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1. INTRODUCTION

1.1 BACKGROUND

The original proposal for this research project dates back to August 98, in which the research
problem statement emphasized that there are many on-going research efforts to address various
challenges with asphalt mixes designed by the SHRP Superpave mix design system (AASHTO
MP2). The WesTrack test road built in Reno, Nevada is the FHWA largest Superpave field
implementation study. The main focus of WesTrack project was to develop a performance-based
specification for Superpave mix construction. The state of Idaho faced, like many other states,
several issues that are related to the construction and performance of these mixes.

As ldaho is preparing to implement the Superpave mix design system, the proposal identified
several issues that need to be resolved, some of which are:

Selecting the appropriate gradation for different mix types,

Binder selection for various climatic regions in the state,

Mix design criteria for different layers and road class,

Incorporation of performance-based criteria for mix design optimization, and

Filed compaction specifications to achieve designated Superpave densities.

There are several on-going national projects to address one or more of these main issues that face
not only Idaho, but all agencies that are moving towards Superpave system. For example, a five-
year international project sponsored by FHWA is being conducted to develop a “simple”
performance test that can be coupled with the Superpave mix design system. NCHRP project 9-
16, which is currently being done at the Asphalt Institute, is focusing on prediction of

performance by analyzing performance of actually built pavements. NCHRP 9-10 at the



University of Wisconsin, Madison focused on developing new specifications that work with
polymer modified binders. NCHRP Report 459 has been recently released which summarized the
results of the NCHRP 9-10 project.

The Superpave system was created to replace the long time used Hveem and Marshall methods,
and this will not be in place until extensive experience has been established so that agencies can
implement it with level of comfort that justify the spending on these superior mixes.
Researchers from the University of Idaho NIATT Centre for Transportation Infrastructure (CTI)
have teamed with ITD engineers to execute a plan that ensures a successful implementation of
the Superpave mix design system. Such a plan involves developing mix design specifications
that are relevant to traffic and environment in Idaho, build trial sections to validate developed
specifications, and develop a mix design manual with specific data that are relevant to materials

and environmental conditions in Idaho.

1.2 PROJECT OBJECTIVES

The plan mentioned above is a long-term and needs to be executed in a stepwise approach. ITD
main need was to find out a measurable and objective mix design indicator that can be
augmented to the volumetric-based Superpave mix design. Thus, for this project, the main
objective was to target the first step in the plan mentioned above. Two main objectives are
sought of this project:

Develop a mix design indicator from the gyratory compaction parameters that can be related to
pavement performance, especially rutting potential, and

Develop relationship(s) between these parameters and pavement performance.



1.3 RESEARCH METHODOLOGY

This research relates to the fundamentals of the development of the Superpave mix design
system as represented by the strategic highway research program (SHRP). Based on research
done under SHRP, it is concluded that the gyratory compactor reasonably simulates field
compaction. One of the unique features of the Superpave volumetric mixture design procedure
(AASHTO MP2) is the use of the gyratory densification curves to account for two phenomena:
compaction during construction and densification under traffic during pavement service life.
Hence, the methodology adopted was to develop gyratory compaction curve indices that relate to
performance. This can be achieved through investigating the mix compaction characteristics and
its field performance for pavements built with Superpave mixes. For this purpose, various mixes
that are being investigated by the Asphalt Institute under the NCHRP project 9-16 were
investigated in this study. It is to be noted that, the original plan was to get mixes from the
WesTrack test road in Nevada, but this was not possible at the time of conducting the research.
Instead mixes from NCHRP 9-16 were procured. For mixes developed for Idaho, performance
can be predicted based on the developed relations from the gyratory compaction. If, at or near the
end of this phase, a performance test has been recommended by the FHWA project, it can then

be used to verify the developed recommendations.

1.4 PROJECT TASKS

Task 1: Development of project trial mixes: The original work plan for this project called for
developing Superpave trial mixes, which have potential to be used in the state of Idaho. An
experiment design was proposed to select two binder grades representing the northern and
southern regions of the state and two gradations representing coarse and fine mixes. However,

shortly after the initiation of the project, the research team determined that the best way to



implement this development is to use actual mixes that are being used for state projects. Those
mixes are discussed in Chapter 6 of this report.

Task 2: Study the relationship between the gyratory compaction curve characteristics and
permanent deformation (rutting) in pavements from WesTrack and other states. Develop
compaction parameters that can be related to performance. During the execution of this project,
WesTrack mixes were found to hard to get. Instead, mixes from NCHRP 9-16 project were
obtained from the Asphalt Institute.

Task 3: Assess the sensitivity of the proposed compaction parameters to asphalt mixtures.

Task 4: Conduct gyratory compaction on Idaho mixes and measure the parameters, which are to
be developed from tasks 2 and 3.

Task 5: Perform image analysis as well as energy calculations on obtained mix samples to
identify regions in the densification curves that correspond to construction and traffic loading.
This will assist in linking compaction parameters and aggregate structure to pavement
performance.

Task 6: Establish performance criteria based on the developed compaction-performance
relationship to be developed in task 5.

Task 7: Prepare a report to document research findings and recommendations for Superpave mix

design and construction in the state of Idaho.

1.5 MODIFICATIONS TO THE ORIGINAL WORK PLAN

There are two modifications to the original research plan that emerged in order to
facilitate the mix preparations and execution of the research plan. These are:
1. Intask 1, three mixes were selected from three ITD projects in Districts 1, 2 and 3

instead of developing trail Superpave mixes. The research team felt this was more



realistic approach to implement the research results. In addition, these mixes were
also verified whether they fit Superpave criteria or not. And, if not, they were
modified to satisfy the Superpave volumetric criteria.

2. Mixes from the asphalt Institute project, NCHRP 9-16, were procured instead of
the WesTrack project (Task 2). This modification was needed because the
WesTrack samples were not available and there was wide variety of mixes that
can be used from the NCHRP 9-16 project, which in fact was a better approach to

the overall project objective.

1.6 ORGANIZATION OF THE REPORT

This report documents the developed experimental and analytical procedures for assessing the
mix shear strength and stability during compaction in the Superpave Gyratory Compactor, SGC.
In addition, it briefly describes the work being done on the development of evaluation of Idaho
Superpave mixes. The report is organized as follows:
The first chapter gives an overview of the problem statement, objectives, tasks, and report
organization.
Chapter two presents a detailed review of the development of the gyratory compactor and its
ability to produce specimen similar to field pavement. It also discusses different formulas that
have been developed to express the shear stress in an asphalt mix during Superpave gyratory
compaction. A review of internal structure analysis using imaging technology is also offered in
this chapter.

Chapter three presents detailed analysis of the asphalt mix compaction using the SGC.
Equations for the shear stress and stability index “Contact Energy Index (CEI)” based on energy

calculations are developed in this chapter. The relationships between the CEIl and mix



constituents, internal compaction variables, and mechanical properties are also discussed in
chapter 3.

Chapter four presents two and three-dimensional finite element models of the compaction
process in the SGC. The shear stress and CEI are calculated using these models and related to
experimental measurements.

Chapter five presents the use of image analysis techniques to quantify the internal structure of
asphalt mixes. The relationship between the internal structure analysis results and the CEI is
investigated in this chapter.

Chapter six addresses the ITD mixes’ selection and evaluation.

Chapter seven summarizes the main conclusions and recommendations of this study.



2. LITERATURE REVIEW

2.1 INTRODUCTION

Permanent deformation is one of the main distresses in asphalt pavements. It occurs due to the
shear failure in asphalt mixes and/or underneath supporting layers. The shear strength of an
asphalt mix is a result of the aggregate interlock and adhesion provided by the asphalt binder.
Several mechanical tests have been developed to evaluate the resistance of an asphalt mix to
permanent deformation. Some of these tests are intended to measure material properties that can
be used in constitutive models for predicting permanent deformation. Others can only be used to
rank asphalt mixes based on their resistance to shear failure under different loading conditions.
These tests are conducted on asphalt mix specimens compacted using one of the available
devices such as the roller compactor, California kneading compactor, Marshall hammer, and
gyratory compactor.
Several attempts have been directed at extracting information about the mix shear strength and
resistance to permanent deformation during specimen preparation, and especially in the gyratory
compactor. These attempts have been motivated mainly by the need of a rapid method to assess
the mix shear strength or stability. Specimens are prepared in the gyratory compactor under a
combination of shear and normal forces, and the reaction of the mix to these forces can be
analyzed and used as a predictor of its stability.
During the Strategic Highway Research Program (SHRP), the Superpave gyratory compactor
(SGC) was developed to prepare specimens and as a tool for quality control in the field.

This chapter summarizes the literature review related to the development and operational

characteristics of the gyratory compactors. It discusses some of the features of the gyratory



compactors developed prior to SHRP. Then, the chapter offers discussion on the development of
the Superpave gyratory compactor during SHRP. The emphasis is on the characteristics of the
Australian Servopac gyratory compactor used in this study.

In addition, the chapter presents a review of previous studies targeted at extracting
information on the mix stability during gyratory compaction. These studies focused on analyzing
the compaction curves, or measuring the shear strength of the mix as compaction progresses. The
experimental results from these studies are discussed, and the limitations of the analysis methods
are presented. Finally, the application of image analysis techniques in qualifying the internal

structure of gyratory compacted specimens is presented.

2.2 DEFINITION OF ASPHALT MIX

Asphalt concrete mix, often referred to as Hot Mix Asphalt (HMA), is a paving material
that consists of asphalt binder and mineral aggregate. The asphalt binder, either an asphalt
cement or modified asphalt cement, acts as the binding agent that glues aggregate particles into a
dense mass and to waterproof the mixture. When bound together, the mineral aggregates act as a
stone framework to import strength and toughness to the system. The performance of the mixture
is affected by both the properties of the individual components and their combined reaction in

the system.

2.3 DEVELOPMENT OF GYRATORY COMPACTORS

The researchers of the Strategic Highway Research Program (SHRP) had several goals in
developing a laboratory compaction method. Most importantly they wanted to realistically
compact mix specimens to densities achieved under actual pavement climate and loading

condition. The compaction device was needed to be capable of measuring compactability so that



potential tender mix behavior and compaction problem could be identified. In addition, a high
priority of SHRP was a device portable enough for use in mixing facility and quality control
operation. Since no existing compactor achieved all these goals, the Superpave Gyratory
Compactor (SGC) was developed. The basis for the SGC was some of the operational
characteristics of the Texas gyratory compactor, the Corps of Engineering gyratory compactor,
and French gyratory compactor. The development and characteristics of these compactors are

discussed in the following subsections.

2.3.1 Texas Gyratory Compactor

Gyratory compaction has been used in asphalt mixture design since the 1930's when a
procedure was developed by Texas Department of Transportation. The original gyratory
compaction procedure was done manually. A mold, constructed from a section of 4-inch inside
diameter pipe, was placed between two parallel plates. The plates were spaced one half inch
further apart than the mold height, which allowed the mold to be, tilted approximately 6 degree
until the diagonal corners contacted the upper and lower plate, (Huber 1996).

A study by Consuegra et al. (1989) evaluated different compactors and ranked the Texas
gyratory first in terms of its ability to produce compacted mixtures with engineering properties
similar to those of field cores, because of its operational simplicity, and the potential to use the
large gyratory models capable of fabricating large-size aggregate.

A similar study conducted by Button et al. (1994) found the Texas gyratory to have the
advantage over other laboratory compaction mechanism in producing specimens similar to
pavement cores in their mechanical properties. A study by Sousa at al. (1991) showed that the
mechanical properties of field cores lied between those of the Texas gyratory compacted

specimens, and the California kneading compacted specimens.



2.3.2 Corps of Engineers Gyratory Compactor

During the post World War 1l the Corps of Engineers began developing a testing machine
based on the gyratory compaction process. The Gyratory Testing Machine (GTM) was designed
to measure forces during the compaction process, as shown later these forces were used to
calculate the shear strength of the mix. It was postulated that the change in angle during
compaction could be related to permanent deformation performance. The GTM was used to
design asphalt mixes for heavy-duty airfield pavements, (Huber 1996).

The Corps of Engineering GTM has been recognized as a research tool for years by many
agencies around the world and for mix design and quality control of asphalt pavement
construction. The GTM process has been adopted in ASTM D 3387 standard. According to Mc
Rea (1962) the kneading compaction used in the GTM produces a specimen that has stress-strain
properties that are more representatives of the actual compacted asphalt pavement structure than
an impact hummer compaction. This conclusion was reached based on previous studies that
compared the mechanical properties of GTM specimens with field cores (Ruth and Schaub
1966). Murfee and Manzione (1992) indicated that the GTM is still preferable to the Marshall

method of mix design for pavement subjected to heavy loads

As reported by Crawley (1993), the research conducted by the Mississippi Department of
Transportation (MDOT) indicated that the GTM shear strength properties were more sensitive to
variations in the mixture proportions than was Marshall stability. Ruth et al. (1992) reported that
the GTM provides rapid assessment of a mixture’s shear resistance as related to changes in

asphalt content, aggregate gradation, and density.

10



2.3.3 French Gyratory Compactor (LCPC Compactor)

During the 1960's and early 1970's, the development of the French gyratory compactor
protocol occurred. In the early 1970's LCPC replaced the Marshall method of mix design with a
new method using the French compactor. Extensive studies investigated the shape of the
gyratory densification curves and the effects of aggregate gradation, mineral filler content, and
asphalt properties on the position and slope of the curve. During the same time, studies were
done to investigate the compaction characteristics of mixture under rollers and relate the results
to densification properties of the mixture in the compactor, (Huber 1996). As a result, the current
LCPC mix design standardizes the relationship between the compaction effort on the road based
on the number of gyrations in the laboratory to the number of roller passes in the field. This
relationship was established based on investigating the compaction characteristics under rollers
and related the results to densification properties of the mixture in the compactor, (Moutier
1997). As opposed to the GTM, the French compactor operates under a preset gyration angle,

and the mold is heated during the compaction.

2.3.4 Superpave Gyratory Compactor

The decision to develop the Superpave gyratory compactor was based on NCHRP 9-5
Study. This study focused on compaction methods and developed a preliminary mix design and
analysis system using pre-SHRP performance related tests, (Huber 1996).

The Superpave Gyratory Compactor (SGC) is a transportable device whose primary
function is to fabricate test specimens by simulating the effect of traffic on an asphalt pavement,
produce large specimens to accommodate large size aggregates, and allow monitoring the
densification during compaction. According to a study by Consuegra et al. (1989) the Superpave
gyratory compactor provides specimens that are much more representative of actual in-service
pavements. The level or amount of compaction is dependent on the environmental conditions and

traffic levels expected at the job site.
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Studies conducted at the Asphalt Institute during SHRP investigated the effect of angle of
gyration, speed of gyration and vertical pressure on mix densification, (SHRP 1994). Density
was most influenced by the angle of gyration. Speed of gyration showed little effect on density,
while vertical pressure had a small effect on the density achieved.

As mentioned earlier the ability to evaluate the rate of densification was selected as a
desirable characteristic during SHRP research. The constant angle and constant vertical pressure
of the Texas gyratory compactor allowed the densification curves to be developed. Early testing
showed that a high angle, five degrees, produced a very rapid rate of compaction and produced
densification curves, which were difficult to measure. An angle of one degree was then selected
which matched the LCPC protocol. Subsequent work indicated that the rate of densification was
not sufficient; hence, the final angle selected for Superpave was 1.25 degrees, (SHRP 1994).

The current Superpave gyratory compactor operates at a constant pressure of 600 kPa.
The mixture is compacted by a gyratory kneading action using a compaction angle of 1.25
degrees and operating at 30 rpm. By knowing the mass of the specimen being compacted and the
height of the specimen, specimen density can be estimated during the compaction process. This
is accomplished by dividing the specimen mass by the specimen volume. The current mix design
requires that percent air voids in the gyratory specimens meet certain criteria at different number

of gyrations in order for the aggregate blend and optimum asphalt binder to be acceptable.

2.3.5 Servopac Gyratory Compactor

Australia in 1992 adopted the gyratory compactor as a standard method for preparing
asphalt mix specimen. The first Australian gyratory compactor, the Gyropac, was produced in
1992. Following a period of investigation and development, Australian Standard AS1289.2.2
(1995), for preparing asphalt specimens by gyratory compaction. Subsequently, a number of
State Road Authorities have replaced the Marshall compaction method in their standard asphalt

specification documents with gyratory compaction, (Butcher 1998).
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The Australian gyratory compactor meets the standards of the Superpave gyratory
compactor in terms of angle, pressure and monitoring of specimen height during compaction. It
is discussed here in a separate section in order to highlight its additional features that make it an
attractive machine for measuring the shear stress at the mix during compaction.

The second generation Australian gyratory compactor, the Servopac, is a servo-controlled
gyratory compactor, designed to apply a static compressive vertical force to an asphalt specimen,
whilst simultaneously applying a gyratory motion to a cylindrical mold containing the asphalt,
(Butcher 1998). The Servopac was designed to maintain the gyratory angle constant during
compaction, and to provide a means to simply and quickly adjust the critical compaction
variables (pressure, angle). It is Discussed in the following chapter, the forces applied to a
specimen during compaction. These forces recorded by the machine can be used to calculate the

shear stress of the mix, and predict its stability, (Butcher 1998).

2.4 SHEAR STRESS PARAMETERS

The gyratory compactor actuators exert forces on the specimen during compaction in order to
apply the vertical pressure and angle of gyration. The response of the mix to these forces can be
monitored and used to evaluate the mix stability. Two main approaches can be identified in the
literature in order to achieve this objective. The first approach is analyzing the compaction curve
characteristics, and relating them to mix stability. The second approach relies on developing
experimental tools and analysis methods to measure the shear stress during compaction and

relating them to stability. The following sections discuss these two approaches.

2.4.1 Compaction Curve Characteristics

An experiment conducted under SHRP contract A-001 evaluated the ability of the SGC

to discern changes in key mix properties, (SHRP 1994). Results of height measurements taken
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during the compaction process were used to calculate changes in specimen density expressed as a
percent of the maximum specific gravity Gmm %. A plot was made of the percent maximum
specific gravity versus the log of the number of gyrations. This compaction or densification
curve is characterized by three parameters. Cy is the percent maximum specific gravity after 10
gyrations, and Cgp is the percent maximum specific gravity after 230 gyrations. The slope of the
densification curve, K, is calculated from the best-fit line for all data points assuming that the

curve is approximately linear.

