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1. INTRODUCTION
1.1 Background

Pavements are subjected to different stresses during their design 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 leads 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).

For many years, moisture damage has been a major concern for asphalt technologists.
Researchers have been searching for a test that differentiates between good and poor performing
asphalt concrete mixtures from stripping potential since the 1920s (Solaimanian et al. 2003).
Since the 1920s, 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 T 283). The American Association of State Highway and Transportation Officials
(AASHTO) T 283 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 T 283 has been used for several years as the
standard test for moisture sensitivity, it assists in minimizing the problem but 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 T 283 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 (MEPDG).

1.2 Problem Statement

AASHTO T 283 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 MEPDG and are considered a 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 previous research as a candidate test for moisture-susceptibility evaluation, but the



results of that research were not in favor of using the flow number test in moisture-susceptibility
evaluation.

1.3 Objectives

This research has four main objectives. The first objective of this research 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 T 283 test.
The third objective is to study the effect of different methods of sample conditioning and testing
conditions. The fourth objective of the research is to study the variability in the test results.

1.4 Methodology and Approach

The first objective of this research was achieved by running dynamic modulus and flow number
tests on 16 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 will be
achieved by testing samples using the AASHTO T 283 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 are 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 16 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 unconditioned set of samples and the conditioned set
was used to evaluate the moisture damage. The fourth objective was achieved by running a
comprehensive statistical analysis of the laboratory results.

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 T 283, dynamic
modulus, or flow number?

¢ Do these hot mix asphalt (HMA) mixture tests rank the HMA mixtures the same?

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

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 in previous research.

1.7 Report Organization

This report is divided into eight 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 report 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 study that directly apply to this research. 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 T 283
testing. Chapter 7 presents a statistical analysis that compares the different tests and recommends
the most appropriate test. Chapter 8 presents the summary, conclusions, and recommendations
for further research.



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 the pavement from the surface via cracks
in the surface of the pavement, via 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 stripping 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.

2.2 Causes of Moisture Damage

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). 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;
Birgission et al. 2003). A brief discussion about these factors is presented next.



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 (Majidzadeh 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. Consider a three-phase system of aggregate, asphalt, and water. Water reduces
the surface energy of a system because aggregate surfaces have a stronger preference for water
than asphalt (Majidzadeh and Brovold 1968). Cheng et al. (2002) calculated adhesive bond
strengths 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). The break in
an asphalt film can come from an incomplete coating of aggregate particles, inadequate coating
at sharp edges of aggregates, or pinholes in the asphalt film. Chemical reaction theory can be
used to explain stripping as a detachment mechanism according to Scott (1978). The pH of water
at the point of film rupture can increase the process of displacement thereby 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). The water diffuses into asphalt cement, thereby attaching itself to an
aggregate and 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.
If an HMA pavement is permeable, water can escape and flow out. However, if it is not
permeable, the resulting increased pore pressure may surpass the tensile strength of an HMA and
strips asphalt film from an aggregate, causing microcracking (Majidzadeh and Brovold 1968;
Little and Jones 2003). Microcracking can also be seen in a mastic under repeated loading, thus
resulting in an adhesive and/or cohesive failure (Little and Jones 2003). The rate of
microcracking 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) showed that there
is a considerable amount of water that diffuses through the asphalt cement and that 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 or HMA, can affect the durability of HMA (Scherocman
et al. 1986; Terrel and Al-Swailmi 1992,; Choubane et al. 2000). Other considerations, such as
construction (segregation and raveling) and traffic, are also important.

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 1992). 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 1992). A brief explanation of the four theories is presented in the
following sections.

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 “Tests on Loose Mixture and Asphalt Binders” 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
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 wanted.

2.4 Cohesion Theories

According to Little and Jones (2003), cohesion is developed in a mastic and 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 effect of moisture damage, it is important to test the susceptibility of an
asphalt mixture to moisture damage. Many tests are available; some 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 the availability of tests for moisture susceptibility,
none of them provides high correlation with field performance.

2.5.1 Tests on Loose Mixture 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 the 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
Methylene Blue Technical Bulletiq 145, International
Slurry Seal Association (ISSA 1989)
Film Stripping California Test 302
Static Immersion D1664* T182
Dynamic Immersion No standard exists
Chemical Standard Method TMH1 (Road
Immersion Research Laboratory 1986, England)
. Virginia Highway and Transportation
Quick Bottle Resgearch Cguncﬁ] (Maupin 1880)
. Tex 530-C
Boiling D3625 Kennedy et al. 1984
Rolling Bottle Isacsson and Jorgensen, Sweden, 1987
Net Adsorption SHRP-A-341 (Curtis et al. 1993)
Surface Energy Thelen 1958, HRB Bulletin 192
Cheng et al., AAPT 2002
Pneumatic Pull-Off Youtcheff and Aurilio (1997)

*No longer available as ASTM standard.

2.5.1.1 Methylene Blue Test

The methylene blue test is used to identify “dirty” aggregates that 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 T 182)

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 T 182). 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 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 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 moisture
damage, but it does not account for mechanical properties or 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 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 1990s that 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). According to SHRP-A-402, the
water sensitivity of a binder as estimated by NAT showed little or no correlation to wheel-
tracking tests on the mixes (Scholz et al. 1994).

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 mixture’s ability to accumulate damage under dry and moist
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 gradation, aggregate
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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 that have been performed on compacted specimens. From these tests, physical
and 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.

Table 2-2. Moisture-sensitivity tests on compacted samples (Solaimanian et al. 2003)

Test Method ASTM AASHTO | Other

Moisture Vapor California Test 307
Susceptbility Developed in late 1940’s
Immersion- D1075 T165 | ASTM STP 252 (Goode 1959)
Compression

Marshal Immersion Stuart 1986

Freeze/thaw

Pedestal Test Kennedy et al. 1982

NCHRP Report 246 (Lottman 1982);

Original Lottman Transportation Research Record 515

Indirect Tension

(1974)

Modified Lottman T283 NCHRP Report 274 (Tunnicliff and
Indirect Tension Root 1984), Tex 531-C

- NCHRP Report 274 (Tunnicliff and
Tunnicliff-Root D4867 Root 1984)
ECS with Resilient SHRP-A-403 (Al-Swailmi and Terrel
Modulus 1994)
Hamb}lrg Wheel Tex-242-F
Tracking
Asphalt Pavement Pavement Technology Inc., Operating
Analyzer Manual
ECS/SPT NCHRP 9-34 (2002-03)
Multiple .
Freeze/thaw No standard exists

2.5.2.1 Immersion-Compression Test

The immersion-compression test (ASTM D 1075 and AASHTO T 165-155) is among the first
moisture-sensitivity tests developed based on testing 100 mm diameter compacted specimens.

11



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).

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 that 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). 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
at the University of Arizona (1974). 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.

2.5.2.5 Original Lottman Test

The original Lottman test was developed at the University of Idaho by Robert Lottman (1978).
The laboratory procedure consists of compacting three sets of 100 mm diameter by 63.5 mm
Marshall specimens to be tested dry or under accelerated moisture conditioning (Lottman et al.
1974). The following are laboratory conditions for each of the groups:
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e Group 1: Control group, dry
e Group 2: Vacuum saturated with water for 30-minutes

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 (Lottman et al. 1974).

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 1.65 mm/min. The severity of moisture damage is based on a ratio of
conditioned to dry specimens (tensile strength ratio [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 T 283)

AASHTO T 283, “Resistance of Compacted Bituminous Mixture to Moisture Induced Damage,”
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, as follows:

e Two groups, control versus moisture conditioned
e Vacuum saturation until a saturation level of 70% to 80% is achieved
e Test temperature and loading rate changed to 50 mm/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 T 283 was adopted by the Superpave system as the moisture test
method of choice even though AASHTO T 283 was developed for the Marshall mixture design.
State highway agencies have reported mixed results when using AASHTO T 283 and comparing
the results to field performance (Stroup-Gardiner and Epps 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 T 283 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 that 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 T 283 was developed based on 100 mm Marshall-compacted specimens. With the
transition from 100 mm Marshall-compacted specimens to 150 mm Superpave-compacted
specimens, the standard allowed the use of either 150 or 100 mm samples, and the requirements
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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 specimens
created using 150 mm 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 100 mm Marshall-compacted specimens, a TSR value of 0.87 and 0.85
should be used for 150 mm and 100 mm Superpave-compacted specimens, respectively. A 0.80
TSR for 150 mm Superpave specimens would correspond to a TSR ratio of 0.80 for 100 mm
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 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. (1983). 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 that some
key failures can be seen:

e Bond failure at the asphalt-aggregate interface (stripping)
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 D 4867 (Tunnicliff-Root Test Procedure)

ASTM D 4867, “Standard Test Method for Effect of Moisture on Asphalt Concrete Paving
Mixtures,” is comparable to AASHTO T 283. The only difference between AASHTO T 283 and
ASTM D 4867 is that the curing of loose mixture at 60°C in an oven for 16 hours is eliminated
in ASTM D 4867. 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 (HWTD) 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 HMA beams with each beam having a geometry of 260 mm
wide, 320 mm long, and 40 mm thick. 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 47 mm wide and applies a load of 705 N
while traveling at a maximum velocity of 340 mm/sec in the center of the sample. A sample of
HMA is loaded for 20,000 passes or until 20 mm of permanent deformation occurs
(Aschenbrener et al. 1995). Some important results the HWTD gives are:
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e Postcompaction consolidation: deformation measured after 1,000 wheel passes

e Creep slope: number of wheel passes to create a 1 mm rut depth due to viscous flow

e Stripping slope: inverse of the rate of deformation in the linear region of the deformation
curve

e Stripping inflection point: number of wheel passes at the intersection of the creep slope
and stripping slope (Aschenbrener et al. 1995)

2.5.2.10 Asphalt Pavement Analyzer (APA)

The Asphalt Pavement Analyzer (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 on 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 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 T 283, there were no strong relationships between TSR results and APA test results.
The variability of the rut depth data was high; conduct the recommended study 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,
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 and air in the chamber are 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-
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compacted beams were prepared from HMA sampled at jobs, and corresponding field fatigue
beams were cut from the pavement. The conditioning of the beams was as follows:

e Partial vacuum saturation of 60% to 80%

e Three repeated five-hour cycles at 60°C followed by four hours at 25°C while remaining
submerged

e One five-hour cycle at -18°C (Shatnawi et al. 1995).

The specimens are then removed from a conditioning chamber and tested according to AASHTO
T 321. 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 102 mm in diameter by 102 mm in height to cycles of
temperature, repeated loading, and moisture conditioning (SHRP-A-403 1992; Al-Swailmi and
Terrel 1992a; Al-Swailmi and Terell 1992b; Terrel and Al-Swailmi 1993). Some important
fundamental material properties are obtained from using an ECS. These properties are resilient
modulus (Mg) before and after conditioning, air permeability, and a visual estimation of
stripping after a specimen has been split open (SHRP-A-403 1992). 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, which is close to field conditions (Solaimanian et al.
2003). The downfall of the test is that it does not provide a better relationship to field observation
than what was observed using AASHTO T 283. Also, AASHTO T 283 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, 9-29, and 1-37 (NCHRP reports 465, 513, and MEPDQG),
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 mixture’s resistance to permanent deformation. The dynamic
modulus test is conducted at an intermediate and lower test temperature to determine a mixture’s
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)
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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 sensitivity
testing. This key finding of NCHRP 9-34 (NCHRP Report 589) shows that the ECS/DCM test
appears to separate good performing mixes from poor performing mixes in the field when
compared with TSR testing from ASTM D 4867 and that the flow number test has high
variability, which 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 at
distinguishing the expected mix behavior. That study recommended trying intermediate and
midrange temperatures 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 1960s
by Papazian (1962) and became a standard test in 1979 by the American Society for Testing and
Materials (ASTM) under D 3497, ’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 viscoelastic 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 in thicker pavements (NCHRP 2004). For this reason, dynamic modulus testing is
conducted over a range of test temperatures and frequencies to measure the linear viscoelastic
properties of asphalt concrete mixtures. The tested ranges of temperature and 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 2-1.
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Figure 2-1. Haversine loading pattern or stress pulse for 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 (o,) divided by the peak recoverable strain (&,):

x| _ % -
|| = 2-1)

o

The real and imaginary parts of the dynamic modulus can be written as
E*=E'+iE" (2-2)

Equation (2-2) shows that £* has two components: a real and an imaginary component. £’ is
referred to as the storage or elastic modulus component, while £ 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)
t.
¢ =-—"-x%x360
Ly (2-4)

where ¢; = time lag between a cycle of stress and strain(s), ¢, = time for a stress cycle(s), and i =
imaginary number.

For a purely viscous material, the phase angle is 90°, while for a purely elastic material, the
phase angle is 0° (NCHRP 465 2002). The dynamic modulus, a measurable “fundamental”
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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 in thicker pavements (Shenoy and Romero 2002).

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):

_ CI(T_TS)

= , 2-5
C,+T-T 2-3)

where C; and C are constants, 7y is the reference temperature, and 7' 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
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).

log‘E*‘ =0+ " (2-6)

(04
— o 9
Lol 7 (log(f, )+s7)

where log|E"| = log of dynamic modulus, d = minimum modulus value, f; = reduced frequency, «
= span of modulus values, s7 = shift factor according to temperature, and f, y = shape parameters.

2.8 Repeated Load Test (Flow Number) Test

The flow number test (e.g., 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
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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 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 the 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) (Robinette 2005). Figure 2-2 graphically shows flow number loading.

