].bg_ i 118 1| s
Ty

www.manharaa.com



189

Form #56  wmte lowa Department of Transportation
Hiphoway Lsvision - Office of Matesials
HMA Garatory Mix Duesign
County : STORY Project ; BR=BI0-0(83)-TA-8F Wiy Mo IBD3-00E
Min Biee (ir.) : 172 Contrgnr ; MANMATTS G Contmae Me.
x Type: HMA LM Design Lifc ESAL's : 1,000,000 Date Reported - 052803
atended Use | Surfscs Froject Location ; 141H :iuu_-:m'_l W
Agzngae,  1/ZCR ASPH FC ABS0D5  MARTIN MARIETTA AMES 26,28-39 B 450
;T;L‘: CLOCHIPGC  ABS00S  MARTIN MARIETTA AMES 1925 & 100
e g v MANFSANDEC  A83006  MARTIN MARIETTA AMES 26.28-39 B M00%
B SAND ABSS10  HALLETT MTLS AMES 5PIT o & 250%
Teh Wi Formula - Comblned Gradation (Sisve Size in.}
" Jpen 112 e #4 L] #16 #30 450 #1040 #200
Upper Tolersnoc
10 100 100 05 &9 52 4 £1
140 100 3 88 62 47 33 0 232 45 4z
0] 3] 91 81 53 4z 16 12
Luwweer Thsl
Asphall Birder Scurce and Gride: EITUNINOLE MTLS PG 6422
Chymiory Dais Inte-polated
% dsphal Binder 515 565 G135 1EF
Comeced Gan i N-Des Ly PR L30T 1358
M. Sp.. (Gmm) 2466 2454 2426 2456 Munber of Gyralions
e Limem (2 M- Initial Erd BRT BO.6 385 M-Initial
Felimm @ M-Mag Ba.1 97,4 BE.E T 7
% Adr Voids 0 3.7 24 EXi M-LCesign
FaWMA 149 14,6 149 14.7 L]
e VFA G52 Ta4 83,7 T2E T-Ma
Film Thickness 2.2 101 1.6 9.9 17
Filer Bit Ratia 0.497 LN 1] 077 850
- b 610 2510 261D 2610
Cite 2668 2673 Le62 2668 Gish fiot Angulasiey.
e 4,34 4.74 543 466 Methed 5
Pt 056 096 0.77 .86 2600
% Mew Asptall Binder 100.5 141 10061 10
Aaplaslt Binder 3p.Gr, & 25¢ 1031 1031 1031 1431 Fha.( 3aAbs Retio
B, Watn- Ahe 183 1.3 1.83 183 047
BA.m"i Ke. 469 4,68 4069 LA
ot 8 Type 4 Agg. L G Ty 90
%t A Typsiord Agg. 1 1 1 1 sl r
Angulesity methad A4 43 43 43 43 Cerve
% Fat & Elongated 0.3 0.3 03 1.3 141
Saod Equivaknt B B 1] . Bd
Cisposiion: Anasphalt comtentof  5.6% s secommended o stert this projest,  — J o Fo@? €3 fJﬂij‘e g-loo t"
Datashownin  5.55%  cclumn i intersolated from test data. # Y G)-T5 (L5
Commets : Fnal approval based on plant produced mbe. #E = e ) 55 (5 ED
Coplesta ; MAMATTS INC DIET 1 MTLE DIST 1 LAD SHYDOR & A 8 /
CHIRYL BARTON g ( ﬂ%
Higned : ' /
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Fom 955 verdo Towa Department of Transportation
Highway Division-0fFce of Meterinls
Proportion & Production Limits For Aggregates
County:  STORY Project Ho:  BR-G10-008)—~TARS Date: 0572803
) Praject Loswtion:  13TH STREET Mlix Dresigu M. 1BD3-00E
i Centract Mix Tonnage: 3,000 Course: Surfice Mik Size(in) 172
: Conirecior;  MANATTS INC MixType:  OMA M Design Life ESAL S 00,000
Muterial  [dent? % i Mix ~ Producer & Location Beds  Gsb  adbs
TZCR ASPHEC | ASS006 | 4%.0% |MARTIN MARIETTA AMES T I mzew| 22t | LB
U4 CLCHIPGE | ASSO0G | 10.0% [MARTIN MARIETTA AMES 1925 | 2500 | 1.8
MANFSANDEC | ABS004 | 200% [MARTIN MARIETTA AMES e | 2623 | 226
SAMD ARSS10 | 285004 HALLETT MTLS AMES 8 PIT 2583 1.4%
Type and Source of Asghalt Bnder: Fi6422  BITLMINCUSMLS S -

Individial Aggrtgm:s Sieve Analysis - % Passing (Target)

| Muaieial I EC R - i #% #16 #31 #5000 HI00 K2
12 CRASPHEC]| 100 we | 85 | 73 | @ 2 | 15 | m 10 iy 5.0
14 CLCHIFGC | 100 100 100 1hly 42 4.0 15 1.0 25 18 15
MAMF SANDEC| 100 100 100 104 o3 72 43 1 11 16 2.0
SAND 100 100 104 1040 L] &9 9 1 21 04 0.2
]
\ * Prelininary Job Mix Formula Targe! Graduion )
Upper feiemance | |K) 100 A 95 | s I 82
Comb Gradirg 100 100 98 BB 62 47 i3 20 0.2 48 432
Lower Talerance 100 0 L] Bl 55 42 16 22
SAsqmky | Total 469 041 | 017 | 03% [ wez 077 | 080 | 100 | 22

. Produdion Limits for Aggregatss Approvec by the Contractor & Producer
Sieve | 450% of mix 12.0% of mix 200 of mix 25.0% of nix |
Size | 142 CR ASPH EC | 144 CL CHIP GO | MAMF SAND EC EAMD _ o ;
in Min Max Min Toias Min Iofax Iviim Max |
| | tene 1000 | W00 LODG | 000 LOKD | 1000 100.0
KL 1000 1000 | 1000 TRk | 1000 1000 | 1000 100
R WUD BUGD | ML LBR0 | 00 oD | 100D [0
kL 670 To.0 ai0 10010 8.0 100.0 980 1004
L] 240 36.0 350 490 25.0 100.0 91,0 1000
#8 160 26.0 [ T.0 (] 0.0 B4.0 94.0
#30 100 18.0 Lili] 50 19.0 280 330 41.0
| w200 ) [} 10,0 0.0 25 0.0 £ 0.0 12

 Comments;  Signatures on file in Distriot 1 Muteria s Offics
Copies to: MARATTE IMC DIST 1MTLS TIST | LAT SNVDER & ASSOC
CHERYL BARTON
The above target gracktions snd production linets have besn discussed with end agreed to by an authcrized
representative of the aggregate producer.
Signed: Signed:
Froducer : Coatractor
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APPENDIX B DYNAMIC MODULUS TEST RESULTS

The results of the dynamic modulus test and phase angle for the control group are presented in

Tables B-1 and B-2, respectively. The results for the conditioned group are presented in Tables