A comparison of Cy9, C230, and K found that they were sensitive to changes in asphalt
content, gradation or aggregate type. Based on the results of this experiment, it was found that
the slope of the compaction curve, K, was affected by asphalt content and the aggregate percent
passing the 75 um sieve. The position of the curve however, varied as the experiment variables
changed. Other studies have also related K to mix performance; Rand (1997) for example,
showed that K is strongly related to the amount of asphalt and coarse aggregates in the mix. A
study in France compared the K values for two mixes with known permanent deformation in the
field, (Moutier 1997). This study illustrated that higher K values were associated with better

performance in the field.

It is noted that most of the studies on the SGC used the average slope of the compaction
curve. However, one of the unique features of the Superpave volumetric mixture design
procedure developed by SHRP (AASHTO MP2 1996) is the use of the gyratory densification
curves to account for the two phases of compaction in situ:

(a) Compaction during construction using rollers at high temperatures, and

(b) Densification under traffic at ambient temperatures.
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It is well recognized that a good mixture should be easy to compact during construction,
but should show adequate resistance to permanent deformation under traffic. Therefore, in order
to be able to effectively evaluate permanent deformation potential, compaction properties should
be evaluated relative to these distinct phases. The compaction curve characteristics should be
analyzed to identify mixes that:

(a) can be successfully compacted during construction, but

(b) can resist traffic induced densification and alternate plastic flow.

2.4.2 Shear Stress Measurements

Other measurements that might be derived from the gyratory compaction are based on the
resistance to deformation and the amount of energy required to compact the mix. Compaction in
the gyratory compactor occurs due to two mechanisms; vertical pressure at the top of the
specimen and shear displacement induced by the gyratory movement.

McRea (1965) proposed a formula to determine the shear stress in the asphalt mixture

during compaction in the GTM, the formula is based on a simplicity equilibrium analysis of the

mix and the mold by taking the moment about the lower center of the mix (0). (Figure 2.1)

15



Figure 2.1 Parameters used for Calculating the Shear Stress ( McRea 1965).

_2(W*L-F*d)+(N*b)
- A*h

S

(2.1)

Where, S is the shear stress, F is the friction force between the aggregate particles, d is
the distance of the resultant friction from the center, N is the applied vertical pressure, A and h
are the sectional area and the height respectively, W is the applied forced to proceed the angle,
and L is the moment arm to point (0). Mc Rea (1965) neglected the distance b -arguing that it is
too small- and the friction force F, then he obtained the following equation:

*\\/ *
S:2WL

A*h 22)

It is noted that the free body diagram in Figure 2.1, includes external and internal forces
which is incorrect. Also, the derivation neglects the friction between the mold and the mix. These

assumptions are believed to affect the validity of equation (2.2), and limit its applicability.
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A study by Kumar and Goetz (1974) was performed to evaluate:

1) the GTM design method, and

2) the relationship between densification and the mixture properties, and

3) the job mix formula tolerance limits.
They noted that the gyratory shear results (i.e. equation 2.2) on gravel mixtures indicated in
general that coarse gradation and low percent asphalt combinations were different as compared
with fine gradation and high percent asphalt combinations. Kumar and Goetz (1974) showed that
the difference in gyratory shear values was insignificant with respect to variations in percent
asphalt content. They also indicated that the GTM was sensitive to study the changes in mixture
properties caused by small variations in gradation and asphalt content.

Sigurjonsson and Ruth (1990) conducted a study to evaluate the sensitivity of the GTM to
minor changes in asphalt content and aggregate gradation. They showed that the combined effect
of aggregate particle shape, surface texture, and gradation of the aggregate blend could be
evaluated for level of attainable shear strength (equation 2.2) and for sensitivity to slight changes
in mix proportions. Also, a minimum S value of 54 psi (372 kPa) should be required for any
mixture densified for 200 revolutions. They estimated that a dense-grade structural mix should
have a minimum shear stress value of 56 psi (386 kPa) when the pavement lift thickness is
greater than 50 mm. They also showed that the GTM densification testing procedure provides
information on the shear resistance of the mix regardless of the factors influencing its behavior

(e.g., air void content, aggregate characteristics, asphalt content, and VMA).

A study by Ruth et al. (1991) used the GTM air roller testing procedure to evaluate
asphalt mixtures and to identify undesirable mixtures which would be susceptible to excess

permanent deformation. Regression analyses were used to show the relationships between the
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gyratory shear (S) value and physical properties of the mixture. Ruth et al. (1991) used two
different sources of aggregate, different aggregate blends, and asphalt AC-30. These mixes
conformed to Florida DOT specifications. They concluded that the GTM compaction and
densification testing procedure provided rapid assessment of a mixture’s shear resistance as
related to change in asphalt content, aggregate gradation, percent of natural sand and density.
Figure 2.2 shows the influence of binder content sensitivity on gyratory shear measurements in
the GTM, while S of 372 kPa at 200 gyrations was thought by them to be applicable for light to

medium traffic conditions.

- 7.5% AGC —— 7 0% AJC —ie— B.5% AC
- G.0% ANC —>— 5.5% NC -@~ DES. GRITERION
o % »
¥4 ——
ﬁ 372 KPa
=
T
L]
S
(2 m
o
g
G -
0 50 100 150 200

NUMBER OF REVOLUTIONS, N

Figure 2.2 Typical GTM Densification Results, (Ruth et al. 1991)
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De Sombre et al. (1998) used a gyratory compactor from Finland to estimate the shear
stress and the compaction energy for different asphalt mixes. They stated that energy is
transferred to the specimen through the moment needed to apply the gyratory action. A load cell
located on the piston of the compactor measures the lateral load needed to create this moment as
shown in Figure 2.3. De Sombre et al. (1998) measured this moment and used it in conjunction
with the sample geometry to calculate the shear stress in the sample at any point in time. The

shear stress was calculated using a similar equation to 2.2.

——F

Compactor Piston

'

h
Asphalt
Sample } ¥

d

Figure 2.3 Parameters for the Calculation of Shear Stress (De Sombre et al.1998).

De Sombre et al. (1998) argued that the change in height during compaction can be used

to calculate the amount of power required during compaction.

cosax Ahx r? x
power = 2P t t (2.3)
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where:

p = pressure in cylinder,

o = gyratory angle,

Ah = change in height per cycle,
r = radius of cylinder and

t =time.

A study conducted at the Department of Transport in Australia had shown that the shear stress
evolution calculated using equation (2.2) was a function of the applied angle and mix
components, (Butcher 1998). At an angle of gyration greater than or equal to 1.00°, the shear stress
increased with compaction until a maximum value is reached when it began to decrease with further
increase in the compaction level as shown in Figure 2.4. In general, the reduction of shear stress
was shown to be more significant in mixes with softer asphalt (AC14) that were more susceptible
to permanent deformation as shown in Table 2.1. This study also used the change in voids at
maximum shear stress as a parameter to distinguish among mixes. Figure 2.5 shows that mixes
with different asphalt grades experienced distinct changes in percent air voids at maximum shear
stress. Other studies have also illustrated the relationship between the change of shear stress with

compaction and the change in mix design components (Gauer 1996, Moutier 1996).
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Figure 2.4 Shear Stress Measurements at Different Compaction Levels; (a) AC14 (soft asphalt)
(b) AC 20 (stiff asphalt) (Butcher 1998).

Table 2.1 Maximum Shear Resistance at Different Angles and Binder Type (Butcher 1998

ACl14 AC20
Angle (Deg.) Vertical Max. Shear | Voids (%) | Max. Shear Voids

Stress Stress (kPa) Stress (kPa) (%)

(kPa)
0.05 175 (est.*) - 225 (est.*) -
0.50 405 (est.*) - 450 (est.*) -
1.00 467 5.1 502 4.3
1.25 600 481 4.4 529 4.0
1.50 - - 534 45
2.00 515 4.4 561 4.9
3.00 571 4.1 601 4.3
2.00 400 365 5.6 398 5.7
2.00 240 231 5.6 250 4.6

* Maximum shear resistance not achieved and values estimated.
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Figure 2.5 The Change in Percent Air Voids at Maximum Shear Stress (Butcher 1998).

Butcher (1998) showed that these results appear to confirm the universal nature of the
first stage of shear stress development during compaction. Further confirmation appeared to be in
the French work by Moutier (1997) as represented in Figure 2.6. A suggested explanation for the
evolution of shear stress as offered by Moutier (1997) was that the shear force increased
gradually as the percent compaction increased. The particles tried to interlock to each other with
the assistance of the sufficient binder content. Further compaction may lead the binder to get out

between the particles and lead to particles fracture or deformation.

Another study was carried out by Mallick (1999) to develop a method for using the SGC
and the GTM compaction data to identify unstable mixes during the construction process by
extracting parameters from the compaction curve. Five projects were selected in this study
including construction of wearing courses on 1-90 in ldaho, 1-40 in New Mexico, US-280 and

AL-86 in Alabama and 1-385 in South Carolina, knowing the aggregate type and gradation,
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Figure 2.6 French maximum shear stress by Moutier (1997)

asphalt binder type and content, and traffic levels of these projects. All of these mixes were
compacted with the SGC operated at 600 kPa and a 1.25-degree angle, and all mixes except the
[-385 were compacted with the GTM operated at 800 kPa and a 1-degree angle.

The shear stress measurements in the GTM are shown in Figure 2.7. The results show
that the 1-90 mix is inferior to the other mixes. In the SGC, Mallick (1991) identified inferior
mixes during compaction process by calculating the gyratory ratio between the number of
gyrations required by the Superpave gyratory compactor to compact a mix to 98 and 95 percent
of theoretical maximum specific gravity. He presented the results in Figure 2.8 to show the

relationship between rutting in the field and the gyratory ratio.

A method for using the Superpave Gyratory Compactor (SGC) results to select optimum
mixture design introduced by Bahia et al. (1998). The method divided the measured
densification curve into two zones. The first zone represents the compaction characteristics

related to the construction stage; the second zone represents the densification under traffic.
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Figure 2.8 Plot of Rutting Versus Gyratory Ratio (Mallick 1999)
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Bahia et al. (1998) found that the densification curve measured by the SGC could be used
to calculate densification indices that represent the performance of mixture during construction
and during in-service. They also introduced the Compaction Energy Index (CEl) and the Traffic
Densification Index (TDI) to evaluate the potential performance of mixture during construction
and in-service. The values of CEIl and TDI for different gradations tested showed that finer
gradations, above or passing through the restricted zone, require significantly less energy to
compact to 8% air voids, also these mixtures offered more resistance to densification between
8% and both of 4% and 2% air voids. This indicated that finer blends could be more favorable
for construction and can perform better under traffic densification. They showed the importance
of fine aggregate angularity for some mixture and also suggested that blends with high content of
rounded sand may offer reasonable performance.

Guler et al. (2000) conducted a study for the purpose of developing a device that can be
used in the SGC and allow shear measurements. The device consists of three load cells placed
120° apart on the top plate of the SGC called the Gyratory Load Cell Plate Assembly (GLPA).
Illustration of the GLPA and its components are shown in Figure 2.9 and Figure 2.10.

They reported that the energy balance for the mixture sample at any gyration cycle could be
written using the following equation:

w=U (2.4)
where W= work of external forces; U= total strain energy of sample. The above equation was
written in the following form:

M@ =S (2.5)
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where M = applied moment during gyration; 6 = gyration angle (radians); y = shear strain; S =
frictional resistance; and VV = sample volume at any cycle. The forces measured by the GLPA

and the top vertical actuator, were used to calculate the resultant force (R) and force eccentricity

(e), as shown in (Figure 2.11).

Load cell -~

Figure 2.9 Gyratory Load Cell Plate Assembly (Guler et al. 2000)
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Figure 2.10 Gyratory Load Cell Plate Assembly Placed on the Mold During Gyration Process
(Guler et al. 2000)

Figure 2.11 Applied External Forces and The Stress Distributions Used in Energy Relations
(Guler et al. 2000)

They suggested that two-dimensional distribution of the eccentricity of the resultant load
could be used to calculate the effective moment required to overcome the shear resistance of
mixture and tilt the mold to the 1.25 degrees. Guler et al. (2000) stated that this effective

moment is a direct measure of the resistance of asphalt mixtures to distortion and densification.
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As shown in Figure 2.9 the moment M needed to apply the angle can be calculated by
multiplying the resultant ram force R, by the average eccentricity, e, for a given gyration cycle.
Guler et al. (2000) stated that 6 and y in equation (2.5) are equal, and the shear stress can be

calculated as follows:

R-e
A-h

S= (2.6)

where A = sample cross section area; and h = sample height at any gyration cycle. They
presented experimental results showing that the derived frictional resistance is sensitive to the
asphalt content, aggregate gradation, and fine aggregate angularity. Careful analysis of the
derivation provided by Guler et al. (2000) reveals that the shear stress in Equation (2.6) is
actually the frictional stress between the mold and the mix. This equation does not represent the
mix shear strength. Also U and W in equations 2.4 and 2.5 are both calculated from external

forces and U does not represent the energy dissipated.

2.5 ANALYSIS OF THE INTERNAL STRUCTURE

Digital image analysis provides the capacity of rapid measurement of particle distribution
and characteristics. Several studies established the effect of aggregate contacts on the shear
strength properties Oda (1972, 1977). It is also well documented that aggregate orientation is an
important factor that controls the shear strength and the stiffness of granular materials. For
example, Tobita (1989) showed that the yielding behavior of unbound granular materials is
controlled by aggregate distribution. Also, Masad et al. (2001) showed that the asphalt mix

stiffness could be expressed in terms of parameters that describe aggregate orientation.
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Image analysis techniques usually treat particles as two-dimensional objects because only
the two dimensional projection of the particles is captured and measured. The principle of the
technique is that an image is digitizing into picture elements (usually 512x512 pixels). Each
pixel has an intensity value (gray level) that is scaled from 0-255 (black - white). Features of
interest are measured by their corresponding gray level. For example, after proper contrast has
been achieved so that the gray levels of all the phases can be distinguished from one another. It is
a simple matter to count all the pixels that fall within a certain range of intensities. This provides
a measure of area fraction of each phase. For particle analysis, when proper contrast is achieved
so that particles can be distinguished from the background, numerous measurements for each
particle can be made in near real time

Yue et al. (1995) work showed that internal structure characteristics such as gradation,
shape, and orientation of coarse aggregates in asphalt mixes could be accurately measured using
the digital image processing technique. The main objective of the Yue et al. (1995) work was to
quantitatively, capture the difference in the internal structure of asphalt mixtures compacted
using different methods of compaction, and to relate the internal structure to the performance of
the mix. Eriksen and Wegan (1993) conducted microscopic analysis of air voids in AC mixtures
at the Danish Road Institute. However efforts were directed at specimen preparation technique
instead of digital image analysis.

Masad et al. (1998, 1999a, 1999b) focused on developing image analysis techniques to
quantify the internal structure of asphalt concrete based on aggregate orientation, aggregate
gradation, aggregates contacts, aggregate segregation, and air voids distribution. These
measurements were used to quantify the internal structure of asphalt concrete specimens

prepared by the Superpave gyratory compactor at different levels of compaction and test its
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ability to duplicate field conditions. Twelve specimens were compacted in the gyratory at
different number of gyrations (8, 50, 100, 109, 150, and 174 gyrations) where two specimens
were prepared at each level of compaction; these specimens were then cut vertically. In addition,
five field cores were recovered from pavement directly after construction and prior to trafficking.
Comparison of the internal structure of gyratory compacted specimens with field cores
showed that gyratory specimens reached the initial aggregate orientation of field cores at higher
number of gyrations (100 gyrations). Whereas they reached the average percent air voids in the

field cores at a much lower number of gyrations (20 gyrations), Figure 2.12.
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Figure 2.12 Variation of Vector Magnitude, Angle of Inclination, and Percent Air Voids with
Compaction (Masad et al. 1999)

Masad et al. (1998) also showed that in the mix evaluation, there was a tendency in the

aggregate orientation to increase up to a certain level of compaction (100 gyrations), after which,
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aggregate structure tended to have more random orientation. Air voids distribution was found to
be non-uniform, more voids were noticed at the top and bottom of the specimens, whereas the

specimens compacted more in the middle portion, Figure 2.13.
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Figure 2.13 Distribution of Air Voids in Gyratory Specimens at Different Number of Gyrations
(Masad et al. 1999)

Masad et al. (1998) work emphasized that the new image analysis techniques were
useful tools to describe and compare asphalt materials produced using different laboratory
equipment and mix designs. In addition, these procedures would improve mechanical modeling
by providing consistent and accurate quantifying parameters of internal structure to be included

in constitutive relationships. Coarse aggregate gradation of gyratory compacted specimens was
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well captured using the image analysis techniques and there was no change in aggregate

gradation during compaction, Figure 2.14.
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Figure 2.14 Accuracy of Calculating Aggregate Gradation Using

Image Analysis (Masad et al. 1999)

Tashman et al. (2001) evaluated the ability of the Superpave gyratory compactor to
simulate the internal structure of HMA in the field, and the influence of different field
compaction patterns on the produced internal structure. They concluded that the compaction
variables in the compactor (angle, pressure, height, and temperature) influenced the internal
structure in laboratory specimens. They recommended a set of variables to improve the

simulation of the gyratory compactor to field conditions.

2.6 SUMMARY

The literature review shows that the Superpave gyratory compactor has been developed
during SHRP to compact HMA specimens with relatively large aggregate size, and to achieve

compaction under the influence of shear and normal stresses, which is believed to be similar to
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field conditions. Several studies have used different types of gyratory compactors in order to
evaluate the mix shear strength during compaction. This shear strength was related the mix
resistance to permanent deformation. A critical review of these studies has revealed their
limitations especially in the derivation of the shear stress formula, and accounting of all forces
acting on HMA during compaction. There is a need to develop a new procedure to evaluate the
mix stability and shear strength based on the response of the mix to the forces applied during
compaction.