—|l—0.1sec L _]0.9sec

Stress (o)
Strain Rate

Flow Number

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

1
Primary | Secondary
|
|
1

&| Flow Flow

s

g Tertiary Flow Number = Minimum Strain Rate
Flow

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 dwell period 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 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. 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 because this smoothed creep rate is where the flow number occurs. Equation (2-7) was
used to determine the creep rate:
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) 2-7
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&,)
where ‘

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

(&,);,ay = strain at i+AN cycles, (¢,),_,, = strain at i-AN cycles, andAN = 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 the creep rate at that instant were used. Equation (2-8) was used
to determine the smoothed creep rate:

%:l(dgiZAN_i_dgiAN +ﬁ+dgi+AN+dgi+2AN]’ (2_8)
dN 5\ dN dN dN dN dN

where Z—; = smoothed creep rate at i sec (1/cycles), % = creep rate at i-2AN cycles

(1/cycles), d;’—]‘vAN = creep rate at i-AN cycles (1/cycles), % = creep rate at i cycles (1/cycles),
de,, . dg, ,\y .
a’l—N = creep rate at i+AN cycles (1/cycles), and aI’—N = creep rate at i+2AN cycles

(1/cycles)
The final step was 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, 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:

& _ AN)™, (2-9)
N

where ¢ | is permanent strain at a specific loading cycle, N is the loading cycle, and 4 and m are

regression constants.
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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 (4). 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, as shown in
Figure 2-3. Studying the parameter (4) and applying regression analysis, the result achieved
showed that (4) is a function of the applied deviator stress and the resilient modulus.

T ! I L T l - - —T
| Tappl. — 60.32 psi Series I
| Tappl. = 49.50 psi |
| 100°F _ |, 120°F |
T (3’?.7°C)“”‘“‘ (48.5°C)
%Q o-app[, = 29.76 p&l .
) Tappl. = 40.43 psi
1070 |
L L I : | | | 2
i 100 1,000 10,000

N, CYCLES
Figure 2-3 Relationship Between ¢,/V and N (1 psi = 6.9 kPa), after (Khedr 1986)

The relationship between log A and log (MR/od) is a straight line, as shown in Figure 2-4 and
represented by equation (2-10) (Khedr 1986).

M
A=a(—%
Oy

)", (2-10)

where A is the regression constant from equation (2-9), M, is the resilient modulus, o, is the
applied deviator stress, and a and b are material-dependent regression constants.

Majidzadeh et al. (1979) 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 (4). The relationship shown
in equation (2-10) was analyzed using the normalized (A4) value, and both equations came out to
be applicable to all samples tested in that research.
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3. EXPERIMENTAL PLAN AND TEST SETUP
3.1 Experimental Plan

Loose samples were procured from 16 projects that were constructed within the state of lowa. A
summary of job mix formulas is presented in Appendix A. The mixes were selected to cover a
wide range of material properties. The samples included base coarse, intermediate coarse, and
surface coarse mixes. Three traffic levels were considered: less than 3 million equivalent single-
axle loads (ESALs), 3 to 10 million ESALs, and greater than 10 million ESALs. Two nominal
maximum aggregate sixes (NMAS)—12.5 and 19.0 mm—were used, and three binder
performance grades ( PG 58-25, PG 64-22, and PG 70-28) were represented. The properties of
the mixes are presented in Table 3-1.

Table 3-1. Properties of sampled mixes

Project Name NMAS | Binder Traffic Level Designation
(mm) PG Million ESALS
HWY 330 Base 19.0 64-22 <3 330B
HWY 218, Tripoli 19.0 64-22 <3 218
1-80 Base 19.0 64-22 >10 I180B
[-235 Intermediate 19.0 70-28 >10 2351
6th St. Nevada 12.5 64-22 <3 6N
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
1-80 Surface 12.5 64-22 >10 180S
1-235 Surface 12.5 70-28 >10 2358
Altoona 12.5 64-22 >10 ALT

The samples were compacted using a Pine Superpave gyratory compactor to obtain samples that
were 100 mm in diameter and approximately 150 mm 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 5 of the 16 mixes. It was not
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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, the 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°C and 21°C) and nine frequencies (0.1, 0.3, 0.5,
1.0, 3.0, 5.0, 10.0, 15.0, and 25.0 Hz). The samples used in the dynamic modulus testing 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 100 mm in diameter and 62.5 mm 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 3-2. Samples tested at the different conditions

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.

3.2 Sample Conditioning

The conditioning of the samples was done in accordance to AASHTO T 283, “Resistance of
Compacted Bituminous Mixture to Moisture Induced Damage.” Specimens were compacted
according to section 4.2.3 in AASHTO T 283 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°C
+ 0.5°C for two hours + ten minutes prior to testing. The conditioning of the conditioned subset
specimens was done by placing the samples in a pycnometer with a spacer. Approximately 25
mm of water was placed above the specimen. The specimen was vacuum saturated for five to ten
minutes at 13—67 kPa. The specimen was left submerged in water bath for five to ten 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°C £ 3°C
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for a minimum of 16 hours. After the freeze/thaw cycle, the final steps were the same for
moisture conditioning with or without freeze/thaw cycling. The next step was to place the
samples in a water bath at 60°C + 1°C for 24 + 1 hour with 25 mm of water above the specimens.
The specimens were then removed and placed in a water bath at 25°C + 0.5°C for two hours +
ten minutes. Approximately 25 mm of water should be above the specimens. Not more than 15
minutes should be required for the water bath to reach 25°C £+ 0.5°C. If needed, ice could be used
to prevent temperature increase. The specimens were then ready for testing.

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 viscoelastic
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 3-1.

+—— Toad
Specimen

g

+—— LVDT

I

Figure 3-1. Dynamic modulus test setup (NCHRP Report 547)

The test was performed at two different temperatures (4°C and 21°C) and nine frequencies (0.1,
0.3,0.5, 1.0, 3.0, 5.0, 10.0, 15.0, and 25.0 Hz). 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
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.
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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 16
mixtures was 600 kPa (87 psi), 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
(600 kPa). 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 machine’s 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 test
temperature had been reached, the specimen was 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 3-2.
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Figure 3-2. 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 resulted in excessive tertiary deformation, whichever occurred first.
Excessive deformation was considered 100,000 microstrain. The exact length of the test was
variable from one mixture to the next because of the different material properties.

3.5 Indirect Tensile Strength Testing

The testing procedure described herein is derived from the AASHTO T 283, “Resistance of
Compacted Bituminous Mixture to Moisture Induced Damage.” 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 was applied along the diameter of the
specimen, as shown in Figure 3-3. A universal testing machine was used to conduct the testing.
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Figure 3-3. Indirect tensile strength test setup

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

2000 x P
S, =—-,
TXtxD

(3-1)
where S; = tensile strength (kPa), P = maximum load (N), # = 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.

TSR = & (3-2)

”
1

where TSR = tensile strength ratio, S, = average tensile strength of conditioned subset, and S; =
average tensile strength of dry subset.
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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 master curves 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 by those from the control group (see 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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Table 4-1. E* ratios

Mix 1 Temp | 55y, | 1SHy | 10Hz | 5Hz |3Hz | 1Hz | 05Hz | 03Hz | 0.1 Hz
Name | (°C)
6N 4 1097 | 093 | 1.01 [ 089 [086]084] 079 | 0.83 0.78
6N | 21 | 1.02 | 1.00 | 1.00 | 097 | 094 [ 093 | 0.91 0.88 | 0.81
218 4 | 104 | 102 | 1.03 [ 1.02 [ 1.05] 1.01 | 101 1.01 1.00
218 | 21 | 116 | 116 | 114 | 113 [ 123 | 1.13 | 1.07 1.05 0.94
2351 | 4 [ 090 | 0.88 | 088 | 0.87 | 0.83 [ 084 | 084 | 084 | 0.4
2351 | 21 | 090 | 0.90 | 090 | 0.89 | 0.87 | 0.86 | 0.84 | 0.85 0.83
235s | 4 | 115 | 113 | 114 | 113 [ 18| 112 | 111 1.11 1.09
235s | 21 | 121 | 120 | 1.19 | 119 [ 130 | 121 | 1.17 1.20 1.11
330B | 4 | 093 [ 092 | 095 | 093 [ 096091 0091 0.93 0.93
330B | 21 | 110 [ 111 | 12 | 112 [ 122 116 | 1.1 1.04 1.04
3301 | 4 | 1.07 | 1.04 | 1.04 [ 1.03 [ 1.03 | 1.02 [ 0.99 1.02 1.01
3301 | 21 | 117 | 117 | 116 | 1.6 | 1.15 | 1.1I8 | 116 1.14 1.15
330s | 4 | 099 | 099 | 098 [ 098 [0.96]0.94] 0.93 092 | 0.89
330s | 21 | 085 | 0.83 | 0.82 | 0.82 [ 0.79 [ 0.80 | 0.84 | 0.88 | 0.88
ALT | 4 [ 099 | 099 | 098 | 097 | 096 | 095] 095 [ 0.95 0.93
ALT | 21 | 111 | ri12 [ 111 | 1.0 | 1.10 | 1.09 | 1.09 1.08 1.04
Ded | 4 | 090 | 090 | 091 | 092 [ 094|085 | 0.88 | 086 | 0.96
Ded | 21 | 1.12 | .11 | 1.12 | 111 | 125 | 1.08 | 1.05 | 092 | 0.86
F52 4 [ 1.02 [ 1.02 [ 1.02 [ 1.02 [098]095] 096 | 092 | 0.85
F52 | 21 | 111 | 1.09 | 1.07 | 1.05 | 1.06 | 1.02 | 095 | 0.86 | 0.81
HW4 | 4 | 092 [ 092 | 091 | 089 [0.87 | 0.87 | 0.86 | 0.85 0.89
HW4 | 21 | 067 | 0.66 | 0.66 | 0.68 | 0.64 | 0.71 | 0.81 087 | 0.90
I80B | 4 | 101 | 1.01 | 1.02 | 1.0l | 1.00 | 1.01 | 099 | 0098 1.00
180B | 21 | 098 | 1.02 | 1.03 | 1.03 | 1.03 | 1.04 | 1.06 1.00 1.01
180s | 4 | 093 | 0.88 | 091 | 090 | 092|086 | 086 | 087 | 0.83
180s | 21 | 091 | 093 | 093 | 091 | 094|087 | 086 | 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 | 120 | 1.19 | 118 | 118 | 128 [ 1.19 | 1.17 1.14 1.12
NW | 4 [ 091 | 08 [ 090 | 090 | 092089 087 | 088 | 0.88
NW | 21 [ 105 | 107 [ 107 | 107 [1.17 [ 1.09 [ 1.06 1.05 1.04
Rose | 4 | 094 | 089 | 0.88 | 0.89 | 0.87 | 0.84 | 0.83 084 | 0.79
Rose | 21 | 0.85 | 084 | 0.84 [ 0.82 [0.79[0.75] 0.75 [ 0.73 0.69

31




Table 4-2. Phase angle ratios

Mix - Temp | sy, | 15Hz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 03Hz | 0.1 Hz
Name | (°C)
6N 4 1.83 | 121 | 125 | 121125 1.17 ] 113 1.15 1.36
6N | 21 | 114 | 112 | 112 |3 r13 | 112 1.14 1.15 1.08
218 4 .19 | 1.01 | 1.09 | 1.07 | 1.06 | 1.10 | 1.06 1.06 1.24
218 | 21 | 103 | 1.02 | 1.02 [ 1.02]098 | 1.0l | 1.03 1.02 1.00
2351 | 4 126 | 1.6 | 1.16 | 1.14 [ 123 [ 112 119 1.19 1.20
2351 | 21 | 1.08 | 1.09 | 1.08 | 1.07 | 1.04 | 1.06 | 1.02 1.05 1.03
2355 | 4 093 | 093 | 093 [0.94]096 099 092 | 0.98 1.03
235s | 21 | 099 [ 099 [ 1.00 | 1.00 [ 0.96 [ 1.00 | 0.96 1.02 | 0.99
330B | 4 098 | 1.09 | 1.07 [1.04 ] 1.04 | 099 | 1.04 1.12 1.28
330B | 21 | 1.06 | 1.00 | 1.00 | 1.00 | 0.97 | 1.00 | 0.93 1.02 1.00
330 | 4 123 | 1.2 | 1.0 | 1.10 [ 1.06 | 1.05 | 1.06 1.09 1.35
3301 | 21 | 1.01 | 1.00 | 1.00 | 1.00 | 0.97 | 0.99 | 0.95 0.99 1.00
330s | 4 120 | 1.17 | 121 | 127 [ 132128 131 1.36 1.53
330s | 21 | 11 | 111 | 112 [ 114 [ 12117 | 113 1.18 1.26
ALT | 4 225 | 128 | 117 113|112 [ 112 116 1.20 1.38
ALT | 21 | 105 | 1.03 | 1.02 [1.03]1.01 | 1.04 | 1.05 1.03 1.05
Ded | 4 112 | 1.05 | 1.06 [ 1.03]1.07 [ 097 | 096 1.05 1.25
Ded | 21 | 1.02 | 099 | 098 [0.99 099 | 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 | 4 122 | 120 | 115 | 116 | 1.25 | 111 | 115 1.09 1.09
HW4 | 21 | 115 | 117 | 121 [ 127125132 ] 139 1.39 1.45
I80B | 4 122 | 118 | 112 | 110 | .11 | 1.09 | 1.03 1.00 1.03
180B | 21 | 097 | 099 | 1.01 |1.02]1.01 [1.00] 097 | 0.99 1.04
180s | 4 1,73 | 130 | 128 | 124 [ 120 ] 1.16 | 117 1.26 1.50
180s | 21 | 114 | 114 | 113 [ 113|115 | .12 | LIS 1.16 1.19
Jewell | 4 125 | 117 | 113 | 111 | 1.10 | 1.07 | 109 1.10 1.17
Jewell | 21 [ 097 [ 099 | 099 [0.99 098097 098 | 098 | 092
NW | 4 145 | 135 | 122 | 134 [ 134 [ 128 1.40 1.59 1.80
NW | 21 | 130 | 128 | 126 | 125125125 | 124 1.32 1.26
Rose | 4 1.17 | 1.09 | 111 | 1.0 | 1.15 | 1.06 | 1.03 1.06 1.26
Rose | 21 | 1.04 | 1.02 | 1.03 [ 1.03]1.00 [ 1.0 | 1.00 | 097 | 093
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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 pairwise comparison using a
level of significance () of 0.05 was performed between the ratios for the 16 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 (see 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 pairwise comparison method was used to test whether
the mixes are statistically different from each other. 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 the mixes at the
different temperature-frequency combinations using E* ratios is presented in Table 4-7, while
combinations using phase angle ratios are presented in Table 4-8.
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Figure 4-1. Distribution of E* ratios at different temperatures
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Figure 4-2. Distribution of E* ratios at different frequencies
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Table 4-5. All pairwise 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
NW 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 pairwise 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