B-3 and B-4

www.manharaa.com




Table B-1 Dynamic Modulus Results for Control Mixes (GPa)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
6N Mean 41 1247 1226 10.66| 1097 | 1043 9.07 8.33 7.78 6.55
6N Mean 21 5.70 5.20 4.79 4.17 3.59 2.76 245 2.22 1.67
6N Stdv 4 1.63 0.78 2.29 0.74 0.74 0.75 0.74 0.74 0.73
6N Stdv 21 0.66 0.60 0.60 0.56 0.54 0.47 0.43 0.40 0.33
6N CoV (%) 4 13.1 6.3 21.5 6.8 7.1 8.2 8.9 9.6 11.2
6N CoV (%) 21 11.5 11.6 12.5 13.4 15.1 17.1 17.4 18.1 19.9
218 Mean 4| 14.02] 1331 12.78 | 12.01 10.96 9.96 9.20 8.68 7.36
218 Mean 21 6.37 5.75 5.34 4.63 3.59 2.95 2.64 2.40 1.73
218 Stdv 4 1.31 1.14 1.01 0.91 0.99 0.82 0.78 0.65 0.50
218 Stdv 21 0.34 0.29 0.28 0.25 0.21 0.18 0.17 0.15 0.12
218 CoV (%) 4 9.3 8.6 7.9 7.6 9.0 8.2 8.5 7.5 6.7
218 CoV (%) 21 53 5.0 52 53 6.0 6.2 6.5 6.4 6.9
2351 Mean 41 1413 ] 1335 12.62| 11.67| 11.04 9.37 8.50 7.86 6.43
2351 Mean 21 5.90 5.34 4.89 4.18 3.44 2.62 2.25 2.00 1.46
2351 Stdv 4 0.78 0.59 0.55 0.53 0.51 0.45 0.42 0.37 0.36
2351 Stdv 21 0.33 0.29 0.27 0.24 0.21 0.17 0.14 0.13 0.09
2351 CoV (%) 4 5.5 4.4 4.4 4.5 4.6 4.8 5.0 4.7 5.5
2351 CoV (%) 21 5.6 54 5.6 5.7 6.1 6.5 6.2 6.7 6.4
235s Mean 4] 13.83] 13.02| 1230| 11.40] 10.32 9.22 8.49 7.92 6.62
235s Mean 21 6.13 5.50 5.09 4.40 3.38 2.81 2.45 2.21 1.64
235s Stdv 4 4.36 4.23 4.05 3.92 3.89 3.59 3.39 3.20 2.80
235s Stdv 21 2.13 1.95 1.84 1.63 1.34 1.12 1.00 0.92 0.67
235s CoV (%) 4 31.5 32.5 32.9 34.4 37.7 39.0 39.9 40.4 423
235s CoV (%) 21 34.8 35.5 36.2 37.1 39.7 39.9 40.8 41.4 40.7
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Table B-1 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
330B Mean 41 1354 1266 12.02| 11.21 10.28 9.22 8.58 8.00 6.57
330B Mean 21 5.56 4.99 4.58 3.93 2.96 2.40 2.12 1.90 1.32
330B Stdv 4 1.02 0.85 0.78 0.74 0.75 0.66 0.61 0.58 0.49
330B Stdv 21 0.48 0.39 0.37 0.33 0.26 0.22 0.18 0.18 0.13
330B CoV (%) 4 7.6 6.7 6.5 6.6 7.2 7.1 7.1 7.2 7.4
330B CoV (%) 21 8.6 7.9 8.0 8.4 8.8 9.0 8.7 9.4 9.8
3301 Mean 41 16.87| 1638 | 1557 | 1466 | 14.00| 1222 | 11.28| 1047 8.72
3301 Mean 21 7.57 6.77 6.24 5.42 4.63 3.54 3.10 2.76 1.96
3301 Stdv 4 0.93 0.47 0.39 0.37 0.35 0.34 0.32 0.27 0.26
3301 Stdv 21 0.29 0.25 0.24 0.19 0.18 0.14 0.12 0.10 0.08
3301 CoV (%) 4 5.5 2.9 2.5 2.5 2.5 2.8 2.8 2.6 2.9
3301 CoV (%) 21 3.8 3.7 3.9 3.5 3.8 3.9 3.9 3.7 3.9
330s Mean 41 16.19| 1556 | 1494 | 14.19| 1382 | 1239 | 11.56| 10.92 9.65
330s Mean 21 9.83 9.08 8.47 7.45 6.71 5.22 4.38 3.82 2.79
330s Stdv 4 1.17 1.16 1.11 1.12 1.11 1.10 1.05 0.98 1.04
330s Stdv 21 0.34 0.32 0.30 0.26 0.24 0.22 0.21 0.22 0.19
3301 CoV (%) 4 7.2 7.4 7.4 7.9 8.0 8.9 9.1 9.0 10.8
3301 CoV (%) 21 10.4 11.1 11.5 12.0 14.4 17.6 20.2 23.4 28.3
ALT Mean 41 20.66| 19.64| 1935 18.32 | 17.61 1569 | 14.62| 13.79| 11.96
ALT Mean 21 10.70 9.60 8.95 7.96 6.98 5.57 4.88 4.45 3.35
ALT Stdv 4 0.68 0.95 0.76 0.74 0.73 0.76 0.82 0.83 0.85
ALT Stdv 21 0.75 0.65 0.61 0.62 0.57 0.55 0.53 0.52 0.46
ALT CoV (%) 4 33 4.8 3.9 4.1 4.1 4.8 5.6 6.0 7.1
ALT CoV (%) 21 7.0 6.8 6.9 7.8 8.1 9.8 10.8 11.8 13.8
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Table B-1 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
Ded Mean 4 9.36 8.57 8.06 7.28 6.32 5.44 5.03 4.62 3.25
Ded Mean 21 3.31 2.92 2.64 2.19 1.58 1.28 1.09 0.96 0.68
Ded Stdv 4 0.62 0.51 0.53 0.51 0.43 0.40 0.35 0.35 0.79
Ded Stdv 21 0.26 0.23 0.21 0.18 0.14 0.11 0.09 0.08 0.05
Ded CoV (%) 4 6.6 6.0 6.5 7.0 6.8 7.3 7.0 7.5 24.3
Ded CoV (%) 21 7.8 7.9 7.8 8.2 8.6 8.8 8.3 8.3 7.9
F52 Mean 41 1271 11.76 | 11.16 | 10.23 9.50 7.91 7.15 6.64 5.32
F52 Mean 21 5.02 4.50 4.14 3.51 2.77 2.08 1.82 1.60 1.16
F52 Stdv 4 0.64 0.54 0.42 0.38 0.37 0.31 0.29 0.27 0.26
F52 Stdv 21 0.24 0.19 0.19 0.19 0.18 0.13 0.12 0.13 0.11
F52 CoV (%) 4 5.1 4.6 3.7 3.7 3.8 3.9 4.1 4.1 4.9
F52 CoV (%) 21 4.8 43 4.7 53 6.4 6.4 6.9 7.9 9.4
HW4 Mean 41 1285 11.90 | 1130 ] 1043 9.83 8.33 7.70 7.13 5.88
HW4 Mean 21 7.26 6.48 5.85 4.81 4.08 2.74 2.08 1.68 1.07
HW4 Stdv 4 1.85 2.01 1.96 1.95 2.04 2.03 1.86 1.78 1.81
HW4 Stdv 21 0.80 0.74 0.70 0.62 0.38 0.26 0.20 0.22 0.14
HW4 CoV (%) 4 14.4 16.9 17.3 18.7 20.8 24.3 24.2 25.0 30.8
HW4 CoV (%) 21 44.5 47.4 50.7 53.8 49.0 58.3 44.7 51.2 41.8
180B Mean 4] 1620| 1549 | 1486 1395| 1339| 11.78| 10.95| 10.25 8.61
180B Mean 21 7.98 7.22 6.67 5.82 5.07 3.89 3.38 3.01 2.13
180B Stdv 4 0.35 0.42 0.40 0.31 0.41 0.40 0.39 0.35 0.32
180B Stdv 21 0.32 0.24 0.23 0.22 0.21 0.19 0.16 0.13 0.09
180B CoV (%) 4 2.2 2.7 2.7 2.2 3.1 34 3.6 34 3.7
180B CoV (%) 21 4.0 34 3.4 3.8 4.2 4.8 4.6 4.2 43
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Table B-1 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
180s Mean 4 1774 | 17.16 | 1641 15.57 | 1456 | 13.51 12.51 11.84 | 10.43
180s Mean 21 9.08 8.26 7.71 6.88 5.76 4.89 4.42 4.04 3.09
180s Stdv 4 1.09 1.04 0.99 0.92 0.83 0.92 0.79 0.82 0.90
180s Stdv 21 0.85 0.77 0.72 0.69 0.68 0.63 0.59 0.54 0.49
180s CoV (%) 4 6.2 6.1 6.0 59 5.7 6.8 6.3 6.9 8.6
180s CoV (%) 21 9.3 9.3 9.4 10.1 11.8 12.8 13.3 13.4 15.9