The review above indicated that image analysis techniques are powerful methods to
quantify the internal structure of asphalt mixes. These methods have already been used to
measure aggregate orientation, contacts, segregation, and air void distribution. In this study,
image analysis techniques will be used to relate the aggregate structure parameters to HMA

stability and shear strength.
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3. ANALYSIS OF HMA STABILITY USING THE SGC

3.1 INTRODUCTION

This chapter presents detailed analysis of the HMA compaction using the Servopac
Gyratory Compactor (SGC). The compaction forces are analyzed in order to derive a
mathematical expression of the shear stress inside the mix. The shear stress value is used to
calculate the compaction energy, which is divided into two regions according to the type of
dominating strain. The volumetric strain dominates the first region, while the shear strain
dominates the second region. Analytical procedure is developed to identify these two regions.
An index termed the “Contact Energy Index” is developed to measure the stability of mixes. The
contact energy index is used to analyze mixes with different constituents such as percent of
binder, percent of natural sand, type of aggregate, gradation, and nominal maximum aggregate
size. The effect of the gyratory compaction variables such as the angle of gyration, and vertical
pressure on the contact energy index is investigated in order to determine the variables that
would best discern among mixes with different constituents. The contact energy indices are

compared to mechanical properties and permanent deformation of HMA.

3.2 SERVOPAC GYRATORY COMPACTION METHODOLOGY AND ANALYSIS

3.2.1 Compaction Mechanism

The compaction device used in this study is the Servopac gyratory compactor produced
by Industrial Process Controls (IPC) in Australia, which is a Servo-controlled multi-axis
pneumatic loading system designed for the laboratory production of asphalt specimens. The

compaction is achieved by the simultaneous action of static compression and shearing resulting

34



from the motion of the centerline of the upper boundary test specimen. Thus, the line connecting
the middle of the lower and upper boundaries generates a conical surface of revolution, while the

ends of the specimen remain perpendicular to the axis of the conical surface, (Figure 3.1).

Figure 3.1 Test Specimen Motion Diagram (IPC Operating and Maintenance Manual 1996).

The vertical compressive force is applied using a digital servo controlled, pneumatic
actuator, where a load cells is used to measure the vertical force. The vertical actuator is
connected to an intermediate plate via the load cell. This mechanism allows the top platen to
move freely in the horizontal plane.

In addition, there are three actuators located 120 degrees apart around the perimeter of
the mold carrier ring. The electronic control system sends a sine wave via a servo valve to each
of these actuators. The three sine waves are 120 degrees out of phase from each other as shown
in Figure 3.2. The amplitude of the sine wave controls the angle magnitude, and its frequency
controls the gyration rate. The feedback signal comes from the displacement transducer, which

bears directly on the bearing that connects the actuator rod to the mold carrier ring. All forces
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acting on the specimen and the mold during compaction are shown in Figure 3.3. (IPC PTY LTD

1996)

ﬁlZOleO—j

Figure 3.2 Actuator Forces Acting by Sine Wave with 120° out of Phase

. o
%7

Asphalt Mix

<

D

I

Figure 3.3 A Schematic Diagram of the Compactor Components.
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3.2.2 Analysis of Shear Stress During Compaction

Several equations have been used to calculate the shear stresses in a mix during
compaction. These equations have essentially similar forms as they all rely on the force or
momentum needed to apply the gyration angle as a measure of shear stress (McRea 1965, De
Sombre et al. 1998, Butcher 1998, Guler et al. 2000). As demonstrated in the previous chapter,
the shear stress equation used in the GTM and the Servopac gyratory compactor was derived
using a free body diagram. This section presents a derivation of the shear stress in a gyratory
specimen during compaction in the Servopac machine. Consider a specimen inclined at a certain
angle of gyration, where the actuator P1 is applied at its maximum value (the amplitude of the
sinusoidal force). Points of application of the forces on the bottom plate are shown in Figure 3.4.
The force “A” is the result of the constant pressure “a” applied by the upper actuator on the
specimen during the compaction process. As it can be seen in Figure 3.4, the mix weight “Wm”
and the force “A” are at different offsets from the specimen centeroid due to the applied gyration
angle. By taking the summation of moment around the P3-R line to be equal to zero, the
following equation is derived P2:

3 Pd, + Ad, +W_d,
= )

P, (3.1)

where:
d, =6sinn/3

d=htano
0 : the angle of gyration,

h: the specimen height, and
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Because of symmetry as shown in Figure 3.2, P2 is equal to P3 when P1 is at the
amplitude. P1 is measured using a load cell in the Servopac; therefore P2 and P3 can be

calculated using Equ. (3.1).

Position of the force A
during gyration

Figure 3.4 Plan View of the Forces Acting on the Specimen and the Mold.

The shear stress varies within the specimen depth. For the purpose of comparing the
shear stress in different mixes, the location at which the shear stress is calculated should be
specified. In this study, the average shear stress at the middle of the specimen is calculated.
This location is selected in order to avoid the high change in the shear stress along the
boundaries due to friction with upper and lower plates. Consider the free body for the top half of
a specimen shown in Figure 3.5, where the shear force Sy can be expressed by taking the

summation of forces in the horizontal direction

S, =(N,—N,)cosé + (F, +F,)sing (3.2

38



where Nj, N are the normal forces acting on half the specimen surface, and F;, F, are the
resultant frictional force acting on half the specimen surface. It is assumed here that these
normal and frictional forces are uniformly distributed and the friction factor between the
specimen and the mold is constant during compaction. Due to the dynamic motion of the
specimen with the mold, Eq. (3.2) is valid only when the angle is fully applied (when one of the
actuators reaches its maximum height). The normal and frictional forces can then be calculated

as follows:

h h
N, :mEnl, N, =7z'r5n2

(3.3)
F—;zrﬂf F—zzfnf
1= 2 102 2 2

where n;, n, represent the average normal stresses, and f;, f, are the average frictional
stresses. r* refers to the vertical pressure acts at bottom of the specimen. Generally, small letter

refers to acting stress, and capital letter refers to acting force.

a= 600 kPa

Figure 3.5 Plan View of the Forces Acting on the Specimen and the Mold.
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Similarly, taking the summation of forces in the vertical direction results in the following

equilibrium equation:

R*:(A+%)—(Fl+Fz)cos¢9+(N2—N1)sin9 (3.4)

where R* is force acting on the bottom of the top half of a specimen, A is the applied
vertical force which is kept constant during compaction, and W, is the weight of the specimen.
Assuming that the specimen is subjected to vertical compressive stress along its horizontal cross

section. This assumption is motivated by the high vertical stress 600 kPa, and the small-applied

. . . W .
angle of gyrations 0. Itisnotedthat R* = A + 2”‘ because of the presence of the frictional and

normal forces acting on the mold. Also, R* is not located exactly at the center of the specimen
because of the applied angle, (Figure 3.6). Calculating the moment around the center “0” gives

another formula for determining R* as follows:

L@— (N, + N)rsiné +(F, — F)rcosé + (A+%)gtan 0} (3.5)

1
R*=—=| (N, —N
X {( ? l)4cos

6

—D=2r—

e

O

o —

o

R*

Figure 3.6 Illustration of the Location of the Resultant Vertical Force
at the Bottom of the Top Half of the Specimen.
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where Xq is the distance from the center to the point where the force R* is acting. The
value of X increases with an increase in the applied angle. The maximum value for xq is one
third of the specimen radius (r/3), which occurs when the applied angle causes triangular stress

distribution at the bottom of the specimen. The minimum value of Xq is zero at which the angle

of gyration is zero.

Consider the free body diagram of the mold shown in Figure 3.7. The summation of

forces in the vertical direction gives the following expression:

Figure 3.7 The Forces Acting on the Mold at Angle 6 and the Change in the
Direction of P, and P is to Satisfy the Equilibrium.

2P-W,=2(N, —N,)siné+2(F, +F,)cosé (3.6)
where 2P is the summation of the forces applied to the mold from the actuators and Wy is

the weight of the mold. As mentioned earlier, P, and P3 are 120 degrees out of phase from P,
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and consequently, they have different sign than P; when it is at the maximum value. Therefore,

the summation of the actuator forces is expressed as follows:
YP=P-P,-P, (3.7)

Mathematical manipulations of Egs. (3.4), (3.5) and (3.6) give the following expressions:

A+ (xe —htan¢9j—l[ZP—Wd X, — " tan@
2 2 2 P

N, -N, = — (3.8)
sin® @
+ urcos@ —r
4cosé 1 COS O
P-W,
Ny N, =20, o) Y 39)
2uc0s6 U

The normal and frictional forces are assumed to be related through a constant frictional
factor p (N, =pF,, N, =puF,) in the derivation of Egs. (3.8) and (3.9). The friction factor was
taken a value of 0.28 based on a study by Abou-Chakra and Tuzun (1999) to determine the

coefficient of friction between coarse and fine granular materials and a smooth wall. Substituting

Eq. (3.9) in Eq. (3.2) results in the following equation for the shear force:

N, —N,)sin’@
cosd

S(,:(NZ—Nl)cosH+%(ZP—Wd)tam9+( (3.10)

Ho

sin® @ . .
The term ; can be neglected because it is too small relative to the other
cos

components. Therefore, the shear force has the following expression:

S, =(N, —Nl)c030+%(ZP—Wd)tan6? (3.11)
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where (N2-N,) is calculated using Eq. (3.8). The above equation indicates the shear forces
increases with an increase in the applied angle, and an increase in the applied actuator forces.
The expression in Eq. (3.11) can be used to calculate the shear stress by dividing over the cross-

section area at all gyrations during compaction.

3.2.3 Derivation of Shear Compaction Energy for Stability Analysis

The conservation of energy principle states that the total rate of work done to the system
by all external sources must equal the rate of increase of the total energy of the system. This
principle is also called the first law of thermodynamics. The conservation of energy can be
written in the following form:

du
pazciiji +pr—Aq;; (3.12)

. . . du . . .
where p is the material density, ot is the rate of change of the internal energy per unit

volume, o is the stress tensor, Dji is the deformation rate, pr is the heat supplied by internally

distributed sources, and qi,i is the heat provided by the flow of thermal energy through the
boundary into the system or continuous body. If the deformation is assumed to occur under

isothermal conditions, the equation of energy conservation becomes:

du
pa =o;D; (3.13)

The term oD ; represents the mechanical work done by the external forces not

converted into kinetic energy. The applications of the conservation of energy to the gyratory

compaction are discussed here. The time increment used in Eq. (3.13) represents the time
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needed to complete one gyration. If the deformation induced within each gyration is considered
to be all plastic deformation, then the change in the internal energy in each gyration (du) is

equivalent to the dissipated energy due to volumetric and shear strain as follows:

du =dv+ds (3.14)
where dv is the change in the internal energy due volumetric deformation, and ds is the change in
the internal energy due to shear deformation. A typical compaction curve from the gyratory
compaction is shown in Figure 3.8. It can be divided into two parts; the first one has a steep
change in percent air voids with an increase in number of gyrations. In this part (part A), most of
the applied energy is used in inducing volumetric permanent deformation (reduction in percent
air voids). Also, in the first part, the aggregates do not experience significant amount of shearing
force. In the second part (part B), however, most of the energy applied by the induced angle
does not cause significant volumetric change (small change in percent air voids). However, most
of this energy is consumed in overcoming the shear resistance between the particles. Therefore,
the energy calculations for assessing the mix stability under shear loading should focus on the
second part of the compaction curve.

In a discrete time domain where each gyration is considered a time increment, a measure of

energy can be calculated as follows:

NGZ
Total Energy index=)"S, - d (3.15)

NGl

where Sy is the shear force at N number of gyrations derived from equation (3.11) and
angle 6 and d is the vertical deformation (Specimen Diameter x tanf). The summation is

conducted over the “Part B” of the compaction curve. It should be noted that the quantity in Eq.
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(3.15) does not represent the actual compaction energy, as it does not account for all the forces
acting on a specimen multiplied by the deformations in the directions of these forces. The
complexity of the applied stresses and induced deformations makes it difficult if not impossible
to account for all forces and their associated deformations. However, since the shear force in Eq.
(3.11) is a result of all the applied forces, and the deformation d is also the resultant of all

deformations, equation (3.15) is a reasonable index of the compaction energy.

The applied energy in “Part B” is either used in developing more contacts among the
aggregates and cause reduction in percent air voids, or is dissipated by aggregate sliding as the
aggregate structure fails to develop more contacts. In order to capture this phenomenon in
evaluating the mix stability, another index is introduced that captures the energy used in reducing

the percent air voids or developing contacts:

NGZ

Contact Energy index=»'S, -d, (3.16)

NGl
where d. is the change in height at each consecutive gyrations in Part B of Figure 3.8. For

consistency, units were taken N.mm, because the vertical deformations are too small.

3.3 EXPERIMENTS AND RESULTS

Two experiments have been conducted to evaluate the ability of the developed shear
stress and energy indices to discern among different mixes. The first experiment evaluated the
influence of changes in the mix constituents including asphalt binder content, percent of natural
sand, nominal maximum aggregate size, aggregate source, and type of gradation on the energy
indices. The second experiment was targeted at evaluating the influence of changes in

compaction variables on the energy indices to determine the variables that have the best ability in
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discerning among the mixes. Mixes were prepared at WCAT (Washington Center of Asphalt

Technology) and the compaction process using the Servopac was done at University of Idaho.
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Figure 3.8 A Schematic Diagram Shows the Two Zones of the Compaction Curve

3.3.1 The Effect of Mix Constituents on Energy Indices

The first experiment consists of 16 mixes as shown in

Table 3.1. The aggregate gradations are shown in Figure 3.9. The optimum asphalt
content was selected to achieve a target of 4% air void at Ndes gyrations. The actual percent air
voids varied between 3.5% and 4.5%. In order to study the effect of excess asphalt content, all
mixes were prepared at the optimum asphalt content and 0.8% more than the optimum value. All
the mixes were prepared at a temperature of 325° F, and compacted at a temperature of 300° F.
All specimens were compacted to a maximum number of gyrations (Nmax) of 160. This level of
compaction corresponds to a Superpave traffic level of 3 to 10 million equivalent single axle

loads (AASHTO 2001). A summary of mix properties is shown in
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Table 3.1. In this Table, the coarse gradation indicates that the gradation curve passes
below the restricted zone, while the fine gradation passes above the restricted zone. More details

on aggregate gradations and properties are provided in Appendix A.

Table 3.1 The Experimental Matrix of Asphalt Mixes with Different Constituents

Aggregate | Gradation | Size, mm % Fine Design Mix label
Aggregate | AC, %
Co 9.5 0 5.3 A
40 5.7 B
Lj |arse 19 0 4.4 C
40 4.7 D
mestone Fin 9.5 0 6.2 E
40 6.3 F
e 19 0 4.7 G
40 5.2 H
Co 9.5 0 6.3 I
40 5.9 J
Gr | arse 19 0 5.4 K
40 4.8 L
avel Fin| 95 0 6.7 M
40 6.3 N
e 19 0 5.0 )
40 5.4 P

Prior to the analysis of the compaction energy, the repeatability of the compaction
procedure should be evaluated in order to determine the number of specimens needed to
represent each mix. Two specimens from each of the C, D, K, and L mixes were compacted
using the same vertical pressure (600 kPa), angle of gyration (1.50), rate of gyration (30
gyrations/minute). The compaction curve results are shown in Figure 3.10. The two replicates
from each mix followed almost the same compaction curve. Also, as shown in Table 3.2, the

maximum difference in percent air voids was about 0.5%, which is within the experimental error
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that is usually experienced in the laboratory. Consequently, it was decided to use only one

specimen to represent each mix at a given set of compaction variables.
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Figure 3.9 Aggregate Gradation for Mixes with 19.0 mm & 9.5 mm NMAS Raised to the
Power of 0.45.
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Figure 3.10 The Changing in the Compaction Curve with Two Replicate Samples.

Table 3.2 The Average Difference in Percent Air VVoids among Replicates

Mix # | Average Diff. %
C 0.26
D 0.17
K 0.59
L 0.26

As mentioned earlier, the compaction energy is calculated in the shear deformation part
(Part B of the compaction curve shown in Figure 3.8). Therefore, a criterion is needed to
establish the start and the end of part B. The number of gyrations (Ng;) that indicates the
beginning of part B is defined by fitting a polynomial of the sixth degree to the compaction curve
and determines the slope at each gyration. Then, Ng; is taken as the point at which the change in

the slope of two consecutive gyrations is less or equal to 0.001%. The approach followed here to

49




determine the number of gyrations that defines the end of Part B (Ng,) was first to determine the
mix with the lowest “160- Ng;” value, and then to add this value to Ng; of each mix. This
approach ensures that the same and maximum number of gyrations possible (Ng2- Ng1) is used in
calculating the energy indices for all mixes. The maximum number of gyrations is needed in
order to capture the shear stress behavior along a large number of gyrations. For example,
Figure 3.11 shows the difference of shear stress behavior for two specimens with different binder
content. The beginning of the shear compaction region (Ngz) occurs at about 80 gyrations. The
difference between the energy indices of these two mixes is best captured by taking the
maximum Ng; value possible which is 160 gyrations in this case. However, Ng, of 160 gyrations
cannot be applied for all mixes since they do not all have the same Ng;.

An example of data required for the calculation of the shear stress and the energy indices

is shown in Appendix B.
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Figure 3.11 Examples of Shear Stress Curves for Asphalt Mixes During Compaction.
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Effect of percent of binder content

Two different binder contents were used to investigate the effect of the binder content on
the energy indices. The first one was the optimum value determined from the Superpave mix
design procedure. The second one was 0.8% higher than the optimum value, which is referred to
hereinafter as optimum plus. It was noticed that most of the optimum plus mixes reached a peak
value at which it started to decrease with further compaction. The rate of reduction was a function
of the aggregate gradation. However, most of the mixes with optimum asphalt content reached a
maximum shear stress and stabilized at that value with further compaction. An example of this
phenomenon is shown in Figure 3.11. A comparison between the shear indices is presented in
Figure 3.12 and Table 3.3. It is evident that the total energy index did not show a certain pattern
in comparing the optimum and optimum plus mixes. However, the contact energy index was
always higher for mixes with optimum asphalt content. This indicates that the applied energy
was used to develop contacts in the optimum mixes, while it was dissipated in aggregate sliding

in the optimum plus mixes.

Table 3.3 Energy Indices of Mixes with Different Asphalt Content.