Mix  Temp | oo | 1sHz | 10Hz | SHz | 3Hz | 1Hz | 05Hz | 03Hz | 0.1 Hz
Name | (°C)
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
HW4 | 4 13 11 13 14 14 11 13 13 10
I80B | 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
2355 | 21 1 1 1 1 1 1 1 1 3
330B | 21 8 7 5 5 5 4 4 7 6
330 | 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
I80B | 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

Mix  Temp | oo | 15Hz | 10Hz | SHz | 3Hz | 1Hz | 0.5Hz | 03Hz | 0.1 Hz
Name | (°C)

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
HW4 | 4 7 12 10 12 13 10 11 7 3
I80B | 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
2355 | 21 3 4 5 5 1 5 3 5 3
330B | 21 10 5 3 4 2 4 1 7 6
330 | 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

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 plot together
at a reference temperature of 21°C. Figures 4-3 through 4-16 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
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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 1 of the 16 mixtures (330S) did not follow this
trend—the moisture-conditioned sample’s 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 10 Hz at the reference temperature, which represents the high-temperature—low-frequency
zone. The second zone is for frequencies higher than 10 Hz, 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 4-3. Master curve for mix 6N
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Figure 4-5. Master curve for mix 2351
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Figure 4-7. Master curve for mix 330B
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Figure 4-15. Master curve for mix I80S

46




1.0.E+08

1.0.E+07
>
~  1.0.E+06 1
N == Control
— =&—Moisture Conditioned
1.0.E+05
1.0.E+04 . ‘
1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07
Reduced Frequency, Hz
Figure 4-16. Master curve for mix NW
1.0.E+08
1.0.E+07
>
~  1.0.E+06 1
% —=—Control
=

1.0.E+05

=¢=—Moisture Conditioned

1.0.E+04 T
1.E-05 1.E-03 1.E-01

1.E+01 1.E+03 1.E+05 1.E+07
Reduced Frequency, Hz

Figure 4-17. Master curve for mix Rose
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Figure 4-18. Master curve for mix Jewell

Table 4-9. Area under the master curve (GPa)

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 0.92 191.39 217.65 -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 1.07 195.33 246.01 -50.69 1.26
330B 17.75 17.43 0.33 0.98 183.17 187.41 -4.25 1.02
3301 24.87 28.08 -3.21 1.13 240.96 267.49 -26.53 1.11
330s 32.76 29.96 2.80 0.91 230.22 234.06 -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 0.89 185.98 211.12 -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 0.98 233.98 246.23 -12.25 1.05
180s 36.84 28.07 8.77 0.76 246.28 247.59 -1.31 1.01
Jewell 23.77 25.41 -1.64 1.07 206.92 238.67 -31.74 1.15
NW 19.99 19.48 0.50 0.97 201.45 200.64 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
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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 result 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.

Table 4-10. Storage modulus ratios

Mix 1 Temp | gy | 1SHz | 10Hz | 5Hz | 3Hz | 1Hz | 05Hz | 03Hz | 0.1 Hz
Name | (°C)

6N 4 0.96 0.92 1.01 0.89 | 0.85 | 0.84 0.78 0.82 0.75

6N 21 1.02 0.99 098 ]1095] 092 | 091 0.88 0.84 0.78

218 4 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 4 0.90 0.88 0.87 | 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 1.13 | 1.18 | 1.13 1.11 1.11 1.09
235s 21 1.21 1.21 1.19 1.19 | 1.31 | 1.21 1.19 1.19 1.11
330B 4 0.93 0.92 095 1093 ] 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 1.16 1.16 | 1.15 | 1.18 1.17 1.14 1.15
330s 4 0.99 0.99 098 1097 | 096 | 0.93 0.92 0.91 0.87

330s 21 0.84 0.82 0.81 0.81 ] 0.78 | 0.79 0.83 0.85 0.84

ALT 4 0.99 0.98 098 | 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 4 0.90 0.90 091 1092 | 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 | 0.97 | 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 4 0.92 0.91 0.90 | 0.89 | 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 0.93 0.88 0.91 0.89 | 0.91 | 0.86 0.86 0.86 0.81
180s 21 0.90 0.92 092 1090 | 0.93 | 0.86 0.83 0.82 0.75
Jewell 4 0.91 0.89 0.89 | 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 0.94 0.88 0.88 | 0.89 | 0.86 | 0.84 0.82 0.83 0.77
NW 21 0.84 0.83 0.83 | 0.81 | 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 21 1.19 1.19 1.17 1.17 | 1.28 | 1.19 1.17 1.15 1.16
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Table 4-11. Loss modulus ratios

Mix 1 Temp | o5 | 1sHz | 10Hz | 5Hz | 3Hz | 1Hz | 0.5Hz | 0.3Hz | 0.1 Hz
Name (°O)
6N 4 1.77 1.12 126 | 1.08 | 1.07 | 098 | 089 | 095 | 1.05
6N 21 1.16 112 .11 | 1.08 | 1.05 | 1.03 | 1.02 | 099 | 0.86
218 4 1.24 1.04 112 | 1.09 | 112 | 1.11 | 1.07 1.07 | 122
218 21 1.20 1.18 .16 | 1.15 | 120 | L.14 | 1.10 1.07 | 0.94
2331 4 1.13 1.02 1.01 [ 099 | 1.02 | 093 | 1.00 1.00 | 1.00
2351 21 0.98 0.97 097 | 095 | 091 | 090 | 086 | 0.89 | 0.5
235s 4 1.06 1.05 1.06 | 1.06 | 113 | 111 | 1.02 1.08 | 113
2355 21 1.20 1.19 120 | 1.19 | 125 | 122 | 1.13 122 | 1.10
330B 4 0.91 1.00 1.02 [ 097 | 1.00 | 090 | 0.5 1.03 | 1.19
330B | 21 1.16 1.11 .12 [ 112 [ 119 | 1.16 | 1.04 1.06 | 1.04
3301 4 131 1.16 .14 | 113 [ 1.09 | 1.07 | 1.05 .12 | 1.36
3301 21 1.18 1.17 116 | 1.16 | 1.11 | 1.16 | 1.10 .12 | 115
330s 4 1.19 1.15 1.19 | 124 [ 127 | 120 | 121 125 | 1.36
330s 21 0.94 0.91 092 | 093 | 0.88 | 093 | 0.4 1.03 | 1.09
ALT 4 2.23 1.26 .14 | 1.09 | 1.07 | 1.07 | 1.10 .14 | 127
ALT 21 1.16 1.15 114 | 113 | 11 | 114 | 115 .11 | 1.08
Ded 4 1.01 0.95 096 | 095 [ 1.00 | 082 | 085 | 090 | 1.17
Ded 21 1.14 1.10 110 | 1.10 | 124 | 1.09 | 1.05 | 094 | 0.92
F52 4 1.40 1.12 111 | 12 | r11 | 100 | 1.03 | 098 | 1.34
F52 21 1.16 1.14 1.14 | 110 | 1.06 | 1.07 | 1.02 | 093 | 0.85
HW4 4 112 1.10 1.05 | 1.04 | 1.08 | 096 | 099 | 093 | 0.96
HW4 | 21 0.77 0.77 0.80 | 0.85 | 0.79 | 0.92 | 1.09 1.18 | 1.25
180B 4 1.23 1.20 114 | 111 | 12 | 109 | 1.02 | 097 | 104
180B 21 0.96 1.01 1.04 | 105 | 1.04 | 1.04 | 1.02 | 099 | 1.05
180s 4 1.61 1.14 1.16 | L.11 | 110 | 1.00 | 1.0l 1.09 | 1.4
180s 21 1.03 1.06 1.05 | 1.02 | 1.08 | 098 | 098 | 097 | 0.93
Jewell | 4 1.14 1.04 1.01 | 1.00 | 1.01 | 095 | 095 | 096 | 1.02
Jewell | 21 1.02 1.05 1.05 | 1.05 | 1.1I5 | 1.06 | 1.04 1.03 | 0.97
NW 4 1.36 1.19 1.07 | 1.19 | 1.16 | 1.08 | 1.16 133 | 141
NW 21 1.10 1.07 1.06 | 1.02 | 097 | 093 | 092 | 095 | 0.85
Rose 4 1.24 1.13 116 | 111 | 122 | 1.06 | 1.02 1.06 | 123
Rose 21 1.24 1.22 121 | 121 | 128 | 121 | 1.17 L1l | 1.05

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 conclusion.
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Table 4-12. Statistical comparisons for E* and master curves

Mix Dynamic Modulus Master Curve
Name

a Indication a 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
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 means that
simulation is necessary in this case. This can be done either by modeling or by simulating the
results in the MEPDG. Another easy approach that can be used is to plot the master curve of the
control and conditioned groups and 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 site 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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5. 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 (Witczak 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 this output has very high variability. The same is true for 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 4 and m are affected by moisture conditioning or not. Parameter
m was primarily 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 the control samples

Cycles Strain at Flow . Cycles at
Mix };o failure Number (itlll:?:‘l(:si::i‘l:) 3?,0,000 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 (%) 37.9 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 25.4 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
I80B | CoV (%) 12.5 0.1 23.3 11.8 13.4 9.8 32
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Table 5-1. (continued)

Cycles Strain at Flow . Cycles at
Mix );:o failure Number (S[Itg?;l;s?:;:) ?3]0,000 A m
Failure | (microstrain) (FN) 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 4.4 3.3
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 the water-conditioned samples tested under water
Cycles Strain at Flow . Cycles at
Mix "o failure | Number 3:;2‘;‘;;:;1:) 30,000 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 (%) 32.9 0.0 38.8 17.0 38.0 13.5 54
2358 Mean 30867 100091 13245 22644.8 19513 7.36E-04 | 0.3573
235S 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 1152.4 841 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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Table 5-2. (continued)

Cycles Strain at Flow . Cycles at
Mix };0 failure Number (?;:::;z;;;]:) ;0,000 A m
Failure | (microstrain) (FN) microstrain
3308 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
180B | 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 43543 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 15.0 248 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
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Table 5-3. Flow number results for the freezer-conditioned samples tested in air

Cycles Strain at Flow . Cycles at
Mix );0 failure Number g:;:?:g:::;f) 3)’0,000 A m
Failure | (microstrain) (FN) 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 4.3
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
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
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Table 5-3. (continued)

Cycles Strain at Flow . Cycles at
Mix };0 failure Number g:;:?:g;:;f) 3)’0,000 A m
Failure | (microstrain) (FN) microstrain
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 the freezer-conditioned samples tested under water

Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:am at F:N ;0,000 A m
Failure | (microstrain) (FN) (microstrain) 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 54
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 16.7 333 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
330I | CoV (%) 11.5 0.1 28.3 19.3 11.4 24.5 7.8
3308 Mean 26165 50252 5420 11642.7 25015 8.90E-04 | 0.3077
3308 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 349E-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
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Table 5-4. (continued)

Cycles Strain at Flow . Cycles at
Mix );0 failure Number Stl:aln at ITN ;0,000 A m
Failure | (microstrain) (FN) (microstrain) microstrain
F52 Mean 1496 101070 414 13077.5 998 6.19E-04 | 0.5267
F52 Std 734 329 298 31553 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 7.4
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
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 ;0,000 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
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It can be concluded from Tables 5-1 through 5-5 that the parameters tested (cycles to failure,
flow number, cycles at 30,000 microstrain, and parameter 4) have very high variability.
Parameter m has lower variability 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 4 are expected to
increase with moisture conditioning, so the ratios are expected to be greater than one.

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 0.57 257 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 1.27 482 | 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 | 0.91
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
3308 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

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
3308 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
180B 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
NW 2.09 2.82 1.78 1.68 343 | 0.73
Rose 0.76 1.27 2.08 0.60 5.28 | 0.79
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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 1.17 198 | 0.84
2358 0.73 0.58 1.23 0.58 436 | 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 3.44 2.87 | 0.68

The mixes were then ranked 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 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.

Table 5-10. Ranking of the mixes 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 3y0,000 Al 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
3308 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
NW 3 2 9 4 12 14
Rose 13 11 16 13 15 6
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Table 5-11. 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
3308 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

Table 5-12. 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 3y0,000 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
330S 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

62



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 cycles to
failure are based on two different failure conditions caused by the machine limit, which
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—the freezer-conditioned samples tested in air. This variability is
similar to what was found by Solaimanian et al. (2007). Strain at flow number followed a similar
trend, as shown in Figure 5-2. Both parameters 4 and m offer promising results, but 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

15

0.5

0

Figure 5-1. Variability of FN ratios for freezer-conditioned samples tested in air
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0

Figure 5-2. Variability of strain at flow number ratios for freezer-conditioned samples
tested in air
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6. AASHTO T 283 TEST RESULTS

Performing the AASHTO T 283 test is important to compare the results achieved using the other
methods to those achieved using the AASHTO T 283 test. The main reason behind the
comparison is that AASHTO T 283 is what practitioners are used to performing and thus
provides a good reference to the test that is currently being used 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 used to
calculate the 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 pairwise comparison t-
test. This resulted in a p-value of less than 0.0001, which means that the hypothesis is rejected at
a level of significance a = 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. 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.