Jewell Mean 4 15.05| 1446 | 13.75 12.93 11.94 | 10.83 10.06 9.43 7.90
Jewell Mean 21 6.75 6.11 5.67 4.92 3.84 3.18 2.84 2.57 1.83
Jewell Stdv 4 0.64 0.67 0.64 0.60 0.62 0.64 0.60 0.58 0.51
Jewell Stdv 21 0.39 0.34 0.35 0.33 0.29 0.26 0.24 0.24 0.20
Jewell CoV (%) 4 43 4.6 4.6 4.7 5.2 59 59 6.1 6.5
Jewell CoV (%) 21 5.8 5.6 6.1 6.7 7.5 8.2 8.5 9.3 10.7
NW Mean 4 14.82 | 14.08 | 13.31 12.43 11.52 | 10.31 9.58 8.94 7.32
NwW Mean 21 6.17 5.50 5.05 4.33 3.31 2.70 2.39 2.14 1.48
NW Stdv 4 0.64 0.76 0.70 0.71 0.71 0.69 0.63 0.58 0.52
NW Stdv 21 0.43 0.36 0.34 0.30 0.26 0.22 0.19 0.18 0.13
NW CoV (%) 4 43 54 53 5.7 6.2 6.7 6.6 6.5 7.1
NW CoV (%) 21 6.9 6.6 6.8 7.0 7.7 8.1 8.1 8.3 8.8
Rose Mean 4 1639 | 1634 | 15.65 1496 | 1447 | 13.07 | 1229] 11.66| 10.33
Rose Mean 21 8.86 8.13 7.60 6.83 6.21 5.09 4.55 4.18 3.30
Rose Stdv 4 0.94 0.99 0.79 0.76 0.79 0.68 0.66 0.61 0.55
Rose Stdv 21 0.49 0.47 0.44 0.48 0.54 0.55 0.50 0.47 0.44
Rose CoV (%) 4 5.7 6.1 5.1 5.1 5.5 5.2 5.3 52 54
Rose CoV (%) 21 5.5 5.8 5.8 7.0 8.7 10.7 10.9 11.2 13.3
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Table B-2 Phase Angle Values for Control Mixes

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
6N Mean 4 3.97 7.24 7.80 948 | 1032 | 1140 | 1244 | 1322 | 15.07
6N Mean 21 1438 | 1626 | 1744 | 19.56| 2139 | 24.18 | 26.14| 28.87| 31.92
6N Stdv 4 2.18 0.81 1.20 0.83 1.12 1.05 1.02 1.43 1.43
6N Stdv 21 1.34 1.28 1.28 1.46 2.12 2.10 1.87 2.55 1.86
6N CoV (%) 4 54.9 11.2 15.4 8.8 10.9 9.3 8.2 10.8 9.5
6N CoV (%) 21 9.3 7.9 7.3 7.4 9.9 8.7 7.2 8.8 5.8
218 Mean 4 5.23 6.95 7.81 9.23 9.85 10.99 | 12.25| 13.62 | 15.60
218 Mean 21 14.68 | 16.55| 17.85| 20.28 | 2345 2539 | 27.17| 32.60| 35.79
218 Stdv 4 1.14 0.52 0.40 0.60 0.64 0.64 0.35 0.53 1.00
218 Stdv 21 0.67 0.43 0.39 0.47 2.04 0.76 0.85 1.16 1.38
218 CoV (%) 4 21.9 7.5 5.1 6.5 6.5 5.8 2.8 3.9 6.4
218 CoV (%) 21 4.6 2.6 2.2 2.3 8.7 3.0 3.1 3.5 3.9
2351 Mean 4 6.30 8.31 941 10.97 | 12.09| 13.75| 1458 | 1597 | 18.03
2351 Mean 21 16.23 18.08| 19.40| 21.69| 2498 | 2697 | 30.61 | 32.54| 33.28
2351 Stdv 4 0.31 0.32 0.27 0.26 0.69 0.39 0.38 0.51 0.58
2351 Stdv 21 0.40 0.21 0.23 0.33 1.56 1.04 2.09 1.67 1.91
2351 CoV (%) 4 4.9 3.9 2.9 24 5.7 2.8 2.6 3.2 3.2
2351 CoV (%) 21 2.4 1.2 1.2 1.5 6.2 3.9 6.8 5.1 5.7
235s Mean 4 8.03 9.56 | 10.59 | 1232 | 13.23 1428 | 1622 | 17.05] 18.89
235s Mean 21 16.00 | 17.80| 18.84| 2092 | 2397 | 26.00 | 29.01 | 30.60| 32.50
235s Stdv 4 3.71 3.91 4.08 4.49 5.21 5.47 7.33 7.58 6.79
235s Stdv 21 3.21 3.10 2.73 2.39 3.91 2.77 4.08 2.52 1.67
235s CoV (%) 4 46.2 40.9 38.5 36.4 394 38.3 45.2 44.5 36.0
235s CoV (%) 21 20.1 17.4 14.5 11.4 16.3 10.7 14.1 8.2 5.1
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Table B-2 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
330B Mean 4 6.29 6.86 8.02 956 | 1044 | 11.69| 12.75| 14.05 16.73
330B Mean 21 1549 | 17.60 | 19.05| 21.68| 25.17| 26.87 | 33.16| 3597| 37.59
330B Stdv 4 0.70 0.21 0.11 0.04 0.49 0.43 0.71 0.62 1.76
330B Stdv 21 0.78 0.56 0.51 0.67 1.45 0.99 2.86 2.18 2.95
330B CoV (%) 4 11.2 3.1 1.4 0.5 4.6 3.7 5.6 4.4 10.5
330B CoV (%) 21 5.0 3.2 2.7 3.1 5.8 3.7 8.6 6.1 7.8
3301 Mean 4 4.81 6.45 7.33 8.68 9.65 11.10 | 11.64| 1246 | 14.29
3301 Mean 21 1432 | 16.08| 17.33 19.75| 2359 | 2545| 2846 | 30.70 | 33.29
3301 Stdv 4 1.30 0.22 0.30 0.34 0.19 0.76 0.38 0.28 0.75
3301 Stdv 21 0.26 0.23 0.23 0.33 0.83 0.49 1.65 1.20 1.47
3301 CoV (%) 4 26.9 34 4.0 3.9 2.0 6.8 33 23 5.3
3301 CoV (%) 21 1.8 14 1.4 1.7 3.5 1.9 5.8 3.9 4.4
330s Mean 4 4.51 5.58 6.26 7.27 7.69 8.71 8.88 939 | 10.33
330s Mean 21 12.25 13.63 1442 | 1590 | 17.87| 19.75] 20.69| 22.60 | 23.28
330s Stdv 4 0.89 0.37 0.41 0.71 0.79 0.88 0.86 1.37 1.30
330s Stdv 21 1.55 1.04 1.13 1.03 1.75 2.57 2.13 2.20 0.73
3301 CoV (%) 4 19.7 6.6 6.5 9.8 10.2 10.1 9.7 14.6 12.6
3301 CoV (%) 21 7.7 4.8 5.0 4.2 6.2 8.4 6.6 6.1 2.0
ALT Mean 4 2.57 5.33 6.50 7.77 838 ] 10.00 | 1040 ] 10.99| 1251
ALT Mean 21 12.10 | 13.87 | 15.16| 1734 | 1988 | 22.06 | 2454 | 2691 | 28.76
ALT Stdv 4 2.39 1.09 0.46 0.69 0.90 0.54 0.91 0.94 0.98
ALT Stdv 21 0.73 0.91 0.87 1.04 1.94 1.22 2.67 2.40 1.16
ALT CoV (%) 4 92.9 20.5 7.1 8.9 10.8 54 8.7 8.6 7.8
ALT CoV (%) 21 6.1 6.6 5.7 6.0 9.7 5.5 10.9 8.9 4.0
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Table B-2 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
Ded Mean 4 9.21 11.11 12.23 14.21 15.51 16.86 | 18.58 | 21.03 | 25.66
Ded Mean 21 19.82 | 2193 | 23.18| 2536| 28.18 | 30.15| 33.05] 3528 | 38.25
Ded Stdv 4 0.50 0.56 0.54 0.50 0.84 0.34 0.65 1.39 3.50
Ded Stdv 21 0.45 0.71 0.58 0.62 1.29 0.65 0.78 1.20 1.06
Ded CoV (%) 4 5.5 5.1 4.4 3.5 54 2.0 3.5 6.6 13.6
Ded CoV (%) 21 23 33 2.5 2.5 4.6 2.2 2.3 34 2.8
F52 Mean 4 6.59 9.68 | 10.73 12.48 | 13.63 1536 | 1736 ] 19.00 | 2243
F52 Mean 21 1890 | 2039 | 21.56| 2396 | 2859 | 2957 | 31.78] 33.86| 35.11
F52 Stdv 4 2.28 0.37 0.41 0.50 0.99 0.55 1.02 1.17 0.74
F52 Stdv 21 0.87 0.84 0.74 0.79 1.69 1.38 0.85 0.82 1.71
F52 CoV (%) 4 34.6 3.9 3.8 4.0 7.2 3.6 5.9 6.2 33
F52 CoV (%) 21 4.6 4.1 34 33 5.9 4.7 2.7 24 4.9
HW4 Mean 4 7.01 8.58 9.82 | 11.22 | 12.28| 13.83 14.84 | 16.90 | 20.07
HW4 Mean 21 1648 | 17.85| 1852 | 19.53 | 2257 | 2278 | 2331 | 25.12] 25.60
HW4 Stdv 4 1.35 1.63 1.68 2.00 2.38 2.64 3.09 4.37 5.67
HW4 Stdv 21 4.55 3.78 3.58 2.70 1.97 1.19 1.75 2.61 3.68
HW4 CoV (%) 4 19.2 19.0 17.1 17.8 19.4 19.1 20.8 25.9 28.3
HW4 CoV (%) 21 17.5 13.9 13.1 9.7 6.0 3.7 5.5 7.8 11.8
180B Mean 4 4.27 6.08 7.36 8.61 924 10.82| 1197 | 1292 | 15.19
180B Mean 21 13.26 | 1554 | 16.87| 1926 | 21.70 | 2449 | 27.78 | 29.53| 32.50
180B Stdv 4 1.39 0.54 0.18 0.36 0.65 0.50 0.71 0.45 1.23
180B Stdv 21 0.72 0.50 0.51 0.50 1.06 0.82 1.61 0.92 1.92
180B CoV (%) 4 324 8.8 2.5 4.2 7.1 4.6 5.9 3.5 8.1
180B CoV (%) 21 54 3.2 3.0 2.6 4.9 3.3 5.8 3.1 59
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Table B-2 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
180s Mean 4 2.94 5.09 6.12 7.27 8.07 9.24 945 | 10.21 11.10
180s Mean 21 1122 | 1320 1437 | 1650 17.95| 20.50 | 22.00| 24.77| 28.76
180s Stdv 4 0.79 0.61 0.45 0.50 0.84 0.86 0.74 0.76 0.91
180s Stdv 21 0.97 0.90 0.91 1.06 1.23 1.16 1.65 1.97 1.68
180s CoV (%) 4 26.9 12.1 7.4 6.9 10.4 9.3 7.8 7.5 8.2
180s CoV (%) 21 8.6 6.8 6.3 6.4 6.9 5.6 7.5 8.0 5.8