Total E.I. ratio Contact E.I. ratio
Mix # opt. opt.+ opt/opt+ opt. opt. + | opt/opt+
mix a 1402.89 | 1397.47 1.004 25.80 22.43 1.150
mix b 1289.80 | 1322.17 0.976 11.15 8.82 1.264
mix ¢ 1315.44 | 1336.67 0.984 24.20 20.16 1.200
mix d 1306.94 | 1292.29 1.011 9.82 8.57 1.146
mix e 1400.21 | 1383.36 1.012 23.12 23.24 0.995
mix f 1293.79 | 1303.36 0.993 10.62 9.97 1.065
mix g 1238.65 | 1251.00 0.990 28.20 8.88 3.177
mix h 1344.64 | 1287.33 1.045 9.27 8.63 1.074
mix | 1348.73 | 1403.00 0.961 24.49 22.49 1.089
mix j 1274.62 | 1249.19 1.020 10.17 7.95 1.279
mix k 1432.65 | 1419.30 1.009 29.03 25.33 1.146
mix L 1283.52 | 1356.96 0.946 10.45 8.82 1.185
mix m 1245.30 | 1249.52 0.997 21.59 9.12 2.368
mix n 1446.35 | 1427.85 1.013 20.41 17.89 1.141
mix o 1428.27 | 1400.26 1.020 20.58 20.54 1.002
mix p 1319.32 | 1357.94 0.972 9.62 8.95 1.075
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Figure 3.12 Comparison among Mixes with Different Asphalt Content in Terms of Total &
Contact Energy Index.
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Effect of the aggregate type

Two types of aggregates were used in this evaluation; limestone and gravel. A

comparison between the energy indices of the gravel and limestone mixes is shown in Figure

3.13 (a, b) and Table 3.4. It is evident that both the total and contact energy indices were higher

for the limestone than for the gravel mixes.

This indicates that more energy was needed to

compact the limestone mixes, and the part of this energy that was transferred to developing more

aggregate contacts was higher for the limestone mixes as well. It is well known that limestone

has more texture and angularity than gravel, which explains the higher stability of the limestone

mixes as indicated by the energy indices.

Table 3.4 Energy Indices of Mixes with Different Aggregate Type

Limestone Total Contact Gravel Total Contact Total Contact
Mix # E.l E.l Mix # E.l E.l.% E.l. Ratio | E.l. Ratio
mix a 1382.50 21.39 mix | 1358.75 24.59 1.017 0.870
mix b 1291.82 8.16 MiX | 1249.19 7.95 1.034 1.026
mix ¢ 1336.67 24.59 mix k 1318.68 23.02 1.014 1.068
mix d 1337.76 10.01 mix L 1293.46 9.39 1.034 1.066
mix e 1360.86 14.35 mix m 1352.85 9.12 1.006 1.574
mix f 1303.36 10.72 mix n 1282.01 12.11 1.017 0.885
mix g 1399.87 21.92 mix o 1428.27 20.58 0.980 1.065
mix h 1375.81 8.63 mix p 1319.32 8.33 1.043 1.036

53




1450

1400 +
X
Q
2 1350 |
P
(@)
© 1300 +
c
w
T 1250
2
1200 +
1150 : : : : : : :
© - o] — o 4 © - (&) E - c (@)} o e o
x £ x X X x xXx X X x & x X x x X
E E E E E € E E E £ E E E E E E
W Mixes with Gravel type O Mixes with Limestone type
A: Total Energy Index.
30
25
o)
°
£ 20 ¢
<)
€ 15 |
§ |
g 10
S
o)
5,7
0 ; ; ; ; ; ; ;
@ - o] - o X © - ()] E - o o o e o
x & x E x x x x x x & x x x x X
E &8 E E E E E E E € E E E E E E

B Mixes with Gravel type O Mixes with Limestone type

B: Contact Energy Index.

Figure 3.13 Comparison among Mixes with Different Aggregate Type in terms of Total &
Contact Energy Indices.
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Effect of the Nominal Maximum Aggregate Size (NMAS)

The nominal maximum aggregate size (NMAS) is defined as the sieve size larger than the

first sieve to retain more than 10 percent of the material. The analysis results in Figure 3.14a

indicate that the majority of the mixes with 19.0 mm NMAS required higher energy to compact.

However, the contact energy index results in Figure 3.14b show no trend in favoring one NMAS

over the other in developing contacts and strong aggregate structure. A comparison between the

mixes is shown in Table 3.5.

Table 3.5 Energy Indices of Mixes with Different NMAS.

9.50 mm Total Contact 19 mm agg. Total Contact Total Contact
agg. Mix # E.l E.l Mix # E.l. E.l E.l. Ratio [ E.l. Ratio
mix a 1402.89 22.28 mix ¢ 1385.83 20.16 0.99 0.91
mix b 1289.80 8.74 mix d 1337.76 8.57 1.04 0.98
mix e 1400.21 22.66 mix g 1420.07 8.88 1.01 0.39
mix f 1293.79 9.89 mix h 1375.81 8.63 1.06 0.87
mix | 1358.75 22.59 mix k 1381.66 25.20 1.02 1.12
mix j 1314.75 7.95 mix L 1303.40 8.77 0.99 1.10
mix m 1352.85 9.12 mix o 1407.98 23.47 1.04 2.57
mix n 1318.12 17.49 mix p 1339.28 8.95 1.02 0.51
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Figure 3.14 Comparison among Mixes with Different Aggregate NMAS in terms of Total &
Contact Energy Indices.
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Effect of the Aggregate Gradation Shape

Two different gradations were used in this study, below the restricted zone (BRZ) and
above the restricted zone (ARZ). The BRZ gradation is usually referred to as coarse gradation,
while the ARZ gradation is referred to as fine gradation. There have been several studies to
evaluate the influence of the location of the aggregate gradation curve with respect to the
restricted zone on mix stability and performance (Chowdry et al. 2001, Hand and Epps 2001).
These studies came to the conclusion that there is no trend between the mix stability and location
of the gradation curve below or above the restricted zone. The energy indices results shown in
Figure 3.15 and Table 3.6 are in agreement with these findings as no relationship was found

between the energy indices and gradation shape.

Table 3.6 Energy Indices of Mixes with Different Aggregate Gradation Shape.

B.R.Z Total Contact AR.Z Total Contact Total Contact
(Coarse) Mix # E.l. E.l. % (Fine) Mix # E.l E.l. % E.l. Ratio | E.I. Ratio
mix a 1433.35 22.43 mix e 1400.21 23.11 1.024 0.970
mix b 1339.31 8.82 mix f 1323.18 9.89 1.012 0.892
mix c 1385.83 19.75 mix g 1389.80 8.88 0.997 2.225
mix d 1337.76 8.57 mix h 1375.81 8.60 0.972 0.996
mix | 1358.75 22.36 mix m 1343.10 9.12 1.012 2.452
mix | 1314.75 7.95 mix n 1288.45 17.29 1.020 0.460
mix k 1412.24 25.33 mix o 1428.27 23.83 0.989 1.063
mix L 1333.34 8.82 mix p 1339.28 8.82 0.996 1.000

57




w1400 ||
[}
e
£ 1350 + 1
3
@ 1300 1 ]
c
L
T 1250 |
2
1200 |
1150 ; : : : : : :
@® (] o ! o o T < - = — c X o - o
x x x 2 x x x x £ L X x x x x Xx
E E E E E E E E E £ E E E E E E
B Mixes with gradation above the Restricted Zone
O Mixes with gradation below the Restricted Zone
A: Total Energy Index.
30
25 +
)
2 20+ B
)
o>
e 15+
N}
8 10 |
c
S
5,7
0 ; : : : : : :
© () o 9 o o T < - = - c X o - o
x x x £ x x x x 2 o X2 x x x x x
E E E E E E E E & £ E E E E E E

B Mixes with gradation above the Restricted Zone
O Mixes with gradation below the Restricted Zone

B: Contact Energy Index.

Figure 3.15 Comparison among Mixes with Different Aggregate Gradation Shape in terms of
Total & Contact Energy Indices.

58




Effect of Percent Natural Sand

Mixes with 0% and 40% natural sand were tested in this study. Figure 3.16 and Table
3.7 show that the total energy index did not distinguish between mixes with and without natural
sand. However, the results show that the contact energy index was higher for all mixes without
natural sand compared with those included 40% natural sand. It is evident that the contact energy
index captures the influence of natural sand on mix stability. Most natural sands and especially
the one used in this study have rounded shape with very small texture, therefore, mixes with

natural sand are expected to be less stable than the mixes that do not include natural sand.

Table 3.7. Energy Indices of Mixes with Different Percent of Natural Sand.

0% Natural Total Contact 40% Natural Total Contact Total Contact

Sand Mix # E.l E.l. % Sand Mix # E.l E.l E.l. Ratio | E.l. Ratio
mix a 1392.69 25.80 mix b 1369.03 11.35 1.017 2.274
mix ¢ 1295.35 24.05 mix d 1337.76 10.01 0.968 2.403
mix e 1331.37 22.91 mix f 1323.18 10.72 1.006 2.138
mix g 1319.21 28.63 mix h 1375.81 9.35 0.959 3.064
mix | 1301.86 24.20 Mmix | 1249.19 10.27 1.042 2.357
mix k 1361.27 28.61 mix L 1343.27 10.70 1.013 2.673
mix m 1352.85 21.91 mix n 1367.43 20.05 0.989 1.093
mix o 1367.34 20.35 mix p 1339.28 9.62 1.021 2.114

The effect of natural sand can also be seen in compaction curves. Figure 3.17a shows
that mixes with natural sand started at smaller percent air voids. The slopes of the compaction
curves are plotted in Figure 3.17b, in which the slope is calculated for each 10 gyrations. It is
clear that mixes with 0% natural sand had higher slopes than mixes with 40% natural sand. This
observation is especially true in the shear compaction range (Part B in Figure 3.17), which starts
between 30 to 50 gyrations. As mentioned earlier, an increase in the slope in Part B indicates an
increase in the portion of the applied energy transferred into developing contacts among

aggregates.
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3.3.2 The Effect of Compaction Variables on Energy Indices

The previous section evaluated the influence of mix constituents on the energy indices.
This evaluation was conducted using the same set of compaction variable (Angle = 1.50,
Pressure = 600 kPa). However, Butcher et al. (1998) showed that the shear stress in a mix
changes as a function of the angle of gyration. As shown in Figure 2.4, the shear stress at small
angles (6 < 1.0) increases with the number of gyrations until reaches a constant value, indicating
that the material reaches a stable state at low angles of gyrations. However, the shear stress
curve has different characteristics at higher angle values as it increases up to a maximum value
beyond which the shear stress tends to decrease with further compaction. It can be seen in
Figure 2.4, that two different mixes (a and b) might behave similarly at low angle but different
at high angle such as 30. Mix “a” takes almost 50 gyrations to start showing unstable behavior,
while instability in mix b is triggered at 100 gyrations.

In this section, the influence of changes in compaction pressure and angle of gyration on
the energy indices is investigated using four mixes (C, D, K, and L). This is necessary to
determine if there exists a set of compaction variables that have the best ability to differentiate
among mixes with different constituents. Five specimens of each of the four mixes were
compacted at 0, 0.75, 1.5, 2.25, 3.0°. Mixes compacted at 0° angle collapsed right after taking
them from the mold, which emphasized the influence of shear action induced by the angle of
gyration on developing aggregate contacts, as shown in Figure 3.18. The difference in shear
stress among the mixes increased with an increase in the angle of gyration. It is also noticed that
the shape of the compaction curve for mix k changed with an increase of angle of gyration from
0.75 to 3.00. Figure 3.19 shows that the shear stress increased remarkably with an increase in

angle of gyration.
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Shear Stress (kPa)

180

178

176 Average difference

=3.92 kPa

174

172

170 -

168 -

166 -

164 -

162 -

160

0 20 40 60 80 100 120

‘ C225 —-—--1225 — - =K225 D225

140

160

Figure 3.18b. Shear Stress Curves at an Angle of 2.25°

63




120

118

116

114

Average difference
=3.01 kPa

r\
\~ -
[ PR Y VY A,

NT
r\_,\/—wuv‘\fv'\——”

Shear Stress (kPa)
-
[
o

106
104
102 -
100 . . . . . . .
0 20 40 60 80 100 120 140 160
C150 —-—--L150 — - =K150 D150 N
Figure 3.18c. Shear Stress Curves at an Angle of 1.50°
60
58
b AN AN YT AV
56 - //VWAMP‘
§ 50 | '/,f" v
" e .
g 50| . Average difference
7o =2.95 kPa
© 48 1|
o '
46
44 -
42
40 : : : . . . .
0 20 40 60 80 100 120 140 N 160
‘ CO075 —-—.-L075 D075 — - =KO75 ‘

Figure 3.18d. Shear Stress Curves at an Angle of 0.75°
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Figure 3.19 Maximum Shear Stress at Different Angles of Gyrations.

Both the total and contact energy indices were calculated at all angles for the four mixes
(Figure 3.20 and Table 3.8). As can be seen the total energy index was almost the same for all
mixes at a given angle of gyration. The contact energy indices for the four mixes had the same
order at all angles, in spite of the increase in their values with an increase in angle. The ratio of
contact energy index of mix C to that of D and of mix K to that of L remained almost the same at
different angles. This result suggests that the angle of gyration affects the shear stress but does

not change the order of the mixes in terms of stability.
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Figure 3.20 The Total & Contact Energy Indices at Different Angles of Gyrations.
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Table 3.8 Energy Indices at Different Angle of Gyrations.

Total E.I. Contact E.I.
E.l.@ angle| MixC Mix D Mix K Mix L Mix C Mix D Mix K Mix L
0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.75 207.54 | 261.31 | 214.32 | 212.61 8.67 6.14 8.06 5.89

1.50 825.87 [ 1035.72 | 825.88 | 843.01 ] 17.84 7.53 18.24 7.05
2.25 1982.38 | 2428.39 | 1960.31 | 1972.71) 25.24 12.08 19.62 11.73
3.00 3524.14 | 4220.72 | 3500.16 | 3470.16] 25.43 15.01 32.73 14.69

The vertical pressure is another factor that influences the compaction process. An
increase in pressure leads to an increase in confinement during compaction. Specimens from the
C, D, K, and L mixes were compacted at pressures of 450 kPa, 600 kPa, and 750 kPa at 1.5 and
2.25 angles. The results in Figure 3.21a show that the total energy index was almost the same
for all mixes at given pressure and angle values, while the contact energy index decreased with a
decrease in the pressure and angle values as shown in Figure 3.21b. The rank of the contact
energy index remained almost the same at the different combinations of pressure and angle. The
mixes without natural sand C and K showed higher stability than their counterpart mixes with
natural sand D and L. These results suggest any combination of the pressure and angle would be
suitable to characterize the mixes.

Table 3.9 Energy Indices at Different Angles and Pressures.

Total E.I.

Angle 1.50 2.25

Pressure 450 600 750 450 600 750
C 982.83 | 1361.72 | 1606.75 | 2108.16 | 2907.77 | 3664.91
D 1035.72 | 1414.39 | 1658.11 | 2189.90 | 3133.69 | 3784.86
K 978.96 | 1354.86 | 1657.57 | 2099.51 | 3122.75 | 3605.88
L 1003.82 | 1370.49 | 1716.48 | 2108.05 | 2909.42 | 3718.85

Contact E.I.

Angle 1.50 2.25

Pressure 450 600 750 450 600 750
C 12.76 20.51 18.75 14.01 28.17 28.49
D 7.37 10.58 11.48 8.88 13.63 17.44
K 13.53 19.08 17.71 14.27 27.86 25.57
L 7.05 9.95 11.90 8.66 13.58 17.12
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3.4 COMPARISON OF CONTACT ENERGY INDEX WITH MIX MECHANICAL
PROPERTIES

The Superpave shear test was used to measure the viscoelastic properties; namely the
dynamic shear modulus G* and phase angle & of four mixes (C, D, K, and L) of two
temperatures (40C, and 52C). All measurements were conducted on mixes with optimum
asphalt content. The viscoelastic properties and contact energy indices at an angle of 1.50 and a
pressure of 600 kPa are shown in Table 3.10. Each of the viscoelastic properties is an average of
three measurements. The comparison focuses on G*/sind since it has been recommended as a
parameter to evaluate the mix resistance to permanent deformation (Romero and Mogawer
1998a, and b). It can be seen that both G*/sind and the contact energy index were higher for
mixes without natural sand (C and K), compared with their counterpart mixes that included 40%
natural sand (D and L). The contact energy index was higher for mixes with limestone
compared with those that included gravel. In general, this limited data show that good correlation

exists between the contact energy index predictions and G*/sing.

Table 3.10 Comparison between the Viscoelastic Properties and Contact Energy Index

Mix # G* 0 G*/sind Contact

40C 52C 40C 52C 40C 52C E.l.
C 545031.8 | 206360.3 | 39.6 44.3 | 854618.8 | 295539.5| 17.84
D 532877.0 | 188875.1 | 43.1 46.7 | 780314.9 1 259696.2 7.53
K 653159.4 | 273335.5| 37.1 45.3 11083127.9|384240.5| 18.24
L 506535.1 | 192294.6 | 43.3 50.6 | 738910.7 | 248672.1 7.05

3.5 COMPARISON WITH PERFORMANCE AND MECHANICAL PROPERTIES

Three compacted mixtures specimens from each of three SPS-9 projects from 1992 were
received. These mixes were analyzed and tested using different experiments by Michael

Anderson et al. (2000). The energy indices were calculated to all mixes and averaged for each
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project then compared to the findings and results presented by Anderson et al. (2000). The

following table presents the mixes description:

Table 3.11 Summary of the 1992 SPS-9 mixtures

Project Mix Label
Wisconsin IH-94 |S-4 (2)
S-4 (5)
S-4 (7)
Wisconsin IH-43 |S-3 (84)
S-3 (89)
S-3 (90)
Indiana IH-65 |S-3 (2)
S-3 (4)
S-3 (5)

These mixes were tested with the Static Shear Creep Testing (SSCH), and Shear
Frequency Sweep Testing (FSCH) at two different temperatures. SSCH determined the average
maximum shear strain (ymax) and the FSCH determined the average shear stiffness (G*) and
phase angle (5). In addition, field rutting measurements were obtained after six years of service.
These measurements were presented by Anderson et al. (2000) in terms of the rutting rate
parameter expressed in mm/ESAL1/2, Table 3.12. As reported by Anderson et al. (2000) all
mixes would be considered to have minimal rutting since they all had a rutting rate less than
0.00584 mm/ESAL1/2.