Table 6-1. Tensile strength for both groups

. Tensile strength, control Tensile Strength, moisture

Mix Sample (kPﬁ) (kPga)
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 COV 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 COVv 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
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Table 6-1. (continued)

. Tensile strength, control Tensile Strength, moisture
Mix Sample (kPg) (kPga)
3301 COV 4.7 1.9
3308 Mean 1266.6 1248.8
330S Stdev 13.9 7.3
3308 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 COV 4.3 3.5
F52 Mean 839.3 781.4
F52 Stdev 111.6 57.5
F52 COV 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
180S Mean 1243.0 981.1
180S Stdev 13.3 42.5
180S COV 1.1 4.3

Jewell Mean 1177.5 1107.0
Jewell Stdev 24.0 93.1
Jewell COVv 2.0 8.4
NW Mean 914.3 789.3
NW Stdev 19.1 79.5
NW COV 2.1 10.1
Rose Mean 1220.8 1221.6
Rose Stdev 30.8 15.1
Rose COV 2.5 1.2
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Table 6-2. TSR and mixture ranking

Mix Tensile S(’tll“;lngth Ratio p-value Statistical Variation 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
HWw4 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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7. COMPARISON BETWEEN THE DIFFERENT TEST METHODS

In order to investigate the difference in results between the three tests investigated, the results
achieved using the different tests were compared. 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) were 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 10 Hz. 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 statistical analysis 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.

Table 7-1. Results from different tests

E* ratio Parameter “m”

Mix TSR ratio E* ratio (37°C-10Hz) .
(average) 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
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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 a=0.05
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Figure 7-1. Comparison between average E* ratio and TSR
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Table 7-3. Ranking of the mixes using the different methods

Mix | TSR ratio (f:errztgi‘e’) E* ratio (37°C-10Hz) Para‘:‘:tti‘:)r “m”
6N 10 1 10 8
218 16 4 8 7
2351 5 14 13 13
2355 1 1 4 9
3308 14 6 3 4
3301 7 3 2 11
330 4 12 14 6
ALT 2 5 5 12
Ded 15 9 7 16
F52 9 8 9 5
HW4 12 16 16 10
130B 6 7 1 15
180s 13 13 12
Jewell 8 2 1 2
NW 11 10 6 14
Rose 3 15 15 3
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8. CONCLUSIONS AND RECOMMENDATIONS

In this research, 16 mixes were collected from 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 TSR (AASHTO T 283) tests
were performed on the samples. The results were statistically compared.

8.1 Conclusions

Based on the range of materials and the parameters tested in this research, the following can be
concluded:

e The dynamic 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
impacted by the temperature and the loading frequency. This means that the effect of
moisture varies by the loading conditions.

e For the dynamic modulus results, the effect of moisture appears more with higher
temperatures and/or lower frequencies.

e 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.

e Plotting a master curve provides a good tool to visualize the effect of moisture on the
mix.

e All the parameters evaluated from the flow number test results gave mixed results, except
for the parameter m, which provided consistent results.

e 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.

e 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 variability makes them inconclusive. These results can be attributed to the variability
of the flow number test. Alternative methods of examining flow number data need to be
considered, such as accumulated strain at a prescribed number of load cycles.

8.2 Recommendations
Based on the results of this research, the following suggestions are recommended:

e Try the various testing/conditioning with the dynamic modulus test by using LVDTs that
can be tested under water or by using the actuator LVDT, which might reduce the
accuracy of the results.
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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, and then the sample can be
tested again. This approach will reduce the variability introduced by testing two sets of
samples.

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

The use of parameter m calculated from the flow number test eliminates the need to test
the sample to failure because the sample does not need to reach the tertiary flow to
calculate this parameter.

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.
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mun! Sand 108 10 140 170 g A el kR 1! A1 |
sand 100 160 101 100 g &7 70 14 13 11 0.3
Cloasificd TLAT LIl e 93 26 24 52 a9 B 1% 14 10
Preliminary Job Mix Formula Tarpet Gradation
[ Opper Toemmece | 100 10 100 a7 67 43 i} 6.0
Comb Grading 100 1) o8 90 40 38 26 6 23 54 4.0
Lower Toleranes | 100 1 91 B3 53 EE | 1z 20
SAsgmig | Toml 440  +0a1 | 025 | 0% | 042 | cas | 057 | 066 [ 131
Production Limitz ‘or Aggregates Approved by the Contractor & Producer.
[ Sieve | 2000% ofmix | 29.0% ofmix | 30.0% of mix 60%% ofmix | 15.0% of mix
Hize 112" crusned 38" chip mae. Sand sand Clussiled RaP
i | Min  Max | Min  Max | Min  Max | Min  Max | Min  Max
" 10600 100.0 100,00 10010 10600 RV 1040 RN LR FLVITRE
kT 1000 1000 | 1000 1000 | 1000 1000 | 1000 1000 [ 920 1000
i Fr 900 1000 1000 1000 1000 THKRD 1000 1000 E6.0 1000
s 67.0 B1.0 230 g7 1000 100 | 1000 100G | TR0 930
=1 338 47.0 130 264 930 1000 | 900 1000 ( 62.0 760
% X 0 i 124 SR 0 B0 .0 2.0 50
#30 LR 1.0 0o 6.0 15.0 250 400 48,0 4.0 320
#200 | 5.5 g2 oo 1.5 04 3.0 0.0 10 | B.0 120
Comrments: o o
Copics to: [ies Moines Asphalt Mare Larmoreuy Cherd Barten Craig Berry
Wicky Rink Ceniral Matenals Masshalttown RCE
The ehove wrget gradations and prodiction limits save been discussed with and agreed to by an authorized
reprezcniative of the nggregnic produser.
Higned: Signad:
Producer Caontmctor

A-4




Fonm 356 wr, 6 5 Iowa Department of Transportation
Highway Civisior - Offize of Materiak
HMA Gyramey M Design

Courty : Jasper Project : NHSN-330-1(24)--2R-50 Mi» Mo, 1BIDM-007
MHN mize [0} 4 Type A Comrgrer: Cessford Construction Conract Mo. : 24003
Mix Type: HMA IM Mo Design Life ESALS: 1M Date Repored 1 050406
Intended Lse : Base Projsct Lovation ¢ I 330 from Jasper Couny Ling . to US30
Appregate % i1 Min  Source D Source Locaion Beds (Gsh Y Abs FAA
34 #2385 Lmst, 20.0% AL4004 Ceasford - LeGrand 327 1.551 2.35
JdRELS Lmst, I Ab4004 Cessford - LeGrand 327 25713 2.0
Man. Sand Prim. 10:0% Afd004 Cessford - LeGrand 327 1.592 237 493
R Cone. Sand 40.0% Af4302 Pdartin Mdarieta - Marshalkown 2.627 (.66 41.0
Jeb Mix Formula - Combined Gradation (Sieve Siz in.)
" w4 12" Rl g #E #16 #30 #30 100 #2300
Upper Tolersnce
1in 4] 94 &5 7 54 28 57
100 1 L T8 LiH] 49 k1 24 LR 4.6 37
1 ¥ hid 7 1] 44 il 1.7
Lower Tolermce
Asphialt Binder Source and Grade: Bitumincus Tama PSR-28
Gyrawory Data
% Asphult Birder 573 6.25 631 b.75 Mumberof Gyation:
Corracsed Cimb () N-Des il 2330 1333 2356 M-Initial
Max, SpGr (Gmm) 247 242 241K 2397
A Gmm &t W Initeal 504 a0 g LR L N-Desiga
Ll e ™N-Max CAA a7 ¥T1d 092 1
0 Air Vaisle 1.0 iR 15 1.7 MN-hax
B WM A 156 15.7 187 152 104
T YFA 8.4 6.1 7.3 8B Gsb fioe larit
Film Thickniss 10.05 11.29 11.46 12.61 Method
Filla Bil. Raliu .78 0.70 LR LR ] 1618
Geh 2392 2592 502 1,597 Zha l
s 23 26061 il 1,653 .51
P 471 5.29 536 590 ]
P 1.09 1.0% 101 91 Curve
O Mew Arphall Binder 1300 100, 100.0 1000 177
Asphalt Bisder SpLr. @ 25¢ [{i¥ ] 1025 L0z 1028 Mix Cimm Linearicy
B Woaler Abs 1.6 1.t | i 166 Good
Ehom'? Kp 4,68 4.0 A.0% 4.08 Pb Range Check
S b4 Type 4 A 1 Betier (B 1000 100.0 100.0 1.02
%44 Tvpe Tur ) ARR 340 0.0 [X1] 00 Specilication Uheck
Arpulzrity-methad A 42 42 42 42 Camply
" Flat & Elangied 135 0.5 L5 0.5 TSR Che:k
sanzd Fouivalem i | 91 Ed ] 41
Disposition :  An asphalt content of  6.3%, is recommeended 10 stirt this project,
Data shawn in £.31%  columm is nterpelated from et dan,
Comments : QWA Verfication Complies. Final approval besed on plant prodaced mix.
Copes 1o Cessford Constroction Ceniral Materials Moamshalltown RCE Mlare Lamoreux
Lhervt Baton Jim Banley
Wi Mhariagnir £ Cart i Terd Huisman {71515 Kizned -




Fonr 955 ver. 6.5r

Counry : Jzsper Froject Mo:  NHSN-SH-11 28 —dR-3U Lhate: )5/ 10
Preject Location:  1a 220 fiom Jasper County Line 8 o U530 Mix Design Mo, 1BDa-007
Conkract Mix Tannage: 15,000 Course: Base Wix Size (in.): 14
Contractor;  Cessford Construction M Type:  HMa IM Design Life ESAL's IM
Type  Frictian
Material Kent £ % in Mix Producer & Location (AarBl  Type  Beds  Gsb habs
B UL 5 | ms| SABGLHE | Uesatond - Lelirand A 4 527 2,531 2.33
I Elld Lonsi ABdOM | 300 Cessfond - Lelrand A 4 27 2573 2.30
Man. Bamd Priry. | AG4004 | 10U Cessfiord - Lelirand A 4 827 2.582 237
3B Conz Sand | AGISDD | 400G sartin Marieta - Marshaltown A 4 2.627 .66
1w andd Sowree of Asphal Binder PGSH2R Bi1umjn_|:||:_;_'l:;£ra
Individual Aggregates Sieve Analysis - % Passing [ Target)
Mc_lll.'l:idJ ' I."Ej'_ _3.-'8'_'__ = L] 3 #1486 #30 +#30 100 w200
33 4235 L, {14] 100 T 45 w2 i3 30 29 28 27 2n
MAHLLS L, iy L) e 174 32 2 I3 13 1 I B4
Mzn. Sazd Prim. 100 100 1413 {1H] 97 67 7 17 9.6 53 ia
33 Conz. Sand g 1020 1401 [{04] 98 bt T3 44 9.2 12 08
Prelmunary Job Mix Formula Targe: Gradation
Uppor Talcran: 10K T e us T R T ] ey 57
Camb Crrading i0d) 100 37 78 60 49 8 24 56 4.6 AT
Lavwer Tolerancs o | ows w0 | o | 53 a4 o | 1.7
sAsqmky | Toml 468 7 spa1| 035 | 40 | o6z | 06k | 033 | 036 | 121
Production Limitz for Azgregates Approved by the Contractor & Producer.
Sizve 2005 of mix 0. 0% of mix 10.0% of mix 40.0% of mix
S 344235 Lmst. | 34 #1013 Lest. | Man, Sand Prim. [ 358 Conc. Sand -
i, hin Max Min Max Min Max Mlin Mix
o RITITH] 1000 [ETiNN] (L] 1001 100 i 1080 1000
A" ] 1000 .0 10D 100.0 1000 1000 1L
1.2 390 A0 4.0 B4 100,40 1000 1000 1000
TR" 350 0.0 Foll 680 1004 1000 [ 090 1000
i XL 1.0 e} 300 030 1000 Q0.0 10400
] 0L G0 16.0 B0 630 50 830 050
il INE au u L 4.0 4.0 380 45.0
WM ] 0L 40 | 30 g0 ] 00 40 | 00 L5
Commeents:
Cupas Ceaalind Cunsslractivn Pelaiaballran ROL Felarc Lamorous Cheryl Daron
Central Malemals Jim Bailey
| he abwreg lazpel gracdations and productaos limils have sgen discussed with and sgreed o by @ authonzed
representat v of he nggregate produger
Sipmid: Sigred:
Produscer Contactor

lowa Department of Transportation
Highway Division-Offize of Matenals
Proportion & Praduction Limitz For Agrregaes