Jewell Mean 4 5.08 6.40 7.63 8.96 9.53 10.99 | 11.81 12.53 | 14.92
Jewell Mean 21 1450 | 1624 | 1747 | 19.86| 23.07| 2503 | 2848 | 31.95| 3594
Jewell Stdv 4 0.37 0.41 0.33 0.42 0.71 0.99 0.75 0.71 0.88
Jewell Stdv 21 0.62 0.62 0.58 0.52 1.51 0.93 1.87 0.74 3.48
Jewell CoV (%) 4 7.2 6.4 4.4 4.7 7.4 9.0 6.3 5.7 59
Jewell CoV (%) 21 43 3.8 3.3 2.6 6.5 3.7 6.6 23 9.7
NW Mean 4 5.63 7.00 8.01 9.62 | 1038 | 12.19| 1295] 13.60 | 16.53
NwW Mean 21 1579 | 1754 | 1886 | 21.39| 2439 | 26.82| 29.86| 32.84| 37.51
NW Stdv 4 0.68 0.21 0.25 0.38 0.57 0.40 0.42 0.51 1.66
NW Stdv 21 0.55 0.45 0.54 0.47 1.62 0.75 1.75 1.12 1.75
NW CoV (%) 4 12.0 3.0 3.2 3.9 5.5 3.2 3.2 3.8 10.0
NW CoV (%) 21 3.5 2.5 2.9 2.2 6.6 2.8 5.9 34 4.7
Rose Mean 4 3.31 4.62 5.68 6.59 7.19 8.23 8.27 8.27 9.15
Rose Mean 21 998 | 11.69| 1292 | 14.75] 1629 | 18.12| 20.16 | 21.46| 24.58
Rose Stdv 4 1.30 0.72 0.66 0.66 0.81 0.96 0.97 1.41 1.65
Rose Stdv 21 1.50 1.39 1.53 1.97 2.71 2.40 3.22 3.14 3.83
Rose CoV (%) 4 39.2 15.6 11.7 10.0 11.3 11.7 11.8 17.1 18.0
Rose CoV (%) 21 15.0 11.9 11.8 13.4 16.6 13.3 16.0 14.6 15.6
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Table B-3 Dynamic Modulus Results for Moisture Conditioned Mixes (GPa)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
6N Mean 41 12.09] 1135 10.80 9.81 8.95 7.63 6.56 6.44 5.09
6N Mean 21 5.84 5.21 4.77 4.04 3.37 2.57 2.21 1.94 1.35
6N Stdv 4 1.72 1.37 1.24 1.11 1.35 1.20 1.27 1.01 1.31
6N Stdv 21 0.62 0.55 0.45 0.41 0.37 0.29 0.26 0.21 0.14
6N CoV (%) 4 14.2 12.0 11.5 11.3 15.1 15.7 19.4 15.6 259
6N CoV (%) 21 10.6 10.5 9.4 10.0 11.0 11.4 11.7 10.9 10.1
218 Mean 41 14.65| 13.62| 13.17| 1230 | 11.55 10.09 9.28 8.75 7.33
218 Mean 21 741 6.65 6.07 5.22 441 3.32 2.82 2.52 1.62
218 Stdv 4 1.80 1.47 1.38 1.17 1.13 0.99 0.89 0.76 0.63
218 Stdv 21 0.84 0.69 0.60 0.50 0.45 0.34 0.38 0.30 0.41
218 CoV (%) 4 12.3 10.8 10.5 9.5 9.8 9.9 9.6 8.7 8.6
218 CoV (%) 21 11.3 10.4 9.9 9.6 10.3 10.3 13.4 12.1 25.3
2351 Mean 41 1270 | 11.73 11.06 | 10.13 9.19 7.85 7.17 6.63 5.39
2351 Mean 21 5.34 4.81 4.38 3.70 2.99 2.24 1.90 1.70 1.20
2351 Stdv 4 2.13 1.87 1.84 1.79 2.12 1.74 1.55 1.45 1.33
2351 Stdv 21 0.52 0.53 0.54 0.46 0.41 0.33 0.27 0.27 0.20
2351 CoV (%) 4 16.8 16.0 16.7 17.6 23.1 22.2 21.6 21.9 24.8
2351 CoV (%) 21 9.7 11.1 12.3 12.5 13.6 14.7 14.3 15.7 16.2