The relationships between the CEI and the mechanical properties are shown in Figure
3.22. In general, the results show that the CEI increases with an increase in G* and G*/sing, and
a decrease in maximum shear strain. This shows the potential of the CEI in reflecting the mix
stability and shear strength. The CEI index is also the highest for the mixes from 1H-43, which
has the lowest rutting rate, Table 3.12. However, the CEI is almost the same for IH-94 and IH-

65 although these two sections have different rutting rates. It should be noticed that the three
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sections did not experience significant rutting that would allow complete verification of the

ability of the CEl to predict the field permanent deformation.

Table 3.12 Performance and Experimental Data Presented by Anderson
et al. (2000) on SPS-9 Sections.

Project IH-43 IH-94 IH-65
Rut Depth (mm) 2 2 5
ESAL 3.58E+06 7.39E+06 1.65E+07
Ruttin rate
(mm/ESAL"?) 1.06E-03 | 7.36E-04 1.23E-03
Total energy index 1052.76 1077.18 1051.24
Contact energy index 28.47 25.91 25.59
Temperature T1 ( C) 38 38 39
Temperature T2 ( C) 22 21 23
SSCH (Ymax)
T1(C) 1246.00 932.00 2060.00
T2 (C) 370.00 453.00 1187.00
FSCH (G* kPa)
T1(C) 863176 656499 370655
T2 (C)| 3422942 2344772 1811702
FSCH (5 degree)
T1(C) 33.90 35.70 43.70
T2 (C) 8.90 16.40 25.40
G*/sind 1547.62 1125.03 536.50
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3.6 SUMMARY

The compaction process in Servopac has been analyzed and a new equation for
calculating the shear stress in the mix is developed. The shear stress is used to develop energy
indices that account for the total energy needed to compact a specimen (Total Energy Index), and
the energy used to develop contacts among the aggregates (Contact Energy Index). The energy
indices were determined for mixes with different asphalt content, percent natural sand, aggregate
gradation, nominal maximum aggregate size, and aggregate type. The contact energy index was
found to capture the influence of binder content, percent of natural sand, and aggregate type on
mix stability. The value of the contact energy index was less for mixes with natural sand, excess
binder content, and smooth surface aggregates.

The influence of the compaction pressure and angle of gyration on the energy indices was
investigated in order to determine the best combination that would capture the difference among
mixes with different constituents. It was found that an increase in pressure or angle would
increase the value of the energy indices. However, the order of mixes in terms of their contact
energy index value was not affected by changing the pressure or angle values. Therefore, the
values recommended in the current Superpave procedure (angle = 1.25, pressure = 600 kPa)
would be effective in capturing the influence of mix constituents on the value of the contact
energy index.

The Superpave shear test was used to measure G*, G*/sind and maximum shear strain of
three mixes at two different temperatures. In general, the CEI was in agreement with the values
of the mechanical properties. The results show that the CEI increases with an increase in G* and
G*/sind, and a decrease in maximum shear strain. The CEI was able to distinguish between the

mix that had the lowest rutting rate and the other two mixes.
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4. THE FINITE ELEMENT ANALYSIS (FEA) IN DETERMINING THE
SHEAR STRESS

4.1 INTRODUCTION

This chapter presents two-dimensional (2-D) and three-dimensional (3-D) models of the
Superpave gyratory compactor. The general geometry and loading conditions that are converted
to finite element models are illustrated in Figure 4.1. The HMA material properties are selected
such that the specimen vertical deformation in the model is similar to the laboratory
measurements. The shear stress and contact energy index are calculated using the finite element
models and the results are compared with values obtained using the experiments and analysis
procedures given in Chapter 3 of this report. The 3-D finite element model is shown to be able

to simulate the gyration action, and give results similar to laboratory measurements.

7 600 kPa

Steel Mold

—L—

5
%

\

Three actuators move

in vertical directions with sinisoidal motion to each other ﬂl R

Figure 4.1 A Schematic Diagram of the Gyratory Compactor.
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4.2 FINITE ELEMENT ANALYSIS METHODOLOGY

FEA uses a complex system of points called nodes, which make a grid called a mesh. This mesh
is programmed to contain the material and structural properties, which define how the structure
will react to certain loading conditions. Nodes are assigned at a certain density throughout the
material depending on the anticipated stress levels of a particular area. Regions, which will
receive large amounts of stress usually, have a higher node density than those, which experience
little or no stress. Points of interest may consist of: fracture point of previously tested material,
fillets, corners, complex detail, and high stress areas. The mesh acts like a spider web in that
from each node, there extends a mesh element to each of the adjacent nodes. This web of vectors

is what carries the material properties to the object, creating many elements.

4.3 DESCRIPTION OF THE FINITE ELEMENT PROGRAM: (ADINA 2000)

The finite element program ADINA was used to develop a model of an asphalt mix specimen
during the compaction process in the Servopac gyratory compactor. ADINA (Automatic
Dynamic Incremental Nonlinear Analysis) is a commercial finite element program. It has been
developed by ADINA R & D, Inc founded in 1986 by K. J. Bathe and associates. The exclusive
mission is the development of the ADINA System for the analysis of solids; structures, fluids
and fluid flow with structural interactions. Numerous types of elements, constitutive material
definition and loading procedures are included within the program. The ADINA (version 7.4) is
capable of solving dynamic and static analyses for a variety of material behavioral properties,
from simple (elastic) to complex (plastic, visco-elastic, etc), in either two or three dimensions
with the capability of linear and nonlinear analyses. For the engineering problems developed in
this section, the following capabilities of ADINA were used in this analysis. For material

property definition, the elastic modulus and poisson ratio is defined based on the incremental
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deformation of a specimen at a certain gyration. The model was loaded by a constant uniform
pressure at the top while subjected to confining pressure and friction along the both sides. The

boundary conditions are maintained at the base to prevent any vertical movement.

4.4 2-DIMENSIONAL FINITE ELEMENT MODEL

Two-dimensional solid element with plane strain type was used to model the specimen,
the model consists of a quadratic quadrilateral (iso-parametric) element contains 8-nodes
distributed along the corners and the mid spans of the sides is used to model an asphalt specimen,
the nodal variable is displacement and each node has two degrees of freedom (uy, uz) as shown
in Figure 4.2. The reason for choosing the rectangle quadrilateral element is the geometrically
isotropic characteristic, better than triangle elements in terms of the linear variation over the
entire element, appropriate for bending behavior, and the compatibility along boundaries among
the rectangular elements is guaranteed. The term quadratic refers to two types of numerical
integration methods, full and reduced integration. For full integration, the number of integration
points should be sufficient to integrate the virtual work expression exactly at least for linear
material behavior, use of full integration is the only sure way to avoid mesh instability. For
reduced integration the number of integration points should be sufficient to exactly integrate the
contributions of the strain field that are one order less than the order of interpolation. The
advantage of the reduced integration elements is the accuracy to find the stresses and strains at

specific locations, and maintain the simplicity and save on computational time.
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Figure 4.2 Element Type Used in 2-Dimensional Model

The steel mold accepts no lateral deformation, and rotates as a rigid body with fixity at
one end, so it works as a cantilever. Therefore, the most appropriate model is a beam element
with constant cross section in rectangle shape with width 0.01m and unit height. The element
consists of 2-nodes composed together to form segment. The interaction between the specimen
and the steel mold was modeled by defining contact surface along the boundaries, with the
characteristic of not tied element to allow the relative movement of specimen with no
penetration. In order to define the frictional plane, which is represented by a line in 2-D
modeling, two types of surfaces has to be defined in “contact pair” menu i.e., two contact-
surfaces, which are either initially in contact or are anticipated to come into contact during
analysis. One contact-surface is termed the “contactor” contact-surface and must be deformable,
i.e., has contact segments associated with the boundary surfaces of deformable finite elements
(i.e., with nodes with free displacement degrees of freedom) within the model, which is the
specimen in this case. The other contact-surface, which makes up the contact pair, is termed the
“target” contact-surface. The target contact-surface may be deformable or have prescribed

displacement, which is taken as the mold in this case. The nodes given on the frictional plane are
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constrained not to penetrate into the target surface. Generally, the target surface is chosen as the
surface with coarser mesh, while the boundaries of the specimen are the contactor surface,
(ADINA Modeling Guide 2000).

When surfaces are in contact, they usually transmit shear stress as well as normal pressure. These
tractions are considered in a local basis system defined by the normal to the contacting surface n
and shear component n, Figure 4.3. The friction factor defines the relation between the normal
pressure and shear stress. The Coulomb friction coefficient u introduced by ADINA, maintain
that the surfaces do not slide over each other as long as the shear stress magnitude is less than the
friction coefficient p multiplied by the normal stress. The coefficient of friction was set to 0.28
to extract consistent results with previous analysis in chapter (3). The two-dimensional contact
surfaces are planar and lying in the global YZ plane, with all X coordinates equal to zero.
Two-dimensional contact surfaces are formed of a series of linear contact segments and each
segment is bounded by two nodes. Two successive nodes along a two-dimensional contact
surface define a contact segment. A two-dimensional contact surface is an open surface while the
segments do not form a closed path. The contact surface can be defined over only a part of a two-
dimensional solid boundary if the remaining portion of the boundary does not take part in any
contact interactions. Each two-dimensional contact surface must be formed by at least two nodes
(i.e., one segment) so that the surface segment normal and tangential vectors n and n, can be

calculated.
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Figure 4.3 Normal and Tangential Vectors of a Contactor Segment in 2-D Analysis. (ADINA
Modeling Guide 2000)

4.4.1 Material Modeling

Different types of materials are available through ADINA material library such as elastic, plastic,
viscoelastic, creep and concrete. Two different material types are defined in this analysis, the
specimen and the mold. The mold is defined as an elastic isotropic material with high young’s
modulus (2x10* N/m?) to prevent any lateral deformation developed from the confining
pressure. The Poisson ratio is taken 0.3 as a typical value for metal. For asphalt specimen, since
the infinitesimal deformation at each gyration occurs during the compaction, the behavior of the
specimen can be practically assumed to be quasi-elastic behavior at each gyration. The specimen
subject to constant vertical stress induced a decrease in the strain as the gyrations increased. The
elastic properties were set to values such that the vertical deformation in the model is very close

to the measured deformation value.
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4.4.2 Boundary Conditions

In order to model the asphalt specimen as effectively as possible and simulate the effect of
vertical pressure and lateral displacement, appropriate boundary conditions were applied to the
model; all the nodes at the bottom of the specimen were restrained in the Y and Z-directions. As
well as the lower node of each beam elements at the lower left and lower right edges. The top
fiber of the specimen is set free to move in the Y-Z plane, to allow both vertical deformation and
horizontal displacement from the actuators movement. The fixity at the bottom of the beam
element occurs due to the attachment to the mold carrier, which prevents lateral displacement
and vertical movement. (Figure 4.4)

Two different types of loading were applied to the model, first a uniform constant pressure at the
top of the specimen with magnitude 6x10° N/m?. The load was applied directly in a period of one
second. A lateral displacement was also applied at the top of the mold to simulate the motion in
the gyratory compactor. The lateral deformation was determined such that the vertical inclination
angle is equal to the angle of gyration. A detailed model with the element types, boundary
conditions, and loading is presented in Figure 4.4. In this figure the solid line between the
specimen and the mold indicates the position of friction line while the direction of the arrows is
perpendicular to the relative movement of the friction direction. The character “B” indicates the
boundary condition at the bottom fiber, which prevents the displacement u,, us, while u; is the
displacement in the Y-direction, and us is the displacement in the Z-direction. The specimen is
represented by 10X10 2-D solid elements. The prescribed lateral displacement is acting at the top
of the beam elements, which is responsible for applying the angle of gyration. Another vertical

pressure uniformly distributed along the top fiber is also presented.
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Figure 4.5 show the distribution of the shear stress ty, along the all height at two different
deformation values. The average of the shear stress is taken at the middle height and middle
width far from the effect of boundary contact. This value is compared next with the shear stress
calculated in chapter three. Figure 4.5c shows the distributions of the Z-displacement and the

contact force along the boundary with the beam elements.

4.4.3 Analysis and Results

The 2-Dimensional model is used to determine the shear stress at the middle height of a
specimen under the same loading and boundary conditions that exist in the gyratory compactor.
A parametric study is conducted in order to calculate the shear stress at different pressure and
angle values and compare with the numerical results to those calculated in chapter three. The
parametric study includes changing the pressure (450, 600 and 750 kPa) and angle values (0.75,
1.50, 2.25 and 3.00°). The elastic properties are determined such that the vertical deformation in
the model is equal to the measured value. The vertical deformation is averaged for each four
gyrations. Figure 4.6 (a-h) show the relationship between the shear stress derived
mathematically using equation (3-11) and the finite element results.

The results as shown in Table 4.1 indicate that measurement are matching with a tolerance not
exceeding than +10%, for all cases at small number of gyrations (less than 19 gyrations),
However the 2-D finite element model represents higher shear stresses than measurements at a

number of gyrations higher than 19.
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Figure 4.6a. Shear Stress Derived at Compaction with Pressure= 600 kPa and angle 6=1.50°
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Figure 4.6b. Shear Stress Derived at Compaction with Pressure= 600 kPa and angle 6=2.25°
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Figure 4.6¢. Shear Stress derived at Compaction with Pressure= 450 kPa and angle 6=1.50°
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Figure 4.6d. Shear Stress Derived at Compaction with Pressure= 450 kPa and angle 6=2.25°
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Figure 4.6e. Shear Stress Derived at Compaction with Pressure= 750 kPa and angle 6=1.50°
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Figure 4.6f. Shear Stress Derived at Compaction with Pressure= 750 kPa and angle 6=2.25°
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Figure 4.6g. Shear Stress Derived at Compaction with Pressure= 450 kPa and angle 6=0.75°
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Figure 4.6h. Shear Stress Derived at Compaction with Pressure= 600 kPa and angle 6=3.00°

Figure 4.6(a-h): Shear Stresses Derived at Compaction with different combinations of contact

pressure and angle of Gyrations
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Table 4.1 The Tolerance in Determining the Shear Stress Mathematically Versus the Finite

Element
VI. deformation (mm) | gyration range | Finite Element | Math. Equ. | % error
Compaction @ pressure= 600 kPa and angle 6=1.50
5.94 3--7 120.00 130.71 -8.19
3.07 7--11 120.00 134.68 -10.90
1.97 11--15 147.60 136.86 7.85
1.74 15--19 154.72 138.59 11.64
1.01 19--23 330.00 139.68 136.25
Compaction @ pressure= 600 kPa and angle 6=2.25
3.33 3--7 182.5 194.24 -6.04
3.11 7--11 198 198 0.00
2.58 11--15 200 203 -1.48
2.13 15--19 225 205 9.76
1.11 19--23 266 206 29.13
Compaction @ pressure= 450 kPa and angle 6=1.50
3.11 3--7 85 94 -9.57
3.00 7--11 90 97 -7.22
2.55 11--15 100 98.51 1.51
1.70 15--19 133 99.62 33.51
1.27 19--23 171 100.43 70.27
Compaction @ pressure= 450 kPa and angle 6=2.25
3.11 3--7 113 145.2 -22.18
2.68 7--11 135 149 -9.40
2.38 11--15 150 151.5 -0.99
1.59 15--19 200 153 30.72
1.24 19--23 293 154 90.26
Compaction @ pressure= 750 kPa and angle 6=2.25
3.38 3--7 220 242 -9.09
3.77 7--11 220 246.87 -10.88
2.92 11--15 247.5 252 -1.79
2.31 15--19 266 257 3.50
1.85 19--23 300 260 15.38
Compaction @ pressure= 750 kPa and angle 6=1.50
4.30 3--7 120 156 -23.08
3.77 7--11 145 162.54 -10.79
2.92 11--15 150 166 -9.64
2.12 15--19 160 169 -5.33
1.73 19--23 202.5 171 18.42
Compaction @ pressure= 450 kPa and angle 6=0.75
2.68 3--7 45 44.81 0.42
2.64 7--11 45 45.7 -1.53
2.36 11--15 48 46.4 3.45
2.08 15--19 56 47.2 18.64
1.74 19--23 63 47.6 32.35
Compaction @ pressure= 600 kPa and angle 6=3.00
3.23 3--7 225 275 -18.18
2.80 7--11 270 284.5 -5.10
2.54 11--15 275 285 -3.51
2.20 15--19 293 289.07 1.36
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Figure 4.7a. Determination of the Total Energy Index in the Finite Element
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Figure 4.7b. Determination of the Contact Energy Index in the Finite Element

Figure 4.7 (a, b): Determination of the Total and Contact Energy Indicies in the Finite Element
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4.5 3-DIMENSIONAL FINITE ELEMENT MODEL

This section discusses the development of a 3-D finite element model. The model in this case
was similar to the real shape of the mold with the attachment components including actuators
and hinges, which are responsible of the gyratory motion. A three-solid that has 4-nodes was

used in this model. Figure 4.8.

Figure 4.8 4-node Tetrahedral Element. (ADINA Modeling Guide

2000)

Figure 4.8 4-node Tetrahedral Element. (ADINA Modeling Guide 2000)

The mold was modeled as a hollow cylinder with thickness of 1 cm, height of 25 cm and internal
diameter of 15 cm, attached by a mold carrier consists of another hollow cylinder (ring) of
internal diameter of 16 cm and height of 5 cm. The mold carrier is connected to three spheres
120° apart with diameter of 1 cm as represented in Figure 4.9. All these parts are attached
together to construct one body. Also, rings that surround the spheres similar to the gyratory
actuators are modeled. These rings are responsible for applying the force on the spheres as
shown graphically in Figure 4.10. The specimen was modeled as a disc element (solid cylinder)
of diameter 15 cm, placed inside the hollow cylinder which the lower face is 2 cm apart form the
cylinder bottom face, the 2 cm is reserved for the lower plate. The model including all the

elements and the attached parts is shown in Figure 4.11.
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Notice that the rigidity of the top platen that transfers the vertical pressure to the specimen is
responsible for the uniform and constant displacement at the top of the specimen at each
gyration. This is considered in the model by using the constraint equation option available in
ADINA. This equation ensures that all points in the plate move the same value in Z-direction as
shown in Figure 4.12.