Femm 956 var. 651

lowa Depariment of Transportation

Highway Division - Office of Materials

HM A Gyratary Mix Design

Courty Jasper Fraject:: WHSMN-333-1(24)-2R-50 Mix No. ;. IBDG-012
ik Shze (In 12 I ype A Lortracton: Lessford Constesction Contract Mo, | 24003
Mz Type: HMA 10M  Nome Design Life ESAL's: 10M Date Repored @ 0500006
Intenged Use : Intermediaie Progecd Loecation : la 330 from Jaspe Couny Line N, to US30
Agpregate Yoin Mix Source [ source Locaion Beds Gsh SAhs FAA
Man, Sand S, 2505 A0 Cexsford - LeGrand 327 L6146 201 49.0
f2 225 Leret, 20,0% ArAD Cessford - LeGrand §3-27 2574 2,30
(3 A0 Lot J0.0% Af4004 Cessford - LeGrand 3-27 1607 1.58
B Cong, Sand 25.0% AL4502 Martin Marieta - Marshalltewn 1627 [N 41.0
Jeh Mix Formula - Combined Gradation (Sieve Siz in,)
" F4n 12" E” a4 ME Vg Win #50 ¥100 200
Upper Tolerznce
10 10k 10 w5 Fi| 5l 23 63
il 100 ] EE G4 46 i3 21 L 52 a3
Y] MEk a7 &l Ly, 41 17 k|
Lower Tolerence
Asphalt Binder Source and Grade; Hituminous Tama PLAS-IZ
Liyratory Data
% Asphalt Binder 5.50 £93 .00 &.50 Number of Gyration:
Corraitad Canb i3 N-Des 2323 2350 2355 2362 MN-Initia
Moz Bp.Gr (lmm) 24461 1448 2446 2428 ]
B Cimim 0 M- Teitinl Riv 3 K15 TR 0.2 NDesign
SGmm al M-Max 457 7.3 U7 A W6 96
Sk 40 i 2.7 W-Adaw
15.8 15.2 15.1 53 152
a6 73R 5.4 3o fie b for Angularity
Film Thickness 4,55 10536 10,50 11.57 Method &
Faller Hat, Rata {1.95 0.B7 8 0,78 2621
Gish 2608 2608 2608 2608 Pha / SAbs 2ntio
G 2678 2081 2682 26B2 L)
Fhe 4.53 4.91 L 08 j.48 Slope of G ction
Iha 1.03 LT 1.0 ) Cygve
B Mew Asphall Bender I (BIINI] 1000 100 131
Aspiall inder S ) D L07E 1028 1.025 LozE Mix Gimm Lingarny
B Witer Al 169 169 69 6 Eacellert
SA 2R a4 474 e, 1% 4,79 Fh Bange Cieck
Yt 4 Type 4 Agg. Or Better L0 100 13000 1000 100
%+ Type 2ar 1 Agp 0 0 a (i1} soecification Uheck
Angularite-methad 4 43 43 43 43 Camply
% lat & Elangated ILE 8 +B 0.8 TSR Cheek
Sanel Equavalem 42 91 o2 92
Disposition:  An asphalt cortent ol 3.9% 35 recommended 1o start this project,
Dt showen i 5 0%%,  colimn is mferpolated Trom test dam
Comments  QMA Veri tcation Complies. Final approval based on plant produced mix.
Copesito: Cessord Constntion . Mare Lamaoreux Cheryl Baron Central Materiak
Plark Trochlooed Marshalliown BUE Jim Hailey
ix Designor & Cort ¥ T Huismar C1-51% Signad




P ss ver f5- lowa Department of Transportation
Highway Dovision-Office of Matermls
Proportion & Preduction Limits For Aggregatzs

County : Tasper U Paect Mo: NHSN-SE 1] 202K Dato: I3/ 300G
Project Location: 13 330 from Jasper Coundy Line N, to L5300 Mix Design No.: |BDG-01 2
Contract Mix Tonnags: Course: Intermediats Mix Size () 172
Contractor;  Cessford Construction Mix Typz:  HMA 10M Dresign Life ESAL's |0M
Type  Friction
Material  Mentd %einMix  Producer& Localion (aorl)  Type  Beds  Geb  SAbs

Man, Sand S Al | 23105 Ciasslioad - Lelirand A 4 527 Zhils 2141

172 @225 Lansi ABGTHE | 200 Cessfond - Lelirand A 4 827 2574 230

1.2 #220 Larsa A4l | M0% Cesslond - Lelirand A 4 R27 2607 1.48

38 Cone, Sand ARASNZ | 250 Martin Maricits - Marshalltown A 4 2.627 0.66

I'ypeand Source of Asphali Binder PGE4-22 Bitsminous Tama B
Indpvidual Appregates Sieve Analysis - ¥ Pazsing Target)
'h"[al.“ el = 1™ _?1'-1?" !.-"; 5{_8:" : _!10-4 fﬁﬁ #1a w30 #3530 w104 yxo0
Man, Sand Sec. 100 10 1040 100 o a5 a5 17 RO 4.7 37
1 Wy Lmsl 1o RN i T3 17 4.8 EX] i i5 34 3.2
1:1 220 L.msl. 100 10 @h TH 34 2} 13 15 i2 10 3.4
3% Conz, Sand 100 1 100 100 a4 i 73 44 g3 12 .3
Prelimmary Job Mix Formua Target Gradation

Upper Taberance. | 10 | 100 ok an [ = 25 6.3
Comb Grading 100 O 9 B8 &4 45 Ek 21 56 52 4.3
Lwer Telcran:: Hmn (1] i 81 57 4! 17 13

SAsgmkp | Toml 474 0l | 026 | 038 [ 054 [ 259 | 053 [ 064 | 140 |

Froduction Limits for Aggrogates Aaproved by the Contractor & Producer,
Sive | 25.0% ol mix A1.0% of mix 30.0% of mix 25.0% of mix -
Sz Mar. Sand Sec. 1,2 H225 Lmsl, 1/2 #4220 Lmat, | 38 Conc. Sand

in Min Max | Min Max | Min Max Mmn Pviax

" 1000 1000 | 1000 1000 | 1000 10 | 1060 100
34" 1000 100, 100.0 1000 1000 120.0 100.0 100.0
1.2" 100 1000 w0 1000 T80 120.0 100, 0 1000
3" 10300 14000k .0 200 T4.0 LR 100.0 1000

£ Q3.0 100 13.0 250 330 <540 9D 1000
R 1 T30 0. B4 17.01 7.0 B350 950
A0 | ] 240 VR bl 9.0 1502 380 48.0
1200 [N 4.1 0,0 540 6.5 a0 LA 1.5
Comments: Signatures on file in District 1 Materals OTice.
o Cleralind Cumisdi uiting Mane Laincus Chore] Dartan Central Muterinls
Slark Truchisod Marhalliwn RCE Jim Bailey

The shove Larget pradat eag and production Tinils have been discussad with and sgreed 0 by an autharzed
representalive of the agpregate prodheer

Stuned: Sipred-

Producer Contactor



Fiem 456 war, B 5r lowa Department of Transportation
Highway Livisior - Offize of Materialk
HM A Gyrawry M Design

Courty - Jasper Froject : NHSN-330-1(24)-2R-50 Mix No.:  1BDG-013
Ml Size fin oo 142 Type A Cantractor : Cessiord Construction Confract Mo, : 24003
s Type: HMA 1 L-32 Design Life ESAL's: 10M Diate Repored : D6 306
Intended Use : Surfuce Projzet Location : Ja 320 from Jasper Couny Line M. o US30
Appregate %o Mix  Source TC Source Lacation Beds Cish YeAbs FAA
Manl, Sand Combined  25.0% AE4D04 Cessford - LeGrand 127 1601 224 49.0
(2 0230 st 3e.0% MBS0 Cessford - LeGrand 327 2607 1.58
58 58 K 14 Slag 12.0% ATO00E Limwond - Mompelier 3721 132
R Cone, Sand 25.0% ABAS02 Martin Marieta - Marshalhown 1627 i1 41.0

Jecb Mix Formula - Combined Gradaticn {Sieve Size in.)

" 4" 12" ki ud E] ¥l6 #30 #30 $100 #200
Upper Tolerince
10 100 10} g i 54 25 6.5
100 Lo 44 87 &b 49 35 21 94 5.5 4.5
1 10y uz EN 34 44 "7 L3
Lower Tolerance
Asphialt Binder Source and Grade: Biturnincus Tama PCed-22
Giyratory Data
% Asphult Birgder 50 6,00 .04 650 Mumberof Gyations
Carmesed CGmb 50 N-Des 2410 2424 2425 2436 M-Initial
Mux. EpLic {Gmm) 2552 23527 LELG 2514 ]
%, Cirmem i) M lavieal Ry T RR D R0 RRR N-Diesign
Ylsmim (e N-Max §5.7 7.2 ¥ 951 6
W A Vawde b 4.1 4.0 31 N-hlax
% kA 159 15.9 59 15.9 152
1 VFA £5.0 T3 T1H 305 el for Angularity.
Film Theckenss 589 10,04 10.15 10,90 Method &
elber Bt Ratiu 103 ] [ X] 8.2 1617
Gt 2708 2708 LT08 1708 Tha { %Abs Ratio
st z 7 2784 Z7RY LTz 060
P 443 502 503 543 Skhope of Compaction
Fha 113 ) 111 1.5 Cupve
% Muw Axphalt Binder 1300 1000 1040 100.0 13.9
Asphalt Binder Spole. (02 [RILE] [RAEE] [BIEE] 1033 Mix Cimm Linearicy
o Witer Abs 1,60 1.6l 1 |60 Good
54 w2 KR 448 4.y AN ERE Fh Range Check
%%+ 4 Type 4 Ag. DO Betier 10,0 100.0 1ML 100.0 1.0
%+ 4 Tyre Yor i Age 14.2 4.2 2 i4.2 ipici lication Uheck
Anyularity-methad A 44 44 44 44 Camply
S Flat & Elngied 1.0 1.0 1.0 1.0 TSR Check
saned Hyuivalert hal 91 kil 1

Disposition : A7 asphalt comtent of  8.0% 15 recommended 1o sten this project.
Date shownan 608% columm is nberpolated from s daa,

Comments ; QA Verification Complies. Final approval based on plant produced mix.

Copes to: Cessford Construction Mar: Lamoreus Cheryl Barton Certral Materias
Jim Bailey Marshalltown Bk
Sl Dnpnier & Ot 11 Terd Huiaman 71515 Kianed -




Forr 955 wer, 05 Iowa Department of Transportation
Highway Dhivigion-Offize of Materals
Proportion & Production Limits Far Agzregakes

County - lesper © FrojectMNo. MHSNIIC124ZHA0 TDhates M 1%0B
Project Locaten:  1a 330 fiom Jagper Coumy _ine N U530 Mix Cesign No.: 1BDG-015
Contract Mix Tonnage: 28,300 Conerae: Surface Mix Size (in.): 142
Contractor: Cessfond Construction ) Mix Type:  HMa 10M Deesign Life ESAL's 10M
Type Friction
Material Ment # % in Mix {AorB)  Twpe Beds Cisb YaAbs
Munf, Sand Combined AG2004 | Z30% A 4 B-27 Z.601 .24
112 %220 Lomai, AGATE | 3E0% Cessloed - LoGrand A 4 B-27 2.607 1.5%
S5 X B4 Bhe | ATOO08 | 10.0% Lnwoed - Movipeler A 2 3.721 1.32
38 Cone. Sand | apdS02 | 23.0% Viartin Mariita - Marshalliown A 4 2627 66
Vype and Source ol Asphalt Binder, ;i PL1I5422 _ rﬂimniiu.:gs Tama -
Indevidual Apprepates Sieve Analysiz - % Passing [Target)
ME_IEH']HE ) :I_" ) 35'4" _]-"E':_ . _'.‘l."!-" _.’ﬂl- . ] _:‘ﬂ_ﬂ- Pﬂlﬁl _J_ﬁl:l W10 W20
lanl Sand Corrbind 100 106 100 100k {11¥] T4 41 2] 11 533 35
1.2 #2211 L.msi. 100 10 Ll Hih a1 22 16 13 il R} 5y

SASBN b Sag| 100 100 £l 53 332 18 [N 14 L3 1.1 1.0
34 Conc, Sard 100 10 100 100 ] #3 73 44 92 1.2 08

Prelminary JobMix Formula Tamget Gradation

[Py ra— wn | o L L 73 ™ 25 6.5

Camb Grading 100 10 oy 7 fin 43 3s 21 04 55 4.5

Lwagr Inlerancy 10H1 il yl i a9 EE] 17 2.5
SAsgmbe | Tolal 498 041 | 027 | os0 [ 057 | 061 | 038 | 067 | 149

Production Limits for Aggregates Approved by the Contractor & Producer,
Seve | 250% ofmix | R0%ofmix | 1200 ofmix | 250% of mix
Sz fanf Sand Camhind 172 4230 Lt | 58 S/8 X # Slag | 3/% Conc, Sani

i, | M Max | Mm Max | Min  Max hdin Mas
i 1000 B0e0 | 1800 100G | 1000 1000 | 1000 1000
£ 000 1000 | 1000 1000 | 10 100.0 1000 1000
Iar (IR I3 SH.0 1000 w00 100.0 100.0 1003
k1. GRD 1000 | 40 880 | 450 590 | 1000 1000
(L] 5.0 1000 3.0 4340 0.0 1.2 w0 10403
i 67T.0 TRA 170 2740 0,0 9.0 330 95,0
#1300 160 26.0 .0 180 PR 34 RLAT asl

oo | o0 a0 | 55 93 | oo 25 | o0 18
Comments:
Cripes e Cessford Consanaouon Mlare Lanmsrvus Chis gl Baos ki Central Maerials
Jirm Bailey Masshalltown HCE

Theabowe trgel gradatons and production limit heve been discusssd witk and agreed b by in authonzed
representalive ol the nggregate prodecer.

Signed: Sipred;

Producer Conractor



Fiom 156 . b5 lowa Department of Transportation
Highway Civisios - Offize of Maeriak
HMA Gryramey M Design

Cuounty : Gireane Project: STPN-4-236)--2J-37 MixNo.:  1BDG-029
MK Bize (11} 2 TypeB Camractor: Heringsen Corest Contract Mo. @
Mix Type: HMA 1M None Design Life ESAL's: Date Aepored : 10412106
Itended Lse : Intermedize Projact Lozation ; On 1A 4 From U530 Ta lA 175 In Calbown Connty
Aguregate B i Mix  Sowce IR Source Location Beds (ih Abs FAA
34 Swne 20 AS400Z  Mentin Marietta Fort Dodge Mine  36-42 2644 0.1 450
VB Stone Chips A% As002 Martin Marietiz Fort Doge Mine I6-42 4614 083 45.0
34 Bereen Grivel 3ia New Pit Becker Gravel Haupert 2it 1.526 233 40,0
4 Cone Sasd | E.(Fa Hallett Jeffersaon 1414 0.87 40,0

Job Mix Formula - Combiaed Gradation {Sieve Sizz in.)