235s Mean 4] 1588 | 14.69| 14.00 | 12.89| 12.16 | 10.36 9.40 8.76 7.23
235s Mean 21 7.40 6.62 6.07 5.22 4.38 3.40 2.88 2.65 1.81
235s Stdv 4 1.82 2.09 1.80 1.77 1.80 1.58 1.47 1.30 1.12
235s Stdv 21 0.75 0.67 0.61 0.56 0.54 0.42 0.36 0.43 0.28
235s CoV (%) 4 11.5 14.2 12.9 13.8 14.8 15.2 15.7 14.8 15.5
235s CoV (%) 21 10.1 10.2 10.0 10.7 12.2 12.2 12.6 16.0 15.4
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Table B-3 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
330B Mean 41 1259 11.63 11.42 | 10.48 9.89 8.42 7.82 741 6.14
330B Mean 21 6.11 5.55 5.12 4.39 3.62 2.79 2.35 1.98 1.36
330B Stdv 4 1.92 1.83 1.38 1.60 1.36 1.09 0.82 0.79 0.67
330B Stdv 21 0.58 0.45 0.34 0.29 0.24 0.20 0.22 0.34 0.19
330B CoV (%) 4 15.2 15.7 12.1 15.2 13.8 12.9 10.5 10.7 10.9
330B CoV (%) 21 9.6 8.1 6.7 6.6 6.6 7.2 9.2 17.0 13.9
3301 Mean 41 18.05 1696 | 16.18 | 15.13 1438 | 1244 | 11.18] 10.73 8.85
3301 Mean 21 8.83 7.92 7.25 6.29 5.31 4.16 3.59 3.14 2.25
3301 Stdv 4 1.76 1.70 1.46 1.40 141 1.25 1.09 0.87 1.08
3301 Stdv 21 0.77 0.69 0.67 0.60 0.76 0.48 0.48 0.48 0.30
3301 CoV (%) 4 9.8 10.0 9.0 9.3 9.8 10.0 9.7 8.1 12.2
3301 CoV (%) 21 8.7 8.7 9.2 9.5 14.3 11.4 13.3 15.3 13.6
330s Mean 4] 16.08| 1539 14.69| 13.89| 1330| 11.62| 10.71 10.07 8.61
330s Mean 21 8.34 7.52 6.93 6.08 5.30 4.20 3.68 3.36 2.46
330s Stdv 4 1.90 1.87 1.72 1.71 1.79 1.81 1.79 1.82 1.68
330s Stdv 21 1.21 1.11 1.01 0.96 0.99 0.85 0.77 0.76 0.67
3301 CoV (%) 4 11.8 12.1 11.7 12.3 13.5 15.5 16.7 18.1 19.6
3301 CoV (%) 21 14.5 14.7 14.6 15.8 18.7 20.3 20.9 22.6 27.3
ALT Mean 41 2054 1934 1892 | 17.72| 16.88| 14.95| 13.93 13.12| 11.08
ALT Mean 21 11.87 | 10.70 9.95 8.75 7.67 6.08 5.34 4.81 347
ALT Stdv 4 1.08 0.95 1.40 1.33 1.21 1.18 1.12 1.12 1.41
ALT Stdv 21 1.03 0.92 0.84 0.74 0.68 0.56 0.48 0.46 0.38
ALT CoV (%) 4 53 4.9 7.4 7.5 7.2 7.9 8.1 8.6 12.8
ALT CoV (%) 21 8.7 8.6 8.4 8.5 8.8 9.2 9.1 9.5 10.9
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Table B-3 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
Ded Mean 4 8.42 7.73 7.33 6.72 5.94 4.62 4.43 3.99 3.12
Ded Mean 21 3.70 3.25 2.95 243 1.97 1.38 1.15 0.89 0.58
Ded Stdv 4 0.50 0.46 0.36 0.33 0.60 0.74 0.41 0.73 0.62
Ded Stdv 21 0.36 0.31 0.28 0.23 0.20 0.20 0.21 0.24 0.20
Ded CoV (%) 4 59 6.0 4.9 4.9 10.1 15.9 9.3 18.2 19.9
Ded CoV (%) 21 9.6 9.6 9.4 9.5 10.3 14.5 18.6 26.6 34.7
F52 Mean 41 1297 1195] 11.40| 10.46 9.32 7.55 6.88 6.12 4.50
F52 Mean 21 5.55 4.89 4.42 3.67 2.92 2.12 1.72 1.37 0.94
F52 Stdv 4 0.98 0.66 0.58 0.49 0.62 0.65 0.64 1.04 1.34
F52 Stdv 21 0.34 0.28 0.27 0.25 0.19 0.17 0.17 0.15 0.11
F52 CoV (%) 4 7.6 5.5 5.1 4.7 6.6 8.6 9.2 16.9 29.7
F52 CoV (%) 21 6.2 5.7 6.1 6.7 6.7 7.9 9.7 10.9 11.8
HW4 Mean 41 1181 10.90 | 10.26 9.33 8.54 7.22 6.62 6.07 5.21
HW4 Mean 21 4.86 4.28 3.88 3.26 2.61 1.95 1.68 1.47 0.96
HW4 Stdv 4 1.98 1.87 1.83 1.76 1.80 1.84 1.89 2.03 2.02
HW4 Stdv 21 0.95 0.87 0.81 0.75 0.68 0.54 0.49 0.48 0.34
HW4 CoV (%) 4 16.8 17.2 17.8 18.9 21.1 25.5 28.6 33.5 38.7
HW4 CoV (%) 21 19.5 20.3 21.0 23.1 26.1 27.9 29.1 32.6 35.2
180B Mean 41 1633 ] 15.71 15.16 | 14.13 13.45 11.87 | 10.89 | 10.00 8.65
180B Mean 21 7.83 7.40 6.88 6.02 5.22 4.06 3.58 3.01 2.14
180B Stdv 4 1.27 1.59 1.54 1.58 1.49 1.50 1.49 1.73 1.37
180B Stdv 21 1.35 1.69 1.60 1.44 1.31 1.06 0.98 0.66 0.54
180B CoV (%) 4 7.8 10.1 10.2 11.2 11.0 12.6 13.7 17.3 15.8
180B CoV (%) 21 17.2 22.8 233 23.9 25.1 26.2 27.5 21.8 25.0
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Table B-3 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
180s Mean 41 16.53 1516 | 1496 | 1399 | 1336 | 11.65 10.78 | 10.27 8.68
180s Mean 21 8.25 7.70 7.19 6.24 5.44 4.28 3.78 3.43 2.46
180s Stdv 4 2.35 2.44 2.10 2.02 2.07 1.89 1.87 1.67 1.50
180s Stdv 21 0.59 0.47 0.36 0.30 0.30 0.24 0.24 0.17 0.15
180s CoV (%) 4 14.2 16.1 14.0 14.4 15.5 16.3 17.4 16.2 17.3
180s CoV (%) 21 7.1 6.1 5.1 4.8 5.5 5.5 6.3 5.0 6.1

Jewell Mean 41 1588 | 1495 1429 | 13.01 12.67 | 10.86 9.98 9.45 7.77
Jewell Mean 21 8.08 7.28 6.67 5.80 4.93 3.79 3.32 2.94 2.06
Jewell Stdv 4 2.55 2.37 2.15 2.75 2.11 2.07 1.80 1.76 1.19
Jewell Stdv 21 1.29 1.12 1.07 0.98 0.91 0.75 0.67 0.62 0.48
Jewell CoV (%) 4 16.0 15.9 15.0 21.1 16.6 19.0 18.0 18.6 15.3
Jewell CoV (%) 21 16.0 15.4 16.0 17.0 18.4 19.8 20.2 21.0 23.2
NW Mean 41 1345| 1256 1194 | 11.15] 10.58 9.14 8.33 7.86 6.41
NwW Mean 21 6.51 5.86 5.38 4.63 3.87 2.94 2.54 2.24 1.54
NW Stdv 4 2.66 245 2.27 2.12 2.07 1.84 1.71 1.56 1.42
NW Stdv 21 0.44 0.37 0.34 0.29 0.29 0.22 0.19 0.19 0.16
NW CoV (%) 4 19.8 19.5 19.0 19.0 19.6 20.1 20.6 19.9 22.1
NW CoV (%) 21 6.7 6.4 6.3 6.2 7.4 7.3 7.3 8.5 10.7
Rose Mean 41 1544 1449| 1376 | 1331 1259 | 11.02 | 10.20 9.79 8.17
Rose Mean 21 7.52 6.86 6.39 5.63 4.88 3.84 3.40 3.07 2.27
Rose Stdv 4 2.50 2.58 1.76 2.46 2.43 2.04 2.00 1.96 1.43
Rose Stdv 21 0.62 0.59 0.53 0.45 0.44 0.37 0.32 0.27 0.23
Rose CoV (%) 4 16.2 17.8 12.8 18.4 19.3 18.6 19.6 20.0 17.6
Rose CoV (%) 21 8.2 8.6 8.3 7.9 9.0 9.7 94 8.8 10.0
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Table B-4 Phase Angle Values for Moisture Conditioned Mixes