Rear Actuator
Attach Point

Front Left
Front Right

Figure 4.9. The Mold Carrier with the Attaching Spheres (Actuator Positions).
(IPCPTY LTD 1996)

Cartier Fing Conmection Paint

Figure 4.10. The Sphere Surrounding by the
Fixed Ring (Actuator Assembly).

(IPCPTY LTD 1996)
FPizston Rod
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A:. 3-Dimensional Model in Plan View.

I3 e’

B: 3-Dimensional Model in Side View

Figure 4.13: 3-Dimensional Model in Plan and SideView.

97




Figure 4.13 show the model in different views to describe the element connectivity. The
interaction between the specimen and the steel mold was modeled by defining contact surface
along the boundaries, with the characteristic of not tied element to allow the relative movement
of specimen with no penetration. The frictional plane was defined here between the specimen
boundary and the internal surface of the mold. Each two faces attached together composed
“contact pair”, the contactor in this case is the specimen (deformable) and the target is the mold.
The nodes given on the frictional plane were constrained not to penetrate into the target surface.
Another frictional plan was defined between the spheres and the surrounding rings. The friction
factor p at the spheres was taken 0.80 for stability purpose, and around the specimen was 0.28.
The contact between the surfaces causes the development of shear stress and normal pressure.
These tractions are considered in a local basis system defined by the normal to the contacting
surfaces, n and two shear components r and s. (

Figure 4.14)

3-D contact sutface N3

Normal to the segment  Segment contact force =F
at(r=0,8=0) (intcgration of scgment tractions)

Average normal traction = [{F - n)n]/A
Average tangential traction =[F - (F - njn)/A
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Figure 4.14 Calculation of Average Normal and Two Tangential Tractions for a Contactor

Segment. (ADINA Modeling Guide 2000)

4.5.1 Material Modeling Properties

The model is defined similar to the 2-D in which the mold is an elastic isotropic material with
modulus of elasticity (2x10** N/m?) to prevent any lateral deformation developed from the
confining pressure, with the poisson ratio defined for metal (0.3). The elastic properties are
determined such that the vertical deformation in the model is equal to experimental

measurement. The Poisson’s ratio is set to be constant with a value of 0.35.

4.5.2 Boundary Conditions

The displacement field consists of six components uj, Uz, us, 61, 62 and 03 defined for each
element in the model instead of two components only in the 2-D uj, u,. Two types of fixity are
defined in the 3-D model; the first one at the lower face of the specimen, which has only two
displacement components in the X-Y plane u; and u, while the other components are zero as
indicated by the character “B” in Figure 4.11. The second fixity was defined at the rings, which
holds the whole body. The fixity was defined only at two rings and the third kept free in order to
apply the angle of gyration as indicated by the character “C”.

Two different types of loading were applied on the model. The first was a uniform constant
pressure at the top face of the 3-D solid element (specimen) with magnitude 6x10° N/m?, and
direction downward. At the meantime, a vertical displacement acting upward was applied at one

of the rings with no fixity to induce the angle.
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4.5.3 Analysis and Results

The average shear stress measurement was taken around the specimen centeroid away from the
edges. Typical shear stress distribution at the middle height is shown in Figure 4.15. The
rectangle shape illustrates the calculated area of stresses. The variability in stresses around the
edges can be seen in Figure 4.15. The analysis was carried out using different angles and
pressures, angles of 1.50°, 2.25°, and pressures 450, 600 kPa for two different mixes. The shear
stress results are shown on Figure 4.16 and examples of the comparison between the 3-D FE
results and experimental measurement for mixes at different angles, pressures are shown in
Figure 4.17.

The results from ADINA show the same trend of shear stress with the mathematical formula, at a
wide range of gyrations. In addition, the energy indices determined by the Finite element are

much closed to the mathematical formula. Figure 4.17.
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Figure 4.16a. Mix “C” under 600 kPa and 1.50° Angle of Gyration
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Figure 4.16¢. Mix “C” under 450 kPa and 2.25° Angle of Gyration

Figure 4.16 (a-c): Mixes “C” and “D’ under different pressures and Angle of Gyration

Table 4.2 Energy Indices Values Derived From the Mathematical
Equation and the Finite Element

Math. Equ. | Finite Element | Math. Equ. | Finite Element
TEI TEI CEl CEl
C150-600 | 1458.568 1481.533 24.588 25.657
D225-600 | 2943.882 3021.562 12.798 13.064
C225-450 | 2495.676 2353.072 31.073 27.54

4.6 SUMMARY

A finite element model was introduced to model an asphalt specimen under compaction process
in the gyratory compaction. Two and three-dimensional models were developed to express the
shear stress distribution and compare it with the mathematical formula. The 2-D model showed

close results with the shear stress equation only at the early gyrations. However, the 3-D model
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showed better correlations with measurements of the shear stress and energy indices at all

gyration.
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Figure 4.17a. Determination of the Total Energy Index in the Finite Element
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Figure 4.17b. Determination of the Contact Energy Index in the Finite Element

Figure 4.17(a& b): Determination of the Total & Contact Energy Indices in the Finite Element
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5. THE ROLE OF INTERNAL STRUCTURE IN ASPHALT MIX
STABILITY

5.1 INTRODUCTION

This chapter presents the results of analyzing the internal structure of asphalt mixes using image
analysis techniques. The main objective is to demonstrate the influence of the aggregate
orientation and contacts on the mix stability and shear strength. The mixes are similar to the ones
analyzed in chapters 3 and 4. The image analysis results are compared with the shear stress

measurements and energy indices developed in chapter 3.

5.2 IMAGE ANALYSIS METHODOLOGY

5.2.1 Image Analysis System

The image analysis system used in this study to characterize the internal structure of asphalt
concrete consisted of the following devices and software: (1) An image processing and analysis
program (Image Pro Plus 4.1, 1998), developed by Media Cybernetics founded in 1981. Image
Pro Plus software was used to develop automated procedures for quantifying the internal
structure of asphalt concrete. “Image Pro Plus has a built in language, IPBasic, which is a sub-
programming language of Visual Basic, IPBasic language facilitates writing macros to automate
the procedures and make it user friendly” noted by Tashman (2001). (2) Pixera Visual
Communication Suite, which consists of a digital camera and a program which displays a live
image of the camera’s field of view (Pixera, 1997). The program controls the camera with
resolution selection, image manipulation, and capture capability. (3) A Windows NT based

computer system with 128 MB RAM.
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5.2.2 Image Analysis Techniques

Image analysis technique is the process of converting an image into a digital form and applying
various mathematical procedures to extract significant information from the image. Recently
Masad et al. (1998, 1999a and b, Tashman 2001) have developed computer automated image
analysis techniques to analyze the internal structure of asphalt concrete. The techniques were
successfully implemented to evaluate different laboratory compaction procedures. Image
analysis technique involves three major steps: image acquisition, image processing, and image
analysis illustrated as following. (Tashman 2001):

1- Image acquisition: All the mixes were cut vertically with a diamond saw. A specimen was
fastened between two clamps as it was advanced toward a rotating saw. The cutting speed was
kept at a slow rate to improve the smoothness of the surface to acquire quality images. Each
specimen was cut into two vertical sections as shown in Figure 5.1. Then two images were
captured from the two faces of each cut- that is a total of four images per specimen. This is the
most important step. A good image will produce accurate results with limited image processing
and enhancement techniques.

2- Image processing: Each vertical section was placed under a live digital camera from which
the image was captured by the computer. The live image appearing in the computer screen was
used to visually aid in positioning and focusing the image and optimizing the light conditions to
produce quality image. The camera lens was adjusted for focus and sensitivity before the final
image was retained for analysis. Image processing is used for two different reasons, improving
the visual appearance of images to human viewer, and preparing images for measurements of the

features and structures present. Good Image processing does not reduce the amount of data
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Figure 5.1 An Asphalt Specimen After Cutting in Two Vertical Sections

presented but simply rearranges it. Some arrangements may be more appealing to the senses,
while others may preserve more quantitative information. (Russ, 1999)

3- Image analysis: this step involves analyzing the processed image to get the required
measurements. The measurement of images generally requires that features be well defined.
Defining the features to be measured frequently requires image processing to correct acquisition
defects, enhance the visibility of particular structures, threshold them from the background, and
perform further steps to separate touching objects or select those to be measures. The types of
measurements that will be performed on entire scenes or individual features are important in
determining the appropriate processing steps. An image of a gyratory cut section was first
captured under the digital camera (Pixera, 1997). The digital image was then saved in TIF
format. The saved digital image is a true color image that has “RGB 24” class. RGB 24 class
stands for Red Green Blue image with 24-Dbits size of each pixel. The true color RGB 24 image

was converted to a “Gray Scale 8” image. Gray Scale 8 image is the most common for two
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reasons: 1) its 1-byte-per pixel size (1 byte=8bits) makes it easy to manipulate with a computer
which speeds up the processing, 2) it can faithfully represent any gray scale image because it
provides 256 distinct levels of gray (the human eye can distinguish less than 200 gray levels).
Gray Scale pixel values represent a level of grayness or brightness, ranging from completely
black to completely white. In an 8-bit Gray Scale image, a pixel with a value of 0 is completely
black, and a pixel with a value of 255 is completely white. After the image has been converted to
a “Gray Scale 87, the intensities were equalized using the “Best Fit” equalizer. This will optimize
the values of the image by stretching the intensity histogram to achieve the best possible contrast
distribution of pixels values in the image. Best Fit assigns the bottom 3% of values to the shadow
point (0), and the top 3% of the values to the highlight point (255). The rest of the values are
distributed evenly across the scale. This makes the objects (aggregates) more distinguishable and
easier to capture. “Watershed” filter was applied to separate the aggregates. The Watershed filter
erodes the aggregates until they disappear, then dilates them again, but will not allow them to
touch. At this point, the aggregates in the image were separated and ready to be analyzed. Figure

5.2.

Figure 5.2: Bilevel Image Obtained by Thresholding Gray Scale 8 Image
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5.3 INTERNAL STRUCTURE PARAMETERS

The effects of aggregate contacts and orientation on their shear strength properties have
been established by many studies in the past (e.g. Oda 1972 and 1977, Tashman 2001).
Consequently, it would be of interest to measure aggregate orientation and contacts using image
analysis techniques. This section discusses the parameters used in this study to represent the
internal structure of gyratory compacted specimens and their relationship with the shear strength.

More details about these parameters are given by Tashman (2001).

5.3.1 Aggregate Orientation

The orientation of an aggregate is measured by the angle between its major axis and a
horizontal line on the scanned image. The major axis length is defined by the greatest distance
between two pixels of the boundary contour. Using the orientation of individual aggregates, the

vector magnitude, A can be calculated to quantify the directional distribution of aggregates:

Vector Magnitude (A):%\/(Zsin 20, )" +(Xcos20, )" (%) (5.1)

where & is the orientation of an individual aggregate on an image from -900 to +900
measured from the horizontal direction, the positive sign indicates that the angle is measured
counterclockwise from the horizontal direction. N is the number of aggregates on that image.
The value of A varies from zero percent to 100 percent. Complete random distribution of the
orientation will give a vector magnitude of zero percent. On the other hand, 100 percent of vector

magnitude value means that all observed orientations have exactly the same direction.
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5.3.2 Aggregate Contacts

To obtain the number of contacts, the image is first converted to a bi-level image, i.e.
black and white image using an automatic threshold value (T). The second step is separating the
aggregates in contact using a “Watershed Filter”. The Watershed filter erodes the aggregates
until they disappear then dilates them again. The image is then inverted and a “Thinning Filter”
is applied to the inverted image, which reduces the image to its skeleton. The resultant image
consists of segments of lines representing the regions of contacts of aggregates. These lines are

counted as the number of contacts. (Figure 5.3)

5.4 ANALYSIS AND RESULTS

Specimens from nine mixes A, C, D, E, G, I, K, L and O were compacted to 160 gyrations using
an angle 1.5° and a pressure of 600 kPa. The vector magnitude and number of contacts were

measured on these specimens and recorded in Table 5.1.

Table 5.1 The Values of the Quantifying Parameters of Aggregate Structure and Energy Indices.

Mix Vector Contacts/m® | TEI CEl
Magnitude
C 28.20 48782.35 1315.44 24.2
D 25.83 20373.76 1306.94 9.82
K 22.88 78746.01 1432.65 29.03
L 24.14 32180.49 1283.52 10.45
A 29.50 72429.41 1402.89 25.8
G 32.11 73383.30 1238.65 28.2
| 27.55 75322.26 1348.73 24.49
0] 29.30 76300.46 1428.27 20.58
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(a) Original Bilevel image (b) Separating the aggregates by

“Watershed Filter”.
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(c) Applying “Thinning Filter” (d) Lines of contacts.

reduces the image to its skeleton.

Figure 5.3: Illlustration of the Image Analysis Procedure for Measuring Aggregate Contacts.
(Tashman 2001)

Examples of images from some of these mixes are shown in
Figure 5.4. These values are compared with the contact energy index and total energy index as

shown in Figure 5.5 -5.8. The relationship between the contact energy index and vector
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magnitude is shown in Figure 5.5. Except for mix K, there is a very good relationship between
the vector magnitude and the contact energy index. Figure 5.5b shows that the correlation
improved from R? of 0.17 to 0.77 when mix K is excluded from the analysis. Figure 5.6 shows
that very small correlation, if any, exists between the vector magnitude and the total energy
index. These results are consistent with the findings in chapter 3 that the contact energy index is
better than the total energy index in capturing the performance of asphalt mixes. The
relationship in Figure 5.7 shows very good correlation between the number of contacts and the
contact energy index. However, poor correlation exists between the total energy index and
number of contacts as shown in Figure 5.8.

The influence of binder content was studies using mixes A, C, G, L and I. The results are shown
in Figure 5.9. As it can be seen that all mixes except mix G, an increase in the binder content
caused an increase in the vector magnitude. This is can be attributed to the fact that the excess
binder content works as a lubricant that facilitates aggregate orientation and yields higher vector
magnitude. The influence of the aggregate type on the internal structure is investigated using
specimens from mixes C, D, K, and L. Some specimens were compacted up to the maximum
shear stress, while the others were compacted to 160 gyrations. Examples of images captured
from these specimens are shown in

Figure 5.4. The vector magnitudes at the two levels of compactions are shown in Figure 5.10. It
is evident from this figure that the mixes with limestone had higher vector magnitude at 160
gyrations compared with the gravel mixes (C vs. K, and D vs. L). Also, the difference in vector
magnitude between the maximum shear stress and 160 gyrations dropped more for the gravel

mixes than for the limestone mixes. In addition,
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Figure 5.4b. A Typical Image of Mix D.
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Figure 5.4d. A Typical Image of Mix L.

Figure 5.4(a-d): Typical Images of Mixes C, D, K & L
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the effect of the natural sand is clear on the vector magnitude. An increase in the natural sand
causes a decrease in the vector magnitude at 160 gyrations and an increase in the difference in
the vector magnitude between the point at which the maximum shear stress is achieved and the
end of compaction (C vs. D and K vs. L).

As shown in Figure 5.11 the number of contacts for mixes C and K was higher than for mixes D
and L, respectively. The loss in number of contacts was higher for mixes D and L compared with
mixes C and K, respectively as presented in Table 5.2. This loss was caused by the weak

aggregate structure which caused aggregate reorientation and sliding.
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Figure 5.11: The Influence of Aggregate Type and Percent Natural Sand on Aggregate Contact.
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Table 5.2 The Values of the Contact Density at Different Compaction Gyrations.

Contact/m’
N@max shear| N@160 gyrations| Differences
C 44981.33 41363.91 3617.42
D 32070.17 14417.68 17652.49
K 63570.29 60282.78 3287.51
L 37518.59 31723.02 5795.57

5.5 SUMMARY

The internal structure was analyzed in terms of the vector magnitude (aggregate orientation) and
aggregate contacts. In general, both the vector magnitude and number of contacts were found to
increase with an increase in the contact energy index. In addition, the total energy index had no
correlation with the internal structure parameters. The binder content, aggregate type and percent
of natural sand were also found to influence the aggregate orientation. Limestone mixes and
those without natural sand had higher vector magnitude and number of contacts. They also
resisted the change in orientation and contacts beyond the point of maximum shear stresses more

than the other mixes.
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6. DEVELOPMENT AND EVALUATION OF ITD MIXES

6.1 DESCRIPTION OF SELECTED ITD MIXES

There are three mixes that have been identified by ITD research team from the three districts,
D1, D2 and D3. The three mixes were developed using the Hveem design method, which was
still adopted by ITD. The three mixes represented three different PG binder grades and three
different gradations. Mix D1 with PG 58-28, Mix D2 with PG 64-34, and Mix D3 with PG 76-
28. The mixes were evaluated to determine their acceptance in accordance to the Superpave mix
design criteria. It was found that, the asphalt mix from district 1 that was designed using Hveem
method (designated as D1-H), satisfies the Superpave criteria. Thus, the Superpave design of
district 1 mix (designated as D1-S) is the same as D1-H, with no changes needed. Mix D2-H was
slightly modified by changing the asphalt content. However, mix D3-H did not satisfy the
Superpave criteria. Both changes in binder content and gradation are needed. The work is still in
progress to optimize the D3 mix to satisfy the Superpave design criteria. Details of the mix

design of these mixes are presented in Appendix C.

6.2 ITD MIXES EVALUATION USING SUPERPAVE GYRATORY COMPACTOR

Two experiments have been conducted to evaluate the ability of the developed shear stress and
energy index to discern among different mixes. The experiment evaluated the influence of
changes in the mix constituents including asphalt binder content, aggregate source, and type of
gradation on the energy indices. Mixes were prepared and compacted using the Servopac
compactor at University of Idaho.