» aT 2" " #4 #8 #16 #30 H50 #1100 F200
Upper Talerance
0 L] M w3 fify 52 23 6.3
100 10 1 8h i a7 35 21 10 5.7 43
L 160} 4 ™ 52 42 17 23
Lower Tolersnce
Aspult Bnder Source and Grade: Fint Hills Algona PG 58-28
Givratory Dita
W Aspinll Binder 450 5.00 47 550 6,00 Mumber of i
Corrected Gmb @ N-Des. 2321 2319 1338 2339 2352 N-Initial
Pex, SpGr (Gom) 2471 2430 14346 2435 2409 7
B Cimm GU N- Initial A LEE 0.7 AR 811 M-I Design
WiEmm ) N-Maos w7 G0 Y6.8 6.8 8.5 76
25 Adr Waids &1 a4u 4.0 3.9 14 N-hfax
o VM A 144 14.5 14.6 14.6 4 17
nVEA 5.7 it T1.6 730 1.7 Geb Tar Angularily
Al ks 747 K57 £.46 451 10LES Method 4
Tibler Lin, Rartso 16 1.01 .92 04 080 2.574
Lish 258K 2588 1588 21588 1388 Pla / %Abs Ratic
Cips: 2043 a042 242 2045 i34 D55
I 168 423 4.66 <69 535 Slope of Compagtior
1hi LH6 051 .51 .56 8,70 Curve
%% hew Asphalt Bander 100.0 1000 1000 100 100.0 17.3
Asphal. Binkr Sp.or. (d) 236 10300 L.o30 L03n 1.030 030 Mix Gmm Lireariny
% Wt Al 1.46 1406 146 1.46 _ 46 Good
SA MK 433 4.435 495 .95 4,935 P Hange Check
Uit d Typu 4 Apg. Or Boler 100.0 1000 100 130.0 1000 1.50
Yo b4 Type Dor 3 Agp o 00 K] 10 0.0 Specification Check
Anzubanty-mtlnd A 40 A 40 40 40 Camply
% Flug & 1 longued 9 1.9 L9 1.9 19 TSR Check
Sunet bquivalmi kil 78 T8 T8 78
Dispusition:  Anasphali comtent o™ 35% 45 recommended to start this project,
Mata shownin 5d9%  column iz interpolated from test data,

Comments : QMA Verification OK. Final approval based upon plant produced mix.

Made with the addition of Washed Sand.

Copies 1o Henningser, Cons Mare Lamoroux Chery] Barlon Cenral Muerials
Jeflerson KL'E Mark lruerlood-M. Manetta LUrang Berry
Aix hsigner & Canl g Sentt Bousenraek SWiin Signed *

A-11



Form 955 ver. b5 lowa Department of Transportation
Highway Diviston-Offze of Materals
Froportion & Production Limits For Aggregakes

Counmry Lireene Project Mo ST N-Gel 30 p20-37 Liate:  [UALELUR
Project Locatien: On A 4 FromUS 20 Ta 14 175 In Calhoun County Mix Cesign No.: 1BDe-2%
Coomtract Mix | omnage: Comerse: Intermediate Wix Size (i) 12
Contractor: FHeaningsen Const Mix Type: HMA IM Diesign Life ESALS
Typt Friction
Material Ident # % in Mix  Producer & Location (Aor Bl Twpe Beds Gish Yolbs
A Sone AVAUOE | LA Martin Viancta Fort Lodgz Mine A 4 1 P N T sl
30 Btore Chips | %4002 | 200% Martin Marieita Fort Doge Mine A 4 3hd ] 2614 083
34 Screen Gravel | New Pt | 37.0% Bevker Grivel Haupen Pit A 4 2526 | 253
1'4 Core Sand 1E.0% Hallen Jeffirson A 4 2614 0.7
Fype and Sowree of Asphall Hinder: Py 5528 ﬂm_ |_[|i|_s.ﬂ;|guna_
Indvidual Agprepates Sieve Analysis - % Passing [Target)
Mateiial ™ 14" e s # #6430 w0 10D eEOD
34 Sone 100 100 o 63 36 15 20 17 4 10 T3
30 Stome Chips 100 100 1o 1o 24 80 5.0 35 L3 2.0 1.7
34 Bereen Giravel 100 106 Q1 a8 T3 33 45 29 14 6.9 52

14 Core Sand 100 10 100 100 10 92 6% 32 58 1.1 0.8

Freliminary lob Mix Formula Target Gradation

Upper Trborumas (K (K] i R Gl 52 5 : 6.3
Comb Grading | 100 | 100 | 9@ 86 59 47 35 21 w | 57 | 43
Lomer Taleran 10 (Y] e ™ | 852 42 17 i 13
SAsqmks | Towl 493 +04] | 024 | 038 | 058 | 062 | 063 | 060 | 140

Praduction Limits for Aggregates Approved by the Contractor & Producer,
Seve 250% o mix 20.0% of mx 3700 of mx 15.0%% of mix
Size ¥4 Sone | 3% Swone Chips [34 Screen Gravel] 14 Cons Sand
ifl, Wi Max Min Max Min Mox | Min Max
I woo 1000 | 100 1000 | 1080 1000 | 1oe0 ka0
3gn Q8.0 RULHAN] 104 1000 8.0 100.0 1400 1000
ran T B0 1.0 1O G 4.0 EER 1000 1000
8" 56.0 T0.0 8.0 Hoeo | 800 Q4.0 oo §000

wik 20 40.0 3.0 7o TO4O g4.0 9540 100
¥E 17.0 270 4.0 140 0.0 LR 27.0 L
il 1 191 LRt 1u EYRL LLAN] 280 36,0
oo | 40 R0 0 5. 17 57 | oo 15
Comments:
Chmpra ermiggaen Cimisl [¥ar 1 Lab

I b abive targed pradanons and production [t hove been discussad with and agresd 1o by an autharized
representative of the aggregate prodecer.

Signed; Sipned:
Producer Confractar




Form 336 o 6.5 Towa Depariment of Transporiativo
Highweay Division - Office of Matarial
HMA Oyratory Miz Design
Conmity - Pomwatinumie Frofect: IMb-080- (299 0—0F-T8 Min Ho | 40DG-25
M Sive in ) 34 TwpeA Contracios . Western Expineering Contract Mo : 24620
Max Type HMA M L-2 Lesign _ife ESAL3: 30,000,000 Daic Roanicd . 00ae0s
Intemcier] Une Surfice Project Location - 140 ‘o |5 M Nof USE N, I Mies(EBLWEL)
Aggrogats ®on M Source I Source Location Eeds [ aAby FaA
I Ou 150%  ASDOIO LG Sveres 2690 060 440
MS QT2 120%  ASDOIO L0 Evereat b3y e aru
3/8" Limestone 440%  ATRO2 Schildbery I5B-25E 2587 180 450
AL Sane 120%  ANES1S Lymen Riclie 15810 & 38
RAP 220% ABCS-TE 2829 047 4r.1

iy bt Formula - Combined Cradation (S Size m. )

1* Aa" iFr 3R" i L 116 #30 50 #1100 #1300
"Jpper Todermee
100 ] 97 85 &1 40 M 18
100 100 20 T8 54 5 - 24 it 11 54 »8
100 a3 X} e a7 k] 16 W |
Lower Tolerance
Awpihalt Fineler Senimee and Grade; Flint Hills  Owaha Pi64-12
Gyraiory Deta
o Aaphalr Bk 473 5.00 06 §15 575 Bumbey of Chamions
Carected b @ ¥-Dew 2345 2330 1353 2363 1367 T MNelpitial
b, 8. O, (Gomm) 1458 143 1451 1847 2430 L
%4 Canan () M- Initind #a.8 7.0 #7.1 §7.6 8z M-Design
$4Chmm (5) M Max 04 & ol 7.3 979 W87 108
%4 Air Voids 46 43 4.0 34 26 N-Mux
VLA 157 1454 157 155 59 174
% VFA TO8 T4 46 e B3 Geb flor Apgnalarity
Filuis Than houss 093 1133 1145 i il ] Method A
Filler BiL. Ratio 078 0.7% b7s [ fr 066 2613
Oty 1651 1651 2.681 1.651 1651 Pha | %ibs Falio
Ose 1639 1644 1644 1.647 2647 0,0
Foe 492 510 518 L& H 381 Sk of Comaaction
Fim D18 £10 a9 L.06 .06 Cunvy
¥ Mo Asphal Hacer Ri1E s X ETF Y 2D n?
Asphalt Bisder $p.0r. @ 23 1034 |04 1034 1.034 1034 Mefix G Lipeasity
4 Water Abs 111 112 LIz 112 112 Good
S, m™2 /Kp. 4,50 4.30 4.50 i30 1.50 b Rargg Cleck
B el ‘]‘ypu A“ O Better 1iKL0 1000 L. 100,40 0.0 100
H+dTwpelord Az 548 548 548 548 4B Sresification Check
Angulsiry-madbod A L5 ] a3 43 a3 45 by
“5 it & Eheagsied 08 08 s 08 (] TSR Chesi
Saea Equivalens H1 Bl s 1] &1 .4

Dspositicn ©  An asphalt contentof  5.1% {8 ecommended to stert this projet,
Duin showmin 306%  column is imerpolated from test dut.
Tha ¥ ADD AC tostust progect in - 4 T4

Comments

Cuplen b . Weslmuy Hugliwering Aamarn Couk 1 CBRECE
Tugper-2 Lak-5 File 4

Mix Desiger & Cert t Iarvin Seavey BW 160 sw'ﬂﬂﬁ’_f z ?" &: E g

A-13



Form #55 var. 6,51 lowa Department of Transportation
[ highway Dmvisien Offios of Materials
Propoartion & Preductios Lsmits For Aggegates
: Comy:  Pol=wetsmic Projoct Moo IMDY-080- (2991 0~0E-78 Dec 062306
Prrees | scathon: [0 fremn | 5 RN of TIRE K 10 Wiles (FBL WHL) Mix Design No 4BD6-25
Contrect Mix Tomnage: 43,493 Course: Surfsce Mix Seze (in): 14
Contrastor  Western Engrreermg Mz Type: HMA JOBM :DWEE Lifie ESAL's: 30,000 000
Type  Foonon
L Material Teent # % in Mix Produeer & Lecatior Aref)  “voe  Beds  Gsh  %Abs
| 4" Otz ASDOLO | 16D0% LG Everest A 2 2659 (60
ME QTR ASDOLO| 100% LG Everest A 2 2693 | DA
Y Limestone | ATROOZ | 440% Schildbery A 4 1%B-25E) 2587 1.80
AC Bend ANEZ4] 100% Loyosseas Richic A 4 2619 0,60
RAP 0% ABCS-TE A 3 288 D47
Type und Source of Amtalt Binder 642  FlinHills Ouaba
Individial Apgregntes Sieve Analyan - % Passing (Tarpet)
| Matenial 1* kL | Irs L k) L #le #10 w30 #100 $200
4T (nx 100 100 53 20 10 I 1.6 1.0 of nE 0%
MEQ'I'I 100 ) 100 100 ] . 57 30 i 54 19
¥ Limestone 1o 1o » 21 2 % 10 7.7 69 &4 5.6
AC Sand 100 180 100 100 100 9 el B n 44 10
RAZ 100 g 9 %0 32 4| L7 5 I3 73 3
|
Prelmnary Job Mix Formuls Tanget Gradation
Uppee Towrance 100 10 ¥7 B6 81 ] M 55
Comb drading 100 10 20 T2 4 2 -] 20 L} 54 38
Lower Tosraace 106 g L5 T a7 k] 16 12
SAsqmig | Toml 450 W4l | €22 | 029 | 042 | 036 | 070 | 066 | 136
Aroducton Limdts for Aggregsres Approved by the Cuttractor & Furodus,
Sieve VA T of mis 10,00 of mis 44.0% of T 100% of mix 20.0% of mix
Size 14" O MS QTZ /8" Limesione AL Sand RAF
i | M Max | Min Mac | Min  Mav | Min  Wax | Win M
" 1006 Q00 | 1000 JOOOD | 1000 R0O0 | lOCO 008
L s 2000 1000 1000 ngon 1000 1000 1000
e $1C 570 | 100 JOOO | 920 1000 | OGO 1000
E' o 1-18 E AT w0 1000 B0 a0 100 1000
L 0.0 30 910 1000 430 9.0 80 1000
(] 0o 4.0 o 861 14.0 4u il 1D
#0 0.0 30 250 350 37 nx 760 B0
#2300 0.0 2.0 0.0 4.0 0.0 6.0 01 in
Comments:  Sigwed 395°s oo file in CHs Mads office.
Copees to: ‘Western Engireers Ames Cook-2 CB RZE Tappes-2
LES mii CBLab
_ The thove mrpet pradations sod prodection limits have boen dscessed with and agrend © by a0 snthorived
reprosentaive of e aggregate produces
e Signod
Preduesr Contructor

A-14




Ferma 946 ver. b 3 lowa Department of Transportation
Highway Division - Chifice of Materia s

HM A Gyralery Mix Design
Caounly : Dratlas Froject: STR-U-59N{607)--T0.25 Mix No.:  1BD6-015
WK S in ) L Type & Corgractor - Lhes Maoinas Asphalt Contract Mo, : 260633
Min lype: HINLA 1M Eesign Life ESAL's: IM Date Bepored :  0620v0s
Inlgigled Lse _ _jn'.nmcdiuc Project Location ; Dalls Comnty, HO S b
Aggregig Fa i Min Source I Source Location Beds Cish “afbs FAA
12" erushel 15.0% ARSIDA M.M. Ames 26, 28-39 1583 2.00 48,0
man. Sand 1608 ALS00R M.M. Ames 26,28-39 1615 2.20 48.0
sand PN Y ATTS02 M. ML Johnston LAH50 050 41.0
Classified RAP H.0%  |-RAPB-1 Des Moines Asphalt 1588 232 420

Job Mix Formula - Combined Gradaticn {Sigve Size in.)

(G Kl " A" d iR K14 #30 #50 E100 #200
Upper Tolerence

HiK} 1§l (LK) "5 T8 39 in ?