¥0¢

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
6N Mean 4 7.27 8.74 9.74 | 1143 1292 | 1334 ] 1407 | 15.19] 20.50
6N Mean 21 1633 | 18.19 ] 19.54| 22.02| 24.07| 27.09| 29.71 | 33.13| 3443
6N Stdv 4 1.18 0.89 0.96 1.10 1.59 1.52 3.02 3.42 3.24
6N Stdv 21 0.88 0.57 0.57 0.62 0.93 1.35 1.25 2.16 1.45
6N CoV (%) 4 16.2 10.2 9.9 9.6 12.3 11.4 21.5 22.5 15.8
6N CoV (%) 21 5.4 3.1 2.9 2.8 3.9 5.0 4.2 6.5 4.2
218 Mean 4 6.22 7.03 8.48 987 | 1046 | 12.07| 13.03 14.48 | 1931
218 Mean 21 15.15 16.82 | 1824 | 20.62 | 2294 | 2556 28.05| 3321| 35.73
218 Stdv 4 0.63 1.64 0.53 0.52 0.59 0.89 0.78 0.92 4.15
218 Stdv 21 0.97 0.74 0.63 0.65 0.78 1.69 1.63 3.40 4.46
218 CoV (%) 4 10.2 23.2 6.3 53 5.7 7.3 6.0 6.4 21.5
218 CoV (%) 21 6.4 4.4 3.5 3.1 34 6.6 5.8 10.2 12.5
2351 Mean 4 7.93 9.67 | 1091 1249 | 1482 | 1536 | 17.29| 1896 | 21.62
2351 Mean 21 1754 | 19.62| 2096 | 2331 | 26.10| 28.55| 31.32| 34.08| 3432
2351 Stdv 4 1.16 1.12 1.25 1.39 3.80 1.77 245 2.94 2.80
2351 Stdv 21 1.25 0.93 0.88 0.72 1.02 0.48 1.27 1.95 1.52
2351 CoV (%) 4 14.7 11.5 11.5 11.1 25.6 11.6 14.1 15.5 12.9
2351 CoV (%) 21 7.1 4.7 4.2 3.1 3.9 1.7 4.1 5.7 4.4
235s Mean 4 7.42 8.93 9.83 11.55] 1272 14.10| 1496 | 16.70 | 19.48
235s Mean 21 15.91 17.64 | 1888 | 2099 | 2295| 26.13| 27.86| 31.16| 32.16
235s Stdv 4 0.78 0.87 0.96 0.77 0.75 1.14 1.10 1.56 2.02
235s Stdv 21 1.47 0.70 0.81 0.69 1.03 2.14 1.24 2.44 245
235s CoV (%) 4 10.6 9.7 9.8 6.7 5.9 8.1 7.3 9.3 10.4
235s CoV (%) 21 9.3 4.0 4.3 3.3 4.5 8.2 4.5 7.8 7.6
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Table B-4 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
330B Mean 4 6.18 747 8.61 9.93 10.90 11.56 13.29 15.74 | 2142
330B Mean 21 1640 | 17.53 19.05| 21.70 | 2433 | 26091 30.73 | 36.68 | 37.56
330B Stdv 4 0.68 0.65 0.42 0.70 0.59 1.71 1.82 1.37 3.51
330B Stdv 21 0.62 0.69 0.54 0.54 0.49 1.85 1.93 9.58 4.00
330B CoV (%) 4 11.1 8.7 4.8 7.1 5.5 14.8 13.7 8.7 16.4
330B CoV (%) 21 3.8 4.0 2.9 2.5 2.0 6.9 6.3 26.1 10.7
3301 Mean 4 5.90 7.24 8.06 9.53 10.27 11.68 1234 | 13.64 19.25
3301 Mean 21 14.51 16.05 17.37 19.69 | 2292 | 2508 | 27.00| 30.27| 33.24
3301 Stdv 4 0.82 0.32 0.32 0.50 0.68 0.86 0.78 0.57 5.00
3301 Stdv 21 1.10 0.98 1.05 1.15 3.37 1.64 2.06 1.60 2.11
3301 CoV (%) 4 14.0 4.4 4.0 52 6.6 7.3 6.3 4.2 26.0
3301 CoV (%) 21 7.5 6.1 6.0 5.8 14.7 6.5 7.6 53 6.3
330s Mean 4 5.40 6.51 7.59 9.21 10.15 11.13 11.63 12.75 15.84
330s Mean 21 13.59 15.07 16.18 18.16 | 1993 | 23.03| 2332 | 2671 | 2942
330s Stdv 4 1.32 1.49 1.22 1.21 1.67 1.38 1.77 2.13 4.84
330s Stdv 21 1.98 1.77 1.82 1.91 2.36 2.54 443 2.85 3.04
3301 CoV (%) 4 244 22.9 16.1 13.1 16.4 12.4 15.2 16.7 30.6
3301 CoV (%) 21 14.6 11.8 11.2 10.5 11.9 11.0 19.0 10.7 10.3
ALT Mean 4 5.78 6.82 7.58 8.78 9.35 11.25 12.01 13.21 17.27
ALT Mean 21 12.68 1430 | 15.48 17.86 | 20.08 | 23.01 | 2579 | 27.65| 30.09
ALT Stdv 4 1.50 0.69 0.63 0.66 0.64 0.80 0.77 0.90 5.56
ALT Stdv 21 0.76 0.60 0.54 0.48 0.82 1.01 1.21 0.75 0.97
ALT CoV (%) 4 26.0 10.1 8.3 7.5 6.8 7.2 6.4 6.8 32.2
ALT CoV (%) 21 6.0 4.2 3.5 2.7 4.1 44 4.7 2.7 3.2
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Table B-4 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
Ded Mean 41 10.35 11.68 | 1294 | 1459 | 16.63 16.33 17.83 | 22.01 | 31.94
Ded Mean 21| 2025 21.65| 2279 | 2513 | 27.85| 30.58 | 33.11] 36.06| 42.01
Ded Stdv 4 1.26 1.39 1.39 1.56 2.40 2.90 2.75 257 11.78
Ded Stdv 21 1.49 0.61 0.75 0.58 1.10 1.79 2.75 2.81 12.15
Ded CoV (%) 4 12.2 11.9 10.8 10.7 14.4 17.8 15.4 11.7 36.9
Ded CoV (%) 21 7.4 2.8 3.3 2.3 3.9 5.9 8.3 7.8 28.9
F52 Mean 4 9.08 | 10.69| 11.68| 13.70 | 1543 16.10 | 18.61 | 20.25| 37.36
F52 Mean 21 19.85] 21.50| 23.07| 2535] 28.63| 31.02 | 3438| 37.22| 36.88
F52 Stdv 4 0.88 0.72 0.73 1.09 1.34 2.13 2.20 299 | 30.68
F52 Stdv 21 1.01 0.97 0.95 1.10 1.58 1.51 2.92 3.64 2.84
F52 CoV (%) 4 9.7 6.7 6.2 7.9 8.7 13.3 11.8 14.8 82.1
F52 CoV (%) 21 5.1 4.5 4.1 43 5.5 4.9 8.5 9.8 7.7