Based on the discussions in the previous chapters, a typical compaction curve from the gyratory

compaction is shown in Figure 6.1. The compaction curve is divided into two parts; the first one
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has a steep change in percent air voids with an increase in number of gyrations. In part A, most
of the applied energy is used in inducing volumetric permanent deformation (reduction in
percent air voids), where the aggregates do not experience significant amount of shearing force.
In part B, however, most of the energy applied by the induced angle does not cause significant
volumetric change (small change in percent air voids). The energy is consumed in overcoming
the shear resistance among the mix particles. Therefore, the energy calculations for assessing the
mix stability under shear loading should focus on the second part of the compaction curve. The
applied energy in "Part B" is either used in developing more contacts among the aggregates and
cause reduction in percent air voids, or is dissipated by aggregate sliding as the aggregate
structure fails to develop more contacts.

The details of calculation of the Contact energy index (CEI) and the Total energy index (TEI)

are presented in Appendix D.
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Figure 6.1 Schematic Diagram Shows the Two Zones of the Compaction Curve
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Prior to the analysis of the compaction energy, the repeatability of the compaction procedure
should be evaluated in order to determine the number of specimens needed to represent each
mix. Two specimens from each of the D1, D2, and D3 mixes were compacted using the same
vertical pressure (600 kPa), angle (1.25), and the rate of gyration (30 gyrations/minute). The
compaction result shows that the maximum difference in percent air voids was about 0.4%,
which is within the experimental error that is usually experienced in the laboratory.
Consequently, it was decided to use only one specimen to represent each mix at a given set of

variables.

6.2.1 Effect of percent of binder content on Total and Contact Energy Indices

Three different binder contents were used in each group from mix D1, D2 and D3 to investigate
the effect of the binder content on the energy index. The first one was the optimum value
determined from the Superpave mix design procedure. The second one was 1% higher than the
optimum value, which is referred to herein as optimum plus. The third one was 1% lower than
the optimum value, which is referred to herein as optimum minus. It was noticed that both the
optimum plus and the optimum minus mixes reached a peak value at which it started to decrease
with further compaction. However, most of the mixes with optimum asphalt content reached a
maximum shear stress and stabilized at that value with further compaction. A comparison among
the shear indices is presented in Figure 6.2a - 6.2b and Table 6.1. It is clear that the total energy
index did not show a certain pattern in comparing the optimum, optimum plus, and optimum
minus mixes. However, the contact energy index was always higher for mixes with optimum
asphalt content. This indicates that the applied energy was used to develop contacts in the
optimum mixes, while it was dissipated in aggregate sliding in the optimum plus and optimum

minus mixes.
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Figure 6.2a Comparisons among Mixes with Different Asphalt Content in Terms of the Total
Energy Index
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Figure 6.2b Comparisons among Mixes with Different Asphalt Content in Terms of the Contact
Energy Index
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Table 6.1 Energy Indices of Mixes with different asphalt content

Mix Py, content Total E.I Contact E.I
D1S1 Opt. 901 22.053
D1H14 Opt.+ 031.882 18.586
D1H15 Opt.- 810.527 18.441
D2S2 Opt. 989.84 22.783
D2H11 Opt.+ 916.017 19.322
D2H15 Opt.- 907.030 19.677
D3S2 Opt. 824.894 22.788
D3H5 Opt.+ 835.289 19.463
D3S6 Opt.- 840.14 18.872

6.2.2 Effect of Aggregate Type

Three types of aggregates were used in this evaluation: D1, D2, and D3. A comparison among
the energy indices of the three mixes is shown in Figures 6.3a - 6.3b and Table 6.2. It is evident
that contact energy indices were highest for the D1 mix than for the D3 and D2 mixes. This
indicates that the energy was used to developing more aggregate contacts was highest for the D1
mixes, and was lowest for the D2 mixes. It is known that D1 aggregate has more texture and

angularity than D3 and D2, which shows the highest stability as indicated by the energy indices.

Table 6.2 Energy Indices of Mixes with different aggregate type

Mix Total E.I | Contact E.I Mix Total E.I | Contact E.I
D1S1 901 22.053 D2H2 924.27 17.815
D1H2 970.54 21.839 D3S2 824.894 22.788
D2S2 989.84 22.783 D3H5 834.918 12.41
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Figure 6.3b Comparisons among Mixes with Different Aggregate
Type in Terms of the Contact Energy Index

6.2.3 Effect of Aggregate Gradation

Two different gradations were used in this study from each group mix D1, D2 and D3. below the
restricted zone (BRZ) and above the restricted zone (ARZ). The BRZ gradation is usually
referred to as coarse gradation, while the ARZ gradation is referred to as fine aggregate. The

energy indices result shown in Figure 6.4a - 6.4b and Table 6.3 are indicated that there are no
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trend between the mix stability and location of the gradation shape, which is below or above the

restricted zone.
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Figure 6.4b Comparisons among Mixes with Different Aggregate

Gradation Shape in Terms of the Contact Energy Index

Table 6.3 Energy Indices of Mixes with different aggregate gradations

Mix Total E.I Contact E.I Mix Total E.I | Contact E.I
D1S1 901 22.053 D2S10 | 913.743 | 20.038
D1S6 918.387 | 20.875 D3S2 824.894 22.788
D2S2 989.84 22.783 D3H5 834.918 12.41
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6.2.4 Summary of Effect of Mix Constituents on Energy Indices

Results of ITD Mixes revealed that the Total Energy Index did not correlate well with various
mix design parameters. On the hand, the Contact Energy Index (CEI) was found to capture the
influence of binder content, aggregate type on mix stability. However, there are no clear

correlation found between CEI and aggregate the gradation.

6.3 ITD MIXES EVALUATION USING ASPAHLT PAVEMENT ANALYZER (APA)

Two compacted specimens from each of D1, D2, and D3 mix groups were sent to ITD for
evaluation permanent deformation (rutting) used Asphalt Pavement Analyzer, APA rut test. The
specimens were prepared at air voids of 7% percent and height of 150mm. The details of the
APA rut test are shown in Appendix E. The relationship between the rut depth and the energy
indices are shown in Figure 6.5a, 6.5b and Table 6.4. In general, the result shows that there is a
trend between the mix stability as represented by the Contact Energy Index (CEI) and the rut
depth measured at the APA test. In general, CEI index increased with a decrease in rut depth.

Thus, mixes with high CEI values tend to resist rutting more than those with low CEI values.
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Table 6.4 Comparisons between the Rut Depth and Contact Energy Index

Mix Rut Total E.I | Contact E.l | Mix Rut Total E.I | Contact
Depth Depth E.l
D1S4 2.744 130.575 | 10.279 D2H13 1.898 254430 | 13.412
D1H12 | 1.965 137.434 | 10.061 D3H8 2.324 147.44 10.755
D2S6 1.756 234528 | 16.432 D3H9 2.208 128.612 | 9.215

6.4 ITD MIXES EVALUATION USING IMAGE ANALYSIS

The objective of using imaging analysis is to capture the influence of the aggregate orientation
and contacts on the mix stability and shear strength. The mixes used in this study are selected
from total mixes from three different districts developed using Hveem and Superpave mix design
method. Total mixes used in image analysis is 30. Twenty two specimens from each mix group

were compacted to 160 gyration using an angle 1.25 and pressure of 600 kPa. The vector
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magnitude and number of contacts were measured on these specimens and recorded in Table 6.5.
These values are compared with the contact energy index CEI and total energy index TEI as
shown in Figure 6.6 and 6.7 Results show that there is a good correlation between number of

contacts and the contact energy index (CEI).

These results are consistent with those obtained from the NCHRP 9-16 mixes.

They are also consistent with APA results presented earlier.

Table 6.5 Values of the Quantifying Parameters of
Aggregate Structure and Energy Indices.

Mix Vector | Contacts/m® TEI CEl
Magnitude
D1H4 27.90 72568.05 946.99 21.31
D1S1 28.53 72685.12 901 22.05
D2H2 | 27.94 48673.54 937.61 17.82
D2S2 23.59 72935.81 920.56 22.87
D3H4 22.84 38974.33 837.87 10.05
D3S2 22.33 78736.06 824.89 22.79

In summary, the internal structure was analyzed in terms of the vector magnitude (aggregate
orientation) and aggregate contacts. In general, both the vector magnitude and number of
contacts were found to increase with an increase in the contact energy index. The total energy
index did not show to correlate well with the internal structure parameters as measured by the

number of contacts or vector magnitude.
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7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 SUMMARY AND CONCLUSIONS

The new Superpave™ asphalt mix design system developed by the Strategic Highway Research
Program (SHRP), considers the mix volumetrics in the design of hot-mix asphalt (HMA). The
absence of a performance test in the Superpave volumetric mix design procedure led many
agencies to delay its implementation. Therefore, there is a need to develop methods for the
assessment of HMA performance. This report presents a new method to evaluate the mix shear
strength during the design stage. The shear strength is considered a measure of the mix
resistance to permanent deformation. The new method relies on the analysis of the mix response
to the shear and normal forces applied on the mix during compaction in the Superpave Gyratory
Compactor (SGC).

The report presents detailed analysis of the HMA compaction in the Servopac gyratory
compactor. The compaction forces are analyzed and a mathematical expression of the shear
stress inside the mix is derived. The shear stress value is used to calculate the compaction
energy, which is divided into two regions according to the type of dominating strain. The
volumetric strain dominates the first region, while the shear strain dominates the second region.
Analytical procedure is developed to identify these two regions. An index termed as the “contact
energy index, CEI” that reflects the compaction energy in the second region has been developed.
The CEI showed to be an objective indicator of the mix stability as represented by its shear
strength. In this study, the contact energy index was used to analyze mixes with different
constituents such as percent of binder, percent of natural sand, type of aggregate, gradation, and

nominal maximum aggregate size. The effect of the gyratory compaction variables such as the
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angle of gyration, and vertical pressure on the contact energy index have also been investigated
in order to determine the variables that would best discern among mixes with different
constituents.

Based on the results of this research study, the contact energy index was lower for mixes
with higher asphalt content over its optimum. Results also showed lower CEI values for mixes
with high content of natural sand as compared to mixes without natural sand. Mixes made with
gravel materials showed lower CEI values as compared to those with crushed limestone
aggregates.

The Superpave shear test was used to measure G*, G*/sind and maximum shear strain of
three mixes at two different temperatures. In general, the contact energy index has good
correlation with these mechanical properties. The results show that the contact energy index
increases with an increase in G” and G'/sin§, and a decrease in maximum shear strain. This
shows the potential of the CEI in reflecting the mix stability and shear strength.

These results coincide with the intuitive expected performance of these mixes, which
confirm that the CEI can be used as objective indicator of mix stability.

In order to make sure that the CEI trends were independent of mix compaction parameters (e.g.
angle of gyration and compaction pressure), several comparison were made at varied angle of
gyrations and varied compaction pressures. The results conformed same trends. This concludes
that the CEI can still work as a stability indicator to discern mixes for any given compaction
specifications.

Two and three dimensional finite element models are developed to simulate the compaction in
the Servopac gyratory compactor. The two dimensional model is able to predict the measured

shear stresses at small number of gyrations, and fails to predict shear stresses at number of
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gyrations more than 19. However, the results from the three dimensional model compares very
well with the shear stress and contact energy index calculated from experimental data. The three
dimensional model includes the friction between the mix and the mold, and simulates most of the
details of the loading mechanisms used in the Servopac gyratory compactor. The three
dimensional model along with vertical deformation during compaction can be used to calculate
the contact energy index and predict mix stability.

Analysis of the internal structure using imaging techniques is utilized in order to demonstrate the
influence of the aggregate orientation and contacts on the mix stability and shear strength. In
general, both the vector magnitude and number of contacts are found to increase with an increase
in the contact energy index. In addition, the total energy index has no correlation with the
internal structure parameters. The aggregate type and percent of natural sand are also found to
influence the aggregate orientation. Limestone mixes and those without natural sand have higher
vector magnitude and resist the change in orientation beyond the point of maximum shear

stresses more than the other mixes.

7.2 RECOMMENDATIONS

Most of the available gyratory compactors are not equipped with a mechanism to measure the
reaction forces such as P, P,, and P3 as done in the Servopac gyratory compactor. Therefore, it
is recommended to develop an experimental setup to measure the reaction forces in order for the
analysis methods developed in this study to be used in the evaluation of mixes compacted using
gyratory compactors different than Servopac.

This report shows the potential of the contact energy index in differentiating mixes with different
constituents. In addition, it shows that the contact energy index correlates with some of the mix

mechanical properties. Consequently, the second recommendation is to use the developed
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analysis methods to evaluate the stability of mixes with known resistance to rutting in the field.
This would allow developing specifications for mix stability based on the results of the value of
the contact energy index.

The third recommendation is related to the 3-D finite element model. Currently, the material
properties are selected such that the vertical deformation in the model is similar to experimental
measurements at different compaction levels. It is recommended to use a constitutive model to

represent the change in the HMA properties during compaction.
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APPENDIX A

MIX PROPERTIES AND GRADATIONS -

MIXES OBTAINED FROM THE NCHRP 9-16 PROJECT



Mix A

Mix B

9.5mm Limestone Coarse, 0% Sand

9.5mm Limestone Coarse, 40% Sand

Limestone 8's 43% Limestone 8's 40%
Limestone Sand 13% Washed LSS 10%
Washed LSS 44% Limestone Sand 10%
Natural Sand 40%
Sieve Mass, g Sieve Mass, g
1-3/4 (25 - 19 mm) 0 1-3/4 (25 - 19 mm) 0
3/4-1/2 (19 -12.5 mm) 0 3/4-1/2 (19 - 12.5 mm) 0
1/2 - 3/8 (12.5 - 9.5 mm) 441 1/2 - 3/8 (12.5-9.5 mm) 410
3/8 - #4 (9.5 - 4.75 mm) 1652 3/8 - #4 (9.5 - 4.75 mm) 1431
#4 - #8 (4.75 - 2.36 mm) 774 #4 - #8 (4.75 - 2.36 mm) 436
#8 - #16 (2.36 - 1.18 mm) 612 #8 - #16 (2.36 - 1.18 mm) 410
#16 - #30 (1.18 - 0.6 mm) 437 #16 - #30 (1.18 - 0.6 mm) 594
#30 - #50 (0.6 - 0.3 mm) 266 #30 - #50 (0.6 - 0.3 mm) 886
#50 - #100 (0.3 -0.15 mm) 122 #50 - #100 (0.3-0.15 mm) 189
#100 - #200 (0.15 - 0.075 mm) 50 #100 - #200 (0.15 - 0.075 mm) 31
- #200 (-0.075 mm) 149 - #200 (-0.075 mm) 113
TOTAL 4500 TOTAL 4500
PG 64-22 5.30% PG 76-22 6.50%
Mix C Mix D
19mm Limestone Coarse, 0% Sand 19mm Limestone Coarse, 40% Sand
Limestone 57's 42% Limestone 57's 48%
Limestone 8's 26% Limestone 8's 12%
Limestone Sand 20% Natural Sand 40%
Washed LSS 12%
Sieve Mass, g | Sieve Mass, g |
1-3/4 (25 - 19 mm) 360 1-3/4 (25 - 19 mm) 410
3/4-1/2 (19 - 12.5 mm) 756 3/4-1/2 (19 - 12.5 mm) 864
1/2 - 3/8 (12.5 - 9.5 mm) 626 1/2 - 3/8 (12.5-9.5 mm) 536
3/8 - #4 (9.5 - 4.75 mm) 1305 3/8 - #4 (9.5-4.75 mm) 824
#4 - #3 (4.75 - 2.36 mm) 410 #4 - #8 (4.75 - 2.36 mm) 194
#8 - #16 (2.36 - 1.18 mm) 351 #8 - #16 (2.36 - 1.18 mm) 221
#16 - #30 (2.18 - 0.6 mm) 243 #16 - #30 (1.18 - 0.6 mm) 441
#30 - #50 (0.6 - 0.3 mm) 162 #30 - #50 (0.6 - 0.3 mm) 792
#50 - #100 (0.3 -0.15 mm) 81 #50 - #100 (0.3-0.15 mm) 140
#100 - #200 (0.15 - 0.075 mm) 36 #100 - #200 (0.15 - 0.075 mm) 9
- #200 (-0.075 mm) 171 - #200 (-0.075 mm) 72
TOTAL 4500 TOTAL 4500
PG 76-22 5.20% PG 64-22 4.70%




Mix E

Mix F

9.5mm Limestone Fine, 0% Sand

9.5mm Limestone Fine, 40% Sand

Limestone 8's 12% Limestone 8's 30%
Washed LSS 44% Limestone Sand 30%
Limestone Sand 44% Natural Sand 40%
Sieve Mass, g Sieve Mass, g

1-3/4 (25 - 19 mm) 0 1-3/4 (25 - 19 mm) 0
3/4-1/2 (19 -12.5 mm) 0 3/4-1/2 (19 - 12.5 mm) 0
1/2 - 3/8 (12.5 - 9.5 mm) 122 1/2 - 3/8 (12.5-9.5 mm) 306
3/8 - #4 (9.5 - 4.75 mm) 716 3/8 - #4 (9.5 - 4.75 mm) 1112
#4 - #8 (4.75 - 2.36 mm) 1062 #4 - #8 (4.75 - 2.36 mm) 540
#8 - #16 (2.36 - 1.18 mm) 963 #8 - #16 (2.36 - 1.18 mm) 500
#16 - #30 (1.18 - 0.6 mm) 675 #16 - #30 (1.18 - 0.6 mm) 716
#30 - #50 (0.6 - 0.3 mm) 477 #30 - #50 (0.6 - 0.3 mm) 950
#50 - #100 (0.3 -0.15 mm) 212 #50 - #100 (0.3-0.15 mm) 225
#100 - #200 (0.15 - 0.075 mm) 117 #100 - #200 (0.15 - 0.075 mm) 77
- #200 (-0.075 mm) 158 - #200 (-0.075 mm) 77
TOTAL 4502 TOTAL 4500
PG 76-22 6.20% PG 64-22 7.10%
Mix G Mix H