100 10D By B8 Ti 54 40 Fii] 13 6.8 5.0

Hil LA} B4 Kl 64 449 21 1o

Lower Tolerance

Asphalt Binder Sourer and Grade: Bituminous Matenals-OM PCod-22

Civrawry Drla
%4 Aspimll Bimder £ 60 508 8,10 .60 Mumber of Gyations
Covrmectied Cimb ) M-Des 1350 1361 1364 2376 N-Initial
Max. SpLir. (CGirim) 24T 1459 1454 2439 7
L Cimvn o M- lataal LR LN W O R M-Desiga
Sz e N-Mas £59 6.9 §7.3 182 T8
05 A Vade 51 4.0 3T 1A M-hiax
By A 15.0 14.9 4.9 4.9 17
HVEA £6.0 "3 751 $2.7 Gab foe [ETH
Film Ehivkniss 137 B11 533 511 Method A
Uidlor Bi1. Ratic 118 1407 A4 0% 1627
Gish 2608 2609 2o08 2604 Zba { %Abs Ratio
LI 2 TS I,704 T 2,705 0.83
Phe 4,19 4,72 4,85 530 Shope of Compactios
Fra 1.39 1.37 k] 1.39 Curve
¥ Mew Asphult Binder 537 KR 5.1 863 16.8
Asphiak Hingder SpLr. e 250 L2 1,020 Lo20 1020 Mlx Gmm Liseariy
i Waler Abs 164 L LG4 | &4 Excellem
A w2 Kg 82 542 b LI ¥4 b Kange Coeck
B 4+ 4 Type 4 Agy, Or Better 1.5 7.8 .5 1.5 1.0
% 44 Typo 2or b Apg. 0.0 L8]] (] 0.0 Specifiention Check
Anmgulariy-methed A Comply
U Fial & Slongated 0% e 0% 09 T5R Chesk
Sand Eyuivabat A Bt 36 Bb
[hsmesivion : An asphall conlent of 60% is recommendec to start this project.
[ shown in 598%  column s interpolated from e dat,

Ihe % ADD AL to start proygect s 521%
Commens  OMa Verilication Conplies. Final approval based or plant produced mix.

Copics to Des Momnes Asphalt Mare Lamareux Cheyl Baton Cenitral Materials
L Ting errv Vicky Hink Matk Trieblood
Wlin Desigrer & Cer d 11 Maortnn 71-135 Ripned »




Farm 455 ver. 657 lowa Department of Transportation
Highway Divisioa-00Rce of Materials

Proportion & Praduction Limits For Agaregates

Lounty ; Liullas D Proect Moo S TE-U-SYTU[A07)-TU-2E Date: 062006
Preject Location:  [lkas County Mix Design Mo, IBDGO16
Confract Mix Tonnags: Course:  Intermediate Mix Size (in.): 112
Contrector: Dies Maoines Asphalt Mix Type: HMaA 1M ~ Design Life ESAL's |M
_ Tope  Friction
Miaterial Ident ¥ % o Mix Producer & Location {AcrB)  Twpe Beds Gsh Yadbs
it emshed | AxSO0e | 3T | ML Ares A 4 |z628-39] 2.585 | 2.0
min. 3and ARG | D€ MM, Ames A 4 26,2839 ) 2615 220
sanil ATTS02 | 2000 | %M Johnston A 4 2.650 0.50
Classified RAF | T-RAPSG-1 2000 | Dz Mednes Asphalt 2588 2.22
|
I'ype and Source ol Asphalt Binder: PGR4-ZZ Bitemineas Matzrials-DM
Individual Aggregates Sieve Analysis - % Passing [ Target)
 Maurial I e T MET M4 W5 A6 430 0 W10b W20
12" crushed 100 100 o2 74 40 25 17 13 1 8.8 7.5
mamn. Fund 1au 4] 1] 1 ke fiy 39 X1 11 a.0 24
aand 10k i00 100 10k Q6 a7 70 42 3 1.1 03
Clhssefied RAP 141 ¥ L &6 69 52 39 28 18 14 10
Preliminary Job Mix Formua Tarzet Giadation
Uippres Toksazn: 100 wr | m w5 | 78 5 30 ] e
Comb Crading 100 100 94 A& T 54 40 28 3 6.8 50
Lrawer Inleranc: I} TR My Bl 4 44 12 30 |
SAsg mky | Toal 582 +041 | 029 | 04 [ 066 | 375 | 079 | 085 | 165
Praduction Limits for Aggregates Approvad by the Contraclor & Producer,
Sizve 35. 1% of mx 16.0%a of mix 2900 of mix 20,0%% of mix
Sae | I crushed  man. Sand _osand | Chissifie] RAP
n. [ M Max [ Min  Max | Min  Max | Min  Max |
|3y 1000 L0 1600 1000 1000 100.0 a0 1000
347 980 1000 | 1600 LOOG | 1004 1000 | 920 100.0
2" Q.0 ({ElER ] 1800 1000 1.6 1000 BE0 1000
18" a7 41.0 16000 1000 | 980 1000 | Te0 910
rg in 4740 9.0 (TiRe] RIR 1000 G0 T.0
G 180 2840 3.0 20 B0.0 RV 470 57.0
f#30 i 17.0 i5.0 250 LR AHL 24,4 A2
Wion | ss 85 0 30 00 LD | 80 1240 -
Comments:
Lgeen A L Muines Asplsal Mar Lannngus Chiga ] Batan Central Matcrials

Crfg Ferry

Vicky Rink

Sark Truzhlood

I'he aboove targed pradutons and prodection limats have 2een discassed with and agreed o by an authonzed

representative of the aggregate producer

Sipnad:

Producer

Sigred

Contactar



Form D56 wr. 6.8 lpwa Department of Transportation
Highwny Division - Office of Meterisls
HMA Gyratery Mis. Diesign

Coumty : Towa Prrjerct © STPR-CMUR (44} SF.08 Mix Mo, 1 ABDS-E0DIY
Mz Size (m.) 42 TypeA Contrector | Manatt's Inc. Comtrect No. @ 45-0048-044
M Tame: HBL TO0E Thegign Life EXAL : 300,000 Date Beported : 092407046
Interded Lse : Burfice Projest Location ; F-52, Powskick County Line 1o V-52.

Agpregate %4in Mix  Source I Bourew Location Bads Cah Sohbs Fiah

2" Asphalt Sone  55.0% AS4M02 Douds (Keswick Quarny) 1317 2.355 317 40,1
Manl, Band 500 A5G0 Dioud'a (Ollie Grearry) 13-1E 2044 i 44,3
Mat. Sand 400%  A48508  Maengo Ready Mix (DisterhofT) 2406 072 40,0

Job Ml Formivla - Cormbined Gradation {Sieve Sizein.)

1" 3q” 24l 38" 4 8 e #0 #0 #1400 M0
Lpper Tolerasce
on 100 100 03 1] 53 0 64
100 100 oy 4 62 48 8 5 10 56 44
o 100 ¥ ] 55 43 | 24
Lower Tolemmes
Asphalt Binder Source end Grade: Biterninoos @2 Tarma PG EE-28
> Oyratory Dans
%, Asplalt Binder 535 565 585 635 Murrber of Gyragons
Curreiiel Cub (5 H-Doa 2.333 Z.347 Z357 2379 d-Luitial
Max. Sp.Gr. {Gmm) 2345 2433 1.424 2408 T
5 Gmm &) M- Inftisl 8.7 90,5 91,1 9332 M-Tlesign
G ) N-M 95.2 913 44,0 901 i
To Ar Vouds a6 A5 id L2 M-Max
% VMA 14.4 14.2 14,0 137 104
o VA bH.2 754 H1S vz Lish for Angulanty
Film Thickmes: 843 908 453 10.46 Method &
Filler Bir. Rade 1.01 054 089 051 2604
Gab 2.580 2580 2560 2580 Pha / %iAbs Ratie
Gee 2.652 2.550 2048 2.850 0.51
Fhe 433 466 489 £37 Slope of C i
Foa 1.08 1.05 102 108 Curve
% Mew Amhbalt Bincder 100.0 100.0 100.0 100.0 17.4
Asphat Binder Sp Gr. @ 25¢ 1.027 1027 1.07 1.027 Mix Gmm Linearicy
&, Water Aks 207 207 207 07 Excelient
8.4/ K 513 513 513 513 Ph Range Chegl
B+ 4 Type £ Agp Jr Beter 0.0 100,60 160.0 1000 1.0
Yoe d TypeZord Age 0.0 0.0 o0 0.0 Spegification Check
Arsularin-metbod A 42 42 42 L2 Conply
% Flat & Elongated 30 30 0 3.0 T5E Check
amd Bouivalm 34 k4 34 4

Dispesition:  Ar asphaltcontentof  37% s recommended to sta this project.
Data shoem i 5.65%  coloww s mterpclated from test data

Comments :
Copies to - Manatt’s Inc. lowa Co. Eng. Foger Boule: Dhennis Lohrer
Dnst. 6 Lah Aren Inspestor (Cist.5 Matl's) Producer’s
Blix Drcaigner & Cort.# ; Brad Knraten i3 Signed




Torm 5 wer 6.5¢ lowa Department of Transportation

Highwary Dvviion Offies of Materiak
Propaetion & Production Limies For Aggregates
Frm:ll.m r-s.,rmc_m.-uv-!:. Mix Diesign Mo ABD6-8031
Contract Mix Tormage: 28,050 Course: Surfice Mix Size (in.): 1
| Comtracior  Manatts Inc e
| Matorml Idertt # % in Mix Producer & Locstion hwm IE Beds Cab  %Aba
1727 Asphal Stone | ASSOOD | S5.0% thm A 4 1317 | 1953 i17
Manl Smd AMO | 50M Diouc's ((Xkis Crarry) A 4 1318 | 2644 | Q73
Pt Sad ABSOE  40.0% Mrergo Risady Mix (Thstorboll) A 1 1606 | 072
i .
[Type ad Sowee ol Asplal Binder: PG 55-18 Eitarunous i Tama
hﬁﬁhﬂw Seeve Analvus - hhll; (Tarpen
Wateral " = L) 0 L I
1/2° Asphal Swae| 00 Im l! '.Il M li II. 5 L 14 K4 13
Manf, Sand i ] 1 100 ” o iy 52 7 B 1 Ll
ar Sl (1] 1o 100 100 L3 18 72 45 10 L1 [ 5]
Prelivsinary Job Mix Farmuls Targst Gradation
Upser Tolenmes | 100 1o | 100 3] T [3] ] ha |
Comb Grading | 100 140 87 £ (] L1} 38 L] 10 56 4
loverTokmmmce | 100 | Mo | 0 b ) aQ u 24
T SAsymig | Tusl  S13 -041 | 02¢ | 0w [ om | a2 08 | 088 | 4
Prodecton [mats for Ageregaes Approved by e Costracter & Froducer.
Sive | 55.0% of mix P olmix | 4005 ofmn i 2
See |2 Asphan Mant Seml | Nat Sand
ir. | Min Max | Mn  Mm | M= M H
1 1009 10D | e 0S| 1000 1000
e 1004 1000 [ 1020 1000 | (00O 100
e Bi0 100.0 940 1000 | 100D oo
w 67.0 1.0 9.0 1000 980 0.0
L] 278 410 90.0 1000 890 10010
i 18 1.0 670 T8 B30 9o
#:0 56 13.6 30 418 41.0 &0
| o | 53 e3 | 11 s1_ | oo 38
Comnents:  Signatures on File in District 6 Maternls Office —
Coples 10 Maratt's lac o Boubd Diennes Lobrer
# Lah Ares I

The thove wrget pradations and production limits save been discussed with nd agreed to by an zuthored
roprodontatnes of e apgregate producer

Siged: Ragned:
Producer Cantraceor




Torm 5 wer 6.5¢ lowa Department of Transportation

Highwary Dvviion Offies of Materiak
Propaetion & Production Limies For Aggregates
Frm:ll.m r-s.,rmc_m.-uv-!:. Mix Diesign Mo ABD6-8031
Contract Mix Tormage: 28,050 Course: Surfice Mix Size (in.): 1
| Comtracior  Manatts Inc e
| Matorml Idertt # % in Mix Producer & Locstion hwm IE Beds Cab  %Aba
1727 Asphal Stone | ASSOOD | S5.0% thm A 4 1317 | 1953 i17
Manl Smd AMO | 50M Diouc's ((Xkis Crarry) A 4 1318 | 2644 | Q73
Pt Sad ABSOE  40.0% Mrergo Risady Mix (Thstorboll) A 1 1606 | 072
i .
[Type ad Sowee ol Asplal Binder: PG 55-18 Eitarunous i Tama
hﬁﬁhﬂw Seeve Analvus - hhll; (Tarpen
Wateral " = L) 0 L I
1/2° Asphal Swae| 00 Im l! '.Il M li II. 5 L 14 K4 13
Manf, Sand i ] 1 100 ” o iy 52 7 B 1 Ll
ar Sl (1] 1o 100 100 L3 18 72 45 10 L1 [ 5]
Prelivsinary Job Mix Farmuls Targst Gradation
Upser Tolenmes | 100 1o | 100 3] T [3] ] ha |
Comb Grading | 100 140 87 £ (] L1} 38 L] 10 56 4
loverTokmmmce | 100 | Mo | 0 b ) aQ u 24
T SAsymig | Tusl  S13 -041 | 02¢ | 0w [ om | a2 08 | 088 | 4
Prodecton [mats for Ageregaes Approved by e Costracter & Froducer.
Sive | 55.0% of mix P olmix | 4005 ofmn i 2
See |2 Asphan Mant Seml | Nat Sand
ir. | Min Max | Mn  Mm | M= M H
1 1009 10D | e 0S| 1000 1000
e 1004 1000 [ 1020 1000 | (00O 100
e Bi0 100.0 940 1000 | 100D oo
w 67.0 1.0 9.0 1000 980 0.0
L] 278 410 90.0 1000 890 10010
i 18 1.0 670 T8 B30 9o
#:0 56 13.6 30 418 41.0 &0
| o | 53 e3 | 11 s1_ | oo 38
Comnents:  Signatures on File in District 6 Maternls Office —
Coples 10 Maratt's lac o Boubd Diennes Lobrer
# Lah Ares I

The thove wrget pradations and production limits save been discussed with nd agreed to by an zuthored
roprodontatnes of e apgregate producer