HW4 Mean 4 8.55 1032 | 11.33 13.05| 1529 | 1538 | 17.07| 1843 | 21.92
HW4 Mean 21 1896 | 20.85| 2247 | 2477 28.17| 30.10| 3232 | 3494 | 37.15
HW4 Stdv 4 1.53 1.32 1.45 1.71 2.83 2.37 3.05 3.18 3.96
HW4 Stdv 21 2.57 2.61 2.85 2.71 2.93 3.40 2.86 2.96 2.25
HW4 CoV (%) 4 17.9 12.8 12.8 13.1 18.5 15.4 17.9 17.3 18.1
HW4 CoV (%) 21 13.5 12.5 12.7 11.0 10.4 11.3 8.9 8.5 6.1
180B Mean 4 5.22 7.19 8.22 944 | 1028 | 11.77| 1232 | 12.89| 15.69
180B Mean 21 12.91 15.33 17.06 | 19.57 | 22.02| 2443 | 2684 | 2937 | 3393
180B Stdv 4 0.85 0.75 0.93 0.90 1.12 1.06 1.59 3.26 2.85
180B Stdv 21 2.52 1.20 1.50 1.74 1.65 1.88 2.10 2.48 3.27
180B CoV (%) 4 16.2 10.4 11.3 9.5 10.9 9.0 12.9 25.3 18.2
180B CoV (%) 21 19.5 7.8 8.8 8.9 7.5 7.7 7.8 8.4 9.6
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Table B-4 (continued)

Mix Name Sample Number | Temp | 25Hz 15Hz 10Hz S5Hz 3Hz 1Hz 0.5Hz | 0.3Hz | 0.1Hz
180s Mean 4 5.08 6.59 7.81 9.00 9.72 | 10.74| 11.08| 1290 | 16.64
180s Mean 21 12.80 | 15.03 16.24 | 18.64 | 20.72 | 23.04| 2540 | 28.65| 34.16
180s Stdv 4 1.56 0.66 0.54 0.61 0.61 0.86 2.69 1.89 4.13
180s Stdv 21 3.43 0.38 0.41 0.67 0.97 0.79 1.05 2.81 5.29
180s CoV (%) 4 30.7 10.1 6.9 6.8 6.2 8.0 24.3 14.7 24.8
180s CoV (%) 21 26.8 2.5 2.5 3.6 4.7 34 4.1 9.8 15.5

Jewell Mean 4 5.95 7.00 8.51 9.85| 1097 | 11.61 12.13 13.27 | 18.78
Jewell Mean 21 15.03 | 16.63 18.00 | 2048 | 23.06| 2539 | 28.59| 3094 | 33.28
Jewell Stdv 4 1.08 1.98 1.08 1.22 1.53 1.86 2.17 2.23 4.43
Jewell Stdv 21 0.70 0.72 0.65 0.75 0.93 1.31 2.17 1.86 1.59
Jewell CoV (%) 4 18.2 28.3 12.7 12.3 13.9 16.1 17.9 16.8 23.6
Jewell CoV (%) 21 4.7 43 3.6 3.6 4.0 52 7.6 6.0 4.8
NW Mean 4 7.06 8.17 9.06 | 10.70 | 11.43 13.04 | 14.15| 1494 | 19.36
NwW Mean 21 15.31 17.33 18.58 | 21.10 | 23.83| 2598 | 29.17| 32.09| 34.57
NW Stdv 4 1.29 1.07 0.98 1.04 1.17 1.63 1.47 1.95 3.04
NW Stdv 21 1.05 0.69 0.85 0.60 1.20 0.86 1.36 1.64 1.10
NW CoV (%) 4 18.2 13.1 10.8 9.7 10.2 12.5 10.4 13.0 15.7
NW CoV (%) 21 6.9 4.0 4.6 2.8 5.0 33 4.7 5.1 3.2
Rose Mean 4 4.79 6.22 6.92 8.83 9.63 10.57 | 11.56| 13.15 16.44
Rose Mean 21 13.00 | 14.91 16.33 18.47 | 2037 | 22.64| 25.04| 2837 30.89
Rose Stdv 4 1.14 1.21 1.92 0.74 0.85 0.81 1.51 0.73 1.93
Rose Stdv 21 1.28 1.04 1.41 1.09 1.39 1.93 2.40 2.11 2.66
Rose CoV (%) 4 23.7 19.5 27.8 8.3 8.8 7.7 13.1 5.6 11.7
Rose CoV (%) 21 9.8 7.0 8.6 5.9 6.8 8.5 9.6 7.4 8.6
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APPENDIX C INDIRECT TENSILE STRENGTH RESULTS

Table C-1 Indirect Tensile Strength Test Results

Control Moisture Conditioned
Mix Sample Thickness Force Stress Sample Thickness Force Stress
(mm) (kN) (kPa) (mm) (kN) (kPa)
6N 3 62.48 9.37 955.1 1 62.95 8.43 853.0
6N 4 62.45 9.74 993.3 2 62.64 7.29 740.6
6N 6 62.38 10.06 1026.3 5 62.60 8.58 872.1
6N 8 62.49 9.83 1001.0 7 62.81 9.16 928.7
6N 10 62.47 9.79 998.2 9 62.72 8.67 880.4
6N Mean 62.45 9.76 994.8 | Mean 62.74 8.43 854.9
6N Stdev 0.04 0.25 25.6 Stdev 0.14 0.69 69.7
6N COoV 0.07 2.52 2.6 COoV 0.22 8.23 8.2
218 1 62.40 12.36 1260.7 2 62.70 7.14 724.6
218 5 62.39 12.10 1234.7 3 62.57 8.44 858.3
218 7 62.67 11.95 1214.1 4 62.50 8.57 873.3
218 8 63.24 10.79 1085.9 6 62.64 9.03 917.7
218 10 62.64 12.16 1236.3 9 62.60 9.07 922.4
218 Mean 62.67 11.87 1206.3 Mean 62.60 8.45 859.2
218 Stdev 0.35 0.62 69.3 Stdev 0.07 0.78 80.2
218 COV 0.55 5.26 5.7 COV 0.12 9.28 9.3
2351 4 62.50 12.10 1232.2 1 62.65 10.92 1109.9
2351 6 62.32 12.01 1227.3 2 62.45 11.51 1172.9
2351 8 62.37 11.98 1222.3 3 62.38 11.75 1199.6
2351 9 62.38 11.41 1164.9 5 62.37 11.48 1171.3
2351 10 62.38 11.51 1175.0 7 62.40 11.75 1198.7
2351 Mean 62.39 11.80 1204.3 Mean 62.45 11.48 1170.5
2351 Stdev 0.07 0.31 31.8 Stdev 0.12 0.34 36.5
2351 COV 0.11 2.67 2.6 COoV 0.19 2.95 3.1
2358 3 62.40 12.10 1234.2 1 62.48 12.24 1246.8
235S 5 62.74 10.90 1106.5 2 62.60 12.45 1266.4
2358 6 62.41 11.51 1173.9 4 62.57 12.18 1239.0
2358 9 62.62 11.68 1187.6 7 62.74 11.81 1198.6
235S 10 62.84 11.56 1171.2 8 63.02 10.72 1083.0
2358 Mean 62.60 11.55 1174.7 Mean 62.68 11.88 1206.8
2358 Stdev 0.20 0.43 45.8 Stdev 0.21 0.69 73.4
2358 COoV 0.31 3.71 3.9 COoV 0.34 5.79 6.1
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Table C-1 (continued)

Control Moisture Conditioned
Mix Sample Thickness Force Stress Sample Thickness Force Stress
(mm) (kN) (kPa) (mm) (kN) (kPa)