Siged: Ragned:
Producer Cantraceor




lowa Dapartment of Tranapartaticn
Highway Division - Office af Maderials

HiA Gyratery Mie Dasign
Gty STORY Prajpet SPMN-E2-LE1 2085 M N 1BD3-010
Mis, Jiga (oe), 12 Guulbaukn., @HATTS NG o] Mo, S0-0080:0
Mix Type; HRAS 3K Design Life ESAL'S 3,000,000 Oa% Resorled:; BETI003
Intencdad Lisa: Surss Projiect Locstorr 8TH & GRAND AVE _
T ramenEs, W2 LR AGPHEC | ABSOR MARLTIN MARIETT A AMES 2. 2H~3% W A5 0%
Source I0s, 1M CLCHIP GG ABSODE MARTIN BAARIETTA AMES 18-28 e e
Soumss Las,  MANF SAND EC ABSODE WMARTIN BMARIETTA AMES 36.28~39 & 00%
45 & %% in Mix: FAND AREL10 HALLETT MTLS AMES 5 PIT o 250%
JabMix Formula - Combined Grdaton (Sieve Simain)
i ane 1z e L1 11| #16 [ i} L) F100 ]
Upper Toleranca
180 1400 100 BS =] 52 74 B2
100 100 a8 ] B2 o7 3 20 2.2 4.8 4.2
100 100 a1 g1 &5 42 [ 2z
Lowesr Toleranos
AERNEN DsT Beains ar (Ieee, BTUMINOLS MTLE TR
la'.mrgl Cata inemakaisd
%, Ssphaf Bincer EXE ] .15 £.44 Bunber of Cyralons
Cocmecled Gmib & N-Daa, 7.351 e | 2478 551 M-Initial
Wi 3057, Gl Z8HE | T454 2428 48 )
3% G i3 W-rélial 78 Bay 5a.7 EBA M.Diesign
% G (0} MM 98,5 578 4.1 T B
e Al Wioics 47 34 2.1 F H-blax
o VA 14.8 143 148 44 134
% WFA &8 T3 B5.6 23 b for Angulansy
Fitn Thickness 8.2 101 1.6 ar Meinod A
Fifer B Rabio a7 QB 0.7y nas 3.8
[ 1 2.61 281 584 T Phamaahs Reto
G 2668 | 2475 2882 Z65E 0.47
Pl s34 | 47 5.43 <88 Sispe of Compaction
P o.oe .88 0.77 LE Curvm
% Hew Asphal Bindar 100 100 100 100 14,3
Asphait Binder 5p Gr. @25 1.031 1,034 1.0 1031 b Genin Linsariy
L \Wiahar Aba 18% 1.83 1,83 B .
5.4, miKy, 488 480 489 480 Eb Hange Chack
“ed Type Agg Or Bather -] i W ag = iz
wd Type 2 ard AgQ 1 1 i 1 Spacificatian Chedk
Angularity-mehod A 4% 43 43 43 -
% Flat & Bongated [k ] 0.4 0.3 0.a IG5 Check
Sard Ecuivaslant [il:] i BE i)
Tiapceitan, A0 asphat cantert Jl LAl B raconmanded 1 slan this poject

Data showmin  5.41%  column s mbepolated fom lesidata

Cammeants:
Copies b, MANATTE INC _LHST 1 MTLS DIST 1 LAE CITY OF AMES
M Designer & Cenld: Signed:

A-20
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Pt ____lowa Depariment of Transporiation

i e e o Bty

i
:
i
]
|
|
]
|
|
|
by 2 1

3
o

T . i | I—
County: Camall |0 Pject: Pl Ooanspese | .

Mix Siee fin): i 12Tyman  Covrcle Wanofsiee L e R
b Ty e T ol DeEUSESALe 1 0000 Dutd Rapoted ;  IRG45
Inieectad Liss: - r
i Aggegsta | WinMs | Sowoell |

| AshatSmwe 300N AWSND | Mofic Mansta fat DodpeMina | w47 | LR T
L RWesedUhps | 1098 T AMGIZ Mt Maicts Fod DodpaMine) 642 | asr 53|

Miarf Sand B0 ASOT | Mt Wasets FatDodpeMingl 1647 0

il L GE0% | AwEM ; T sluritislos [Lasanbass) i 13 He |
L | I NS S S RSN | | |
4 1 } : T S N B e

o

» _...._.-_.....__.__:..__._._i.____._.___...._. i - P _.___:

.
N

i . T T .
doghal Bindw Sowce wdGrade. | Seminos Maway RGSLT0 N O -

i i : Gty Caa ;
& Amphsk Bincie 1 476 b6 54 S eethanan

Comaclod Gee@k-Dae. | 233 R L 2313 Lo kel

. MWae SpoGmmp ) B44R 0 RA3F 4 dan | a0 I A

20 | “amt s - o HMsmsds
[X5] ik 15 | 2601

e e smamsma aaoraede

2681 267 2t Fad Al ey
pesa | 2es 2003 19

1 | et | 5w | | S aCae |
LI I T
1030 h[L ] 1080
[ Aaghuk Binder Sp.01 2 1By 1087 1KF 1087 MisSm sty
;_ _.._._-‘_!"‘EEH I - 118 118 118 | -
e SAomeitkg | BIE 1 edw | 838 | s | L. EbEs;eChek
L MedTpedAgy OrBsinr 0.0 LLE] e L] (L |
| B4 Typa i ix 3 Agy 1] 1] (1] oo - dabenlos Chesy |
| Argalaiymehed & 41 4 # 4 Compds t
o 1 M ur B Lok |

e = Sy o

__ 57E% eoiumn i inbatpalated from bael date, S SN S N S
! : | | |
] A | | ___I_ :
! ! | 1
i | |
| MoDoigew&Cel .  EdKames O3 Sgeds |
] | 1 | ]
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lIvwa Department of Transporiation

FEm TS vmds
Hipkrasy Divigdon - (ffice of Materiale
HMA Gyralory Mix Delgn
Comly 3 FTORY Froject | BR=B10-0{81)=TA-83 M oL 1 T BL-U0E
Mix Size {ir.) 12 Cantracior | MANATTS IMC Contrmet No, :
= Typre: HMLA IV Dresign LifeESALS | 1, M,00 Date Reparted 1 QL2803
sdended U Surface Propect Locatken : 13TH STREET
“Amigak,  UZUR ASPHEC  ABS008  MARTIN MARIETTA AMES 26.78-39 a@ 430%
Eﬁ: IHCLCHIP OC  ABS008  MARTIN MARIETTA AMES 525 &  100%
Besds & % i MANF SAND IC  AR5008 MARTIN MARIETTA AMES 262839 & 0%
Mo BAND ABSS10  HALLETTMTLS AMES SPIT & 2T
Job Mix Formula - Comblned Oradatkn (Sleve Sizs in.)
1 s e Ll o ot Ll Wik L] 50 #iaa #200
Upper Tolerance
L 1 10u LT 69 [ T4 a1
163 107 R ] 62 47 n 20 32 ik 42
e 10 Ll 8 33 a2 16 L
—— Lower Tolesace
Anpheb Dirder Source and Oude BITURNINGLS MTLS 0 -1t
Cymiocy Data e polated
5 Aphah Binde 5.5 30D [XE} 555
Comeced Gub i Nles 234 2362 1367 L358
N, Spk. (Limm) 21456 2454 2426 2456 Iumber ¢f Uhigtions
% Gmen (@M= Inilinl BT6 BE.T BOG LA -Laltinl
Splimm @ N .1 97.4 PH.8 LER | 7
4 Adr Yoids 50 3.7 24 4.0 N-Design
T VMA 1449 14,6 149 4.7 6
% VFA 66.2 Th4 87 nE H-Man
Filra Thickness B2 1 1.6 59 n7
Filler Bia Ratha 0.97 o.59 o077 .90
ik 2610 2510 1610 2610
e Pl 2673 L5862 2668 G for Angulaity
P 4 4 540 4566 Metbod &
-] 085 096 0Tz [ F 200
e Mew Aspd el Bisdor 160G 1000 1000 0.0
Aapbslt Binder ip.0r. @ 2% 1008 1 1 1031 Pha/ Shahs Rain
5 Wale b 1.83 1.83 183 1.83 0aT
A miKg 4.5 460 AGD -]
4 Type 4 Agpe o 99 w 99
%+ ' Type D or 3 Apg, 1 1 1 1 Sloge of Compiion |
Angulsrity-method A 43 43 43 4 Ly
% Fut & Elangahad 0.3 02 0.3 13 141
Saad Equivalent Bs &6 6 B

Lizposraon @ An mphall wonieniof 6%
Datashownin  355% ochumn b interaluied fromtest dala.

is meomnended o st this proiec. ] @1

@ fonge T-ook
M _b)-75CLY)

#@ - J8. 55 (50) |

Mﬂ.rﬂﬂdlﬂupl-h J meka
Copleto:  MANATTSING DIST 1 MTLS DIST | LAB
CHERY L DARTOM
Blgmed :
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Form 955 verdn lowa Department of Transportation

Highway Division-fFce of Metlerinls
Propurtion & Production Limils For Aggregates
County :  BTORY Trojoct Mo DR-AI0-HEN—TAB% Date;  05/28/03
Pogject Location:  13TH STREET Mix Dresign Me.: 1BD3-00E
Cuntimt Min Tummage, 3,000 Course: Surftce Miix Siee(in. ) Iz
Confractor, __MaNATl’S INC Mix Type: HMA M Design Life ESAL's) 000,000 :
Mucrial  [dent? % i Mix "~ Producer & Location T Beds  Csb  %mAbs
1ZCRASPHEC | ABS00G | 45.0% [MARTIN MARIETTA AMES we-da| 221 | 18s
U4 CLCHIP G | ASS00G | I0.0% |MARTIN MARIETTA AMES 15-25 2.500 .86
MANF SAMDEC | ARSONG | 200f% [MARTIMN MARIETTA AMES X6,28-32 | 2423 2.2
AN ARSS10 | 250%% |HALLETT MTLS AMES 8 PIT 2.583 148
[ T7e wnd Saurss of Asphalt Dinder: PO Gz BITLMIHGOLDS MOL3 v e T i

Individial Aggrepnies Sieve Anakysis - %o Pussimg {Target)

Maierial 1" EL 12 B ] it 16 #30 H50 #100 w200
12 CRASPHEC] 100 mg [ % [ 73 [ @ | oz | 15 | 1 10 54 .0
14 CLCHIPGC | 100 100 104 14 4 4.0 15 10 23 1.8 L5
MAMF SANDEC| 100 100 100 1600 93 72 43 1 11 16 2.0
SAND 100 100 104 1040 L] &9 i) 37 %1 L] 0.2

Preliminary Job Mix Fornnla Targe! Gradation

Upper Tolerance L14] 10} LIEH o5 o 52 i #2
Comi Liradieg 1M 10 98 EE 62 47 i3 L] bz 4K 472
Lower Talerance 100 0 91 Bl 55 42 14 22
 SAsqmig | Toml 469 %041 | 027 | 039 | 62 077 | 08 | 100 | 223

Prosduction Limits for Agzregutes Approved by the Contragtor & Priducer

Sierver A5 0% of miy 10.0% of mix 20008 af mix D% T nof i
Size | 1/2 CR ASPH EC | 144 CL CHIP GO | MANF SAND EC EAND
| in | Min  Max | Min Mm | Min M | Mm Mok
1" 1000 1000 | 1000 100G | M0G0 100D | 1000 1000
st L owpog 1000 | 1000 0o | 1000 tono | ooe  op
M2 900 1000 | MG 160g | 1000 1000 | 1000 [000
e (5 ] Ta.0 950 T{MM YR T SE.0 QLR
#a 40 360 | 350 490 | 950 1000 | 910 1000 |
48 160 260 | G0 70 | 660 ERD | B40 MO
#30 100 18.0 Lili] 50 1.0 280 330 41.0
00 6 100 | 00 25 | 00 10 0.0 ¥

. Comments;  Signetures onfile in Disttet | Meterios CHTcs
Copies 1o MANATTS NG DIST 1 MTLS DIST | LAR SHYDER & ASSOC,
CHERYL BARTON

The abovz target gracktions and production linets bave besn discussed with and agreed to by an autherized
representative of the ggregate producer.

Signed: Signed:

Producer Croarractor
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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.

B-1
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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 COV 0.07 2.52 2.6 COV 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 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 COoV 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 COV 0.19 2.95 3.1
2358 3 62.40 12.10 1234.2 1 62.48 12.24 1246.8
2358 5 62.74 10.90 1106.5 2 62.60 12.45 1266.4
235S 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
2358 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
235S COV 0.31 3.71 3.9 COV 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 COoV 0.15 4.47 4.4
3301 2 62.50 12.02 1224.8 1 62.54 11.05 1124.5
3301 4 62.44 12.02 1225.6 3 62.68 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 COoV 0.10 1.89 1.9
3308 1 62.46 12.56 1280.0 2 62.52 12.33 1255.5
3308 3 62.51 12.24 1246.3 4 62.40 12.28 1252.9
3308 6 62.34 12.33 1259.4 62.21 12.16 1244.5
3308 8 62.26 12.42 1270.1 62.24 12.10 1237.9
3308 9 62.31 12.50 1277.5 10 62.44 12.29 1253.0
3308 Mean 62.38 12.41 1266.6 Mean 62.36 12.23 1248.8
3308 Stdev 0.11 0.13 13.9 Stdev 0.13 0.10 7.3
330S 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 COoV 0.10 0.49 0.4 COoV 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 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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Table C-1. (continued)

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 (6(0)Y 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 1239.4 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 1135.9 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 14.5 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
I180B 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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Table C-1. (continued)

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 1091 1107.0
Jewell Stdev 0.04 0.23 24.0 Stdev 0.13 0.92 93.1
Jewell COV 0.07 2.00 2.0 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
NwW 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
NwW COV 0.18 1.98 2.1 COV 0.58 9.88 10.1
Rose 2 62.42 1143 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 2.5 COV 0.13 1.28 1.2
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