330B 1 62.30 9.14 934.3 2 62.51 7.66 780.1
330B 5 62.43 10.35 1055.7 3 62.34 7.47 762.4
330B 6 62.31 10.47 1069.5 4 62.50 7.86 800.3
330B 9 62.41 9.29 947.2 7 62.56 7.16 728.7
330B 10 62.40 10.45 1065.9 8 62.59 8.04 817.6
330B Mean 62.37 9.94 1014.5 Mean 62.50 7.64 777.8
330B Stdev 0.06 0.67 67.7 Stdev 0.10 0.34 34.4
330B COV 0.10 6.69 6.7 COV 0.15 4.47 44
3301 2 62.50 12.02 1224.8 1 62.54 11.05 1124.5
3301 4 62.44 12.02 1225.6 3 62.63 11.11 1128.0
3301 5 62.39 12.06 1230.5 7 62.53 11.58 1178.8
3301 6 62.09 12.00 1230.8 8 62.62 11.23 1141.5
3301 9 62.51 10.83 1102.6 10 62.55 11.36 1155.9
3301 Mean 62.39 11.79 1202.9 | Mean 62.58 11.26 1145.7
3301 Stdev 0.17 0.54 56.1 Stdev 0.06 0.21 22.2
3301 COV 0.28 4.56 4.7 COV 0.10 1.89 1.9
330S 1 62.46 12.56 1280.0 2 62.52 12.33 1255.5
330S 3 62.51 12.24 1246.3 4 62.40 12.28 1252.9
330S 6 62.34 12.33 1259.4 5 62.21 12.16 1244.5
3308 8 62.26 12.42 1270.1 7 62.24 12.10 1237.9
330S 9 62.31 12.50 1277.5 10 62.44 12.29 1253.0
330S Mean 62.38 12.41 1266.6 | Mean 62.36 12.23 1248.8
330S Stdev 0.11 0.13 13.9 Stdev 0.13 0.10 7.3
3308 COV 0.17 1.04 1.1 COV 0.21 0.78 0.6
ALT 1 62.43 13.23 1349.3 2 62.48 13.20 1345.1
ALT 5 62.40 13.14 1341.0 3 62.44 13.17 1343.3
ALT 6 62.42 13.22 1347.8 4 62.46 13.07 1332.1
ALT 7 62.28 13.07 1336.3 9 62.50 13.16 1340.8
ALT 8 62.34 13.14 1341.9 10 62.47 13.12 1336.9
ALT Mean 62.37 13.16 1343.3 Mean 62.47 13.15 1339.6
ALT Stdev 0.06 0.06 5.3 Stdev 0.02 0.05 5.2
ALT COV 0.10 0.49 0.4 COV 0.04 0.39 0.4
DED 1 62.34 12.21 1247.2 2 62.54 8.81 896.5
DED 3 62.47 11.30 1151.8 4 62.66 8.71 885.4
DED 7 62.35 11.66 1190.8 5 62.46 8.65 882.1
DED 9 62.39 11.32 1155.3 6 62.57 8.66 881.3
DED 10 62.29 10.90 1114.1 8 62.59 8.06 819.9
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Control Moisture Conditioned
Mix Sample Thickness Force Stress Sample Thickness Force Stress
(mm) (kN) (kPa) (mm) (kN) (kPa)
DED Mean 62.37 11.48 1171.8 | Mean 62.56 8.58 873.0
DED Stdev 0.07 0.49 50.1 Stdev 0.07 0.30 30.3
DED COV 0.11 4.27 4.3 COV 0.12 3.45 3.5
F52 2 62.56 8.55 870.0 1 62.75 7.98 809.7
F52 3 62.58 6.34 644.9 4 62.49 8.21 836.0
F52 4 62.40 9.01 919.5 7 62.67 6.80 691.2
F52 5 62.47 8.89 905.5 8 62.95 7.51 759.6
F52 6 62.46 8.41 856.8 10 62.89 8.01 810.5
F52 Mean 62.49 8.24 839.3 | Mean 62.75 7.70 781.4
F52 Stdev 0.07 1.09 111.6 | Stdev 0.18 0.56 57.5
F52 COV 0.12 13.23 13.3 | COV 0.29 7.31 7.4
HW4 2 63.50 8.46 847.9 1 64.31 7.61 753.2
HW4 4 62.37 12.06 1231.0 3 64.25 7.63 756.1
HW4 6 62.40 12.15 12394 5 62.77 11.23 1138.5
HW4 7 62.42 11.84 1208.0 8 62.77 10.52 1067.4
HW4 9 62.38 11.30 1153.3 10 62.47 8.21 836.2
HW4 Mean 62.61 11.16 11359 | Mean 63.31 9.04 910.3
HW4 Stdev 0.50 1.55 164.5 | Stdev 0.89 1.71 180.8
HW4 COV 0.79 13.86 145 | COV 1.41 18.93 19.9
180B 2 62.50 12.84 1307.5 1 62.78 12.15 1231.7
180B 3 62.55 12.60 1282.5 4 62.67 12.31 1250.6
180B 5 62.05 12.61 1293.6 6 62.65 12.20 1239.8
180B 7 62.06 12.56 1288.1 8 62.94 12.23 1236.6
180B 9 62.02 12.50 1282.8 10 62.61 12.57 1278.2
180B Mean 62.24 12.62 1290.9 | Mean 62.73 12.29 1247 4
180B Stdev 0.26 0.13 10.3 | Stdev 0.13 0.17 18.5
180B COV 0.43 1.02 0.8 | COV 0.21 1.36 1.5
180S 5 62.72 12.26 1244.6 1 62.98 9.89 1000.0
180S 6 62.55 12.16 1238.0 2 62.87 9.82 994.2
180S 7 62.69 12.28 1247.1 3 63.26 9.13 918.7
180S 8 62.61 12.04 1224.5 4 62.88 10.18 1030.4
180S 10 62.58 12.39 1260.8 9 63.45 9.59 962.1
180S Mean 62.63 12.23 1243.0 | Mean 63.09 9.72 981.1
180S Stdev 0.07 0.13 13.3 | Stdev 0.26 0.39 42.5
180S COV 0.12 1.08 1.1 COV 0.41 4.04 4.3
Jewell 2 62.56 11.26 1146.1 1 62.54 11.02 1122.1
Jewell 6 62.49 11.91 1213.5 3 62.67 9.32 947.2
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Control Moisture Conditioned
Mix Sample Thickness Force Stress Sample Thickness Force Stress
(mm) (kN) (kPa) (mm) (kN) (kPa)
Jewell 7 62.48 11.51 1173.1 4 62.88 11.05 1119.1
Jewell 9 62.45 11.55 1176.9 5 62.76 11.54 1170.7
Jewell 10 62.46 11.56 1178.0 8 62.75 11.59 1175.6
Jewell Mean 62.49 11.56 1177.5 | Mean 62.72 10.91 1107.0
Jewell Stdev 0.04 0.23 24.0 | Stdev 0.13 0.92 93.1
Jewell COoVv 0.07 2.00 20| COV 0.20 8.46 8.4
NW 2 62.55 8.90 906.0 1 63.46 7.61 763.7
NW 4 62.72 8.73 886.1 3 62.66 8.50 863.7
NW 5 62.62 9.07 921.9 6 62.77 6.97 706.8
NW 7 62.51 9.20 936.8 8 62.65 7.18 729.7
NW 10 62.43 9.03 920.4 9 62.58 8.68 882.6
NW Mean 62.57 8.98 914.3 | Mean 62.82 7.79 789.3
NW Stdev 0.11 0.18 19.1 Stdev 0.36 0.77 79.5
NW COV 0.18 1.98 2.1 COV 0.58 9.88 10.1
Rose 2 62.42 11.43 1166.2 1 62.53 12.11 1233.2
Rose 3 62.48 12.13 1236.0 6 62.40 12.09 1233.8
Rose 4 62.34 12.09 1235.1 8 62.32 11.86 1211.9
Rose 5 62.39 12.14 1238.7 9 62.45 12.06 1229.2
Rose 7 62.33 12.02 1228.0 10 62.47 11.77 1199.7
Rose Mean 62.39 11.96 1220.8 | Mean 62.43 11.98 1221.6
Rose Stdev 0.06 0.30 30.8 | Stdev 0.08 0.15 15.1
Rose COV 0.10 2.51 25| COV 0.13 1.28 1.2
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