19mm Limestone Fine, 0% Sand 19mm Limestone Fine, 40% Sand

Limestone 57's 18% Limestone 57's 20%
Limestone 8's 17% Limestone 8's 32%
Washed LSS 20% Limestone Sand 8%
Limestone Sand 45% Natural Sand 40%
Sieve Mass, g | Sieve Mass, g |
1-3/4 (25 - 19 mm) 153 1-3/4 (25 - 19 mm) 171
3/4-1/2 (19 - 12.5 mm) 324 3/4-1/2 (19 - 12.5 mm) 360
1/2 - 3/8 (12.5 - 9.5 mm) 329 1/2 - 3/8 (12.5-9.5 mm) 500
3/8 - #4 (9.5 - 4.75 mm) 923 3/8 - #4 (9.5-4.75 mm) 1278
#4 - #3 (4.75 - 2.36 mm) 752 #4 - #8 (4.75 - 2.36 mm) 329
#8 - #16 (2.36 - 1.18 mm) 720 #8 - #16 (2.36 - 1.18 mm) 284
#16 - #30 (2.18 - 0.6 mm) 500 #16 - #30 (1.18 - 0.6 mm) 504
#30 - #50 (0.6 - 0.3 mm) 374 #30 - #50 (0.6 - 0.3 mm) 855
#50 - #100 (0.3 -0.15 mm) 171 #50 - #100 (0.3-0.15 mm) 162
#100 - #200 (0.15 - 0.075 mm) 104 #100 - #200 (0.15 - 0.075 mm) 23
- #200 (-0.075 mm) 153 - #200 (-0.075 mm) 36
TOTAL 4503 TOTAL 4500
PG 64-22 5.50% PG 76-22 5.20%




Mix | Mix J
9.5mm Gravel Coarse, 0% Sand 9.5mm Gravel Coarse, 40% Sand

Gravel 8's 50%
Gravel 8's 50% Limestone Sand 10%
Washed LSS 25% Natural Sand 40%
Limestone Sand 25%
Sieve Mass, g Sieve Mass, g
1-3/4 (25 - 19 mm) 0 1-3/4 (25 - 19 mm) 0
3/4-1/2 (19 -12.5 mm) 0 3/4-1/2 (19 - 12.5 mm) 0
1/2 - 3/8 (12.5 - 9.5 mm) 297 1/2 - 3/8 (12.5-9.5 mm) 297
3/8 - #4 (9.5 - 4.75 mm) 1787 3/8 - #4 (9.5 - 4.75 mm) 1670
#4 - #8 (4.75 - 2.36 mm) 923 #4 - #8 (4.75 - 2.36 mm) 594
#8 - #16 (2.36 - 1.18 mm) 567 #8 - #16 (2.36 - 1.18 mm) 342
#16 - #30 (1.18 - 0.6 mm) 383 #16 - #30 (1.18 - 0.6 mm) 518
#30 - #50 (0.6 - 0.3 mm) 248 #30 - #50 (0.6 - 0.3 mm) 842
#50 - #100 (0.3 -0.15 mm) 117 #50 - #100 (0.3-0.15 mm) 171
#100 - #200 (0.15 - 0.075 mm) 77 #100 - #200 (0.15 - 0.075 mm) 23
- #200 (-0.075 mm) 104 - #200 (-0.075 mm) 45
TOTAL 4503 TOTAL 4500
PG 64-22 7.10% PG 76-22 5.90%
Mix K Mix L
19mm Gravel Coarse, 0% Sand 19mm Gravel Coarse, 40% Sand
Gravel 57's 30% Gravel 57's 35%
Gravel 8's 25% Gravel 8's 25%
Washed LSS 25% Limestone Sand 0%
Limestone Sand 20% Natural Sand 40%
Sieve Mass, g | Sieve Mass, g |
1-3/4 (25 - 19 mm) 270 1-3/4 (25 - 19 mm) 315
3/4-1/2 (19 - 12.5 mm) 500 3/4-1/2 (19 - 12.5 mm) 581
1/2 - 3/8 (12.5 - 9.5 mm) 405 1/2 - 3/8 (12.5-9.5 mm) 450
3/8 - #4 (9.5 - 4.75 mm) 1238 3/8 - #4 (9.5-4.75 mm) 1157
#4 - #3 (4.75 - 2.36 mm) 752 #4 - #8 (4.75 - 2.36 mm) 374
#8 - #16 (2.36 - 1.18 mm) 518 #8 - #16 (2.36 - 1.18 mm) 243
#16 - #30 (1.18 - 0.6 mm) 347 #16 - #30 (1.18 - 0.6 mm) 441
#30 - #50 (0.6 - 0.3 mm) 216 #30 - #50 (0.6 - 0.3 mm) 792
#50 - #100 (0.3 -0.15 mm) 131 #50 - #100 (0.3-0.15 mm) 95
#100 - #200 (0.15 - 0.075 mm) 68 #100 - #200 (0.15 - 0.075 mm) 9
- #200 (-0.075 mm) 59 - #200 (-0.075 mm) 45
TOTAL 4504 TOTAL 4500
PG 76-22 5.40% PG 64-22 5.60%




Mix M Mix N

9.5mm Gravel Fine, 0% Sand 9.5mm Gravel Fine, 40% Sand

Gravel 8's 5% Gravel 8's 16%
Limestone Sand 65% Limestone Sand 44%
Washed LSS 30% Natural Sand 40%
Sieve Mass, g Sieve Mass, g

1-3/4 (25 - 19 mm) 0 1-3/4 (25 - 19 mm) 0
3/4-1/2 (19 -12.5 mm) 0 3/4-1/2 (19 - 12.5 mm) 0
1/2 - 3/8 (12.5 - 9.5 mm) 32 1/2 - 3/8 (12.5-9.5 mm) 94
3/8 - #4 (9.5 - 4.75 mm) 473 3/8 - #4 (9.5 - 4.75 mm) 675
#4 - #8 (4.75 - 2.36 mm) 1152 #4 - #8 (4.75 - 2.36 mm) 716
#8 - #16 (2.36 - 1.18 mm) 1017 #8 - #16 (2.36 - 1.18 mm) 635
#16 - #30 (1.18 - 0.6 mm) 729 #16 - #30 (1.18 - 0.6 mm) 779
#30 - #50 (0.6 - 0.3 mm) 504 #30 - #50 (0.6 - 0.3 mm) 1022
#50 - #100 (0.3 -0.15 mm) 266 #50 - #100 (0.3-0.15 mm) 270
#100 - #200 (0.15 - 0.075 mm) 144 #100 - #200 (0.15 - 0.075 mm) 77
- #200 (-0.075 mm) 185 - #200 (-0.075 mm) 234
TOTAL 4500 TOTAL 4500
PG 76-22 7.50% PG 64-22 6.30%
Mix O Mix P

19mm Gravel Fine, 0% Sand 19mm Gravel Fine, 40% Sand

Gravel 57's 18% Gravel 57's 29%
Gravel 8's 17% Gravel 8's 13%
Limestone Sand 50% Limestone Sand 18%
Washed LSS 15% Natural Sand 40%
Sieve Mass, g | Sieve Mass, g |
1-3/4 (25 - 19 mm) 162 1-3/4 (25 - 19 mm) 261
3/4-1/2 (19 - 12.5 mm) 302 3/4-1/2 (19 - 12.5 mm) 481
1/2 - 3/8 (12.5 - 9.5 mm) 252 1/2 - 3/8 (12.5-9.5 mm) 329
3/8 - #4 (9.5 - 4.75 mm) 914 3/8 - #4 (9.5-4.75 mm) 765
#4 - #8 (4.75 - 2.36 mm) 896 #4 - #8 (4.75 - 2.36 mm) 473
#8 - #16 (2.36 - 1.18 mm) 662 #8 - #16 (2.36 - 1.18 mm) 374
#16 - #30 (2.18 - 0.6 mm) 522 #16 - #30 (1.18 - 0.6 mm) 580
#30 - #50 (0.6 - 0.3 mm) 351 #30 - #50 (0.6 - 0.3 mm) 886
#50 - #100 (0.3 -0.15 mm) 176 #50 - #100 (0.3-0.15 mm) 194
#100 - #200 (0.15 - 0.075 mm) 131 #100 - #200 (0.15 - 0.075 mm) 36
- #200 (-0.075 mm) 135 - #200 (-0.075 mm) 121
TOTAL 4500 TOTAL 4500
PG 64-22 5.00% PG 76-22 6.20%
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APPENDIX B

WORKSHEET FOR CALCULATING SHEAR STRESS AND

CONTACT ENERGY INDEX, CEI



Recommended Procedure for Calculating the Shear
Force and Contact Energy Index (CEl)

1. Prepare gyratory specimens and compact them up to 200 gyrations
2. Fit a polynomial function to the compaction curve (Air voids, %
versus Number of Gyrations, N)
3. Use the polynomial function to determine the number of gyration
(Ngy) at which the change in the slope is equal to 0.001%.
4. Use the equation:
2*W*L
S=
A*h
with S, A, and h values to calculate W (the actuator force value
P,) at every gyration, where:
S: is the shear stress,
A and h: are the sectional area and the height respectively,
W: is the applied forced to proceed the angle, and
L: is the moment arm (165 mm)
5. Use the equation (3.11, Chapter 3) to determine the shear force, Sq

S, =(N, — Nl)c036’+%(ZP—Wd)tan0

where: N,-N; is derived from equation (3.8), (the parameters in
this equation can be found in the next table,
>P: is calculated from equations (3.7), and (3.1),
Wj : is the weight of the mold (For Servopac Gyratory at Ul,
15960 gm) and
0: is the angle of gyration

6. Use equation (3.16) to calculate the contact energy index

NGZ

Contact Energy index= "S- d,

NGl

where : Sy is the shear force derived from step 5

d. is the change in height at each consecutive gyrations
Ng1: is derived from step 3

Ng; : is the termination number of gyration (i.e. 200)



Measurements and Data required for Mix A at Pressure of 600 kPa and Angle of 1.5°

mix ID A

diameter (D) 150 mm
vertical stress (A) 600 kPa
angle (0) 1.5 degree
mix weight (W ,) 4.69 kg
max specific gravity (Gym) 2506 |kg/m3
max No. of gyrations 160

mold weight (W4) 15.96 |kg
moment arm (L) 165 mm
friction factor (u) 0.28

Xg 12.5 mm
Ng1 14

dq (=d,) 142.89 |mm
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APPENDIX C

JOB MIX FORMULA FOR ITD MIXES (D1, D2 and D3)



Job Mix Formula for Mix D1

C-2



_ITD-500 4-93

IDAHO T« ANSPORTATION DEPARTMENT

Department Memorandum

| RECEIVEp |
DATE: AUGUST 23,2000 PROJECT NO.(S): IM-90-1(190)10
AUG 2 5 20 AND STP-7236(102)
.T.D. p
TO:  DAVE FIELDS, P. E?OEUJERLZ’;’,Q*%ES KEY NO.(S): 0519 AND 7584
DIST. 1 CD’ARE .

FROM: TOM BA E PROJECT ID, CNTY, ETC.:

MATERIALS ENGINEER KOOTENAI COUNTY
190, N.W. BLVD/RAMSEY RD
AND N.W.BLVD IC GATEWAY

RE: PLANT MIX PAVEMENT CLASS I
SOURCE KT-215
STRATA REPORT NO. S990037-3
ITD LAB REPORT NO. 00 A0125
ASPHALT PG 58 -28

The Job Mix Formula submitted by the Contractor is CONFIRMED at the Contractor’s selected asphalt
content of 4.8% by weight of mix.

Based on source file history the Immersion Compression results are CONFIRMED at 0.5% anti-stripping
additive.

If you have any questions or comments please call Mike Santi, Pavement Engr., at 334-8450 or Barry Tyler,
Aggregate-Asphalt Mix Supv., at 334-8456.

Testing start date = 6/22/00
Testing due date = 7/6/00
Testing completed = 6/28/00
District notified 7/25/00 Renotified 8/23/00
Previously confirmed for project STR-5733(603)

cc: Dave Fields, CD’A Res.
Dist. 1 Engr.
Dist. 1 Matls Engr.
Construction
Mike Santi
Asphalt Mix Lab
File



‘'

ma¢ 3% . REPORT OJF TEST GN AGGREGAT ~ . | ) -
. . ) eet of =
Lab No. 00 A0163
Sample of Plant Mix Design Class I Job Order No. 0A-160
Key No. 0519 Project No. IM-90-1(190)10 Source No. Kt-215
Ident No. ICA /1951510 - A -CE / 101-CX Contract Item No. 405-A-1
Date Sampled  7/26/00 By Ron Shippy For Dave Fields
Test Hole No. Depth County Kootenai
Sampled From  stockpiles Quantity Represented
Location 190, N.W. Blvd/Ramsey Rd & N.W. Blvd IC Gatewav

Remarks Also for STP-7235(102) Key 7584

Test For Commercial Confirmation Class I Date Received 7/28/00
| Test Results
Gradation-Percent Passing . Resistance Value
Stkp | Stkp | Stkp | Stkp | Stkp Trial | Com Dry (Kg/M?) Max.
Column No. 1 2 3 4 5 6 7 8 9 10 Ethylene Glycol % Ret.
A | B | C |FS* Cs 1 | JMF SP.GR. F475mm| 475 mm | Ave,
75 mm (3.In.) Bulk
50 mm (2 In.) Apparent
37.5 mm (1% In.) Absorption
25 mm (1 In.) 100 100 | 100
Omm@/Aaln) | 92 | 100 99 | 99 Los Angeles Abrasion
125mm (121n) | 20 | 93 88 | 87 Grading
S5mm@8In) | 4 | 62 | 100 | 100 76 | 75 200 Rey. %
4.75 mm (No.4) 2| 6 |8 [ 98 |100 53 | 51 Crushed Particles Retained
2.36 mm (No.8) 2 | 2 |55 87| 84 36 | 34 -] |90% One Face +4.75 mm %
1.18 mm (No.16) 2 | 1 [34[69]45 23 | 22 60% Two Faces +4.75 mm %
600 pm (No.30) 1 1 23 46 14 15 | 15 Wt. Kg/M* Loose.
300 xm (No.50) 1 1 16 | 21 9 10 Cleaness Value
150 pm (No. 100) 1 1 12 6 5 7 For Further Tests, See Lab No's
75 pm (No.200) 1.1 111193 1}22|23 4.8 158 STRATA Report No. S000037-3
Sand Equiv. 69 | 78 | 90
T-304 Voids
Liquid Limit
Plastic Index
Date Aggregate Delivered 7/28/00 Date Started 8/15/00
Date Asphalt Delivered 8/15/00 Date Due 8/29/00
Remarks: Date Commericial Report Received 8/10/00 Date Completed 8/17/00
*FS = Fine Sand (Washed Dover) and CS= Coarse Sand. All stockpiles have been adjusted to match
STRATA's gradations. R
. Material as Represented is: D Acceptable [:l Subject to Rejection For Information Only
Recommendations For Mix Design: Sheet _ 3 of _5
Date Mailed , AUG 2 4 2000 THOMAS S. BAKER Bt [ Fogy

,P.E.

c-4

Materials Engineer
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wm- 4 . REPORT OF~ SPHALT MIX DESIGN TEST: SULTS

\ (COMMERCIAL CONFIRMATION) sheet 3ot S
Key No. 0519 Project No. 1M-90-1(190)10 Lab No. 00 A0163
Test For Commercial Confirmation Class | Source No. Kt-215 Trial No. 1 ‘
Comments Stkp. "A"=12%; "B"=32%; "C"=43%; "F.S."=8%; "C.5."=5%
HVEEM MIX DESIGN RESULTS ¢} .14 TRIAL AND JMF GRADATION
Type of Asphalt Used | PG6434 || o passing JMF  TRIAL  DIFF. TOLER.
% Asphalt by Wt. of Mix Mix Temp F® . | 317.0 375mm [100.0][100.0][ 0 |[£3.0]
% Asphalt by Wt. of Agg. Comp.TempF° 25 mm |1000”1000“ 0 ”+30|
| ~ COM. ITD DIFF.l TOLER. tomm [ 99.0 ][990 ][ 0 |[£3.0]
MAX. THEO. DEN. 1155.6 |[153.6 || 2.0 || *1 ||| 425mm (87.0 |[ 880 | 1 |[%3.0]
WT./C.F. ASPH. MIX [149.4][149.2][ 02 || 1 || osmm [750 [ 760][ 1 |[£3.0]
WT.C.F. AGGREGATE [141.9 |[141.7] 0.2 | s75mm [ 51.0 |[ 530 || 2 |[£3.0]
STABILITY NUMBER L37 1038 4L 1 1L *2 | 236mm [34.0 |[ 360 2 |[£3.0]
% V.M.A. {144 || 146 || 0.2 || *3 | 118mm [ 22.0 |[ 23.0 |[ 1 |[£2.0]
% AIR VOIDS | 4.0 ” 2.9 ” 11 || *4 | 600um | 15.0 150 [ 0 |[£20]
EAC. [ 47 | 53 |[ 06 | 300pm [ 10.0 ][ 90 ][ 1 _J[£20]
A. F. T. (MICRONS) [9 Jl 12 || 3 || *5 | 1s0um [ 7.0 ][ 5.0 | 2 | £20]
SURFACE AREA [24.72][21.82]] 2.90 {{ £3.0 | 75um [ 58 || 48 |[ 1.0 |[£1.0]
IMMERSION COMPRESSION RESULTS NCAT CORRECTION [ 52 i
ASPHALT ADDITIVE | Ad-here 65-50 | :
| RS I Commercial Lab. rSTRATA, Spokane |
N.9. /o . .
% ANTI-STRIP GoM. D DIFF. SPECS. |Loommercial Lab. No |__S000037-3 |
| [92.0 ]| | I[_*6_]|| 17D Testing by [ _FC/MT8-17-00 |

*1 Specs.The difference between any two labs cannot exceed 32 kg/m? (2.0 pcf).

*2 Specs. Minimum Stability by Class of Mix. Class | (37), Class If (35), Class lll (30). Tolerance. The stability on the contractor's mix design test report must
equal or exceed specified stability, at the job mix asphait content. If ITD's confirmation tests at the job mix asphalt content yeild stability results which also
equals or exceeds specified stability, then the contractor's stability results are confirmed. If ITD's confirmation test results are below specified stability, then the
contractor's stability results are considered to be confirmed only if the contractor's and ITD's stabilities {each recored to the nearest integer) do not differ by
more the six (6) stability points and if the average of the two (rounded to the nearest integer) is not less then the specified stability.

*3 Specs. Minimum VMA by Nominal Maximun Aggregate Size. 9.5 mm (15.0), 12.5 mm (14.0), 19.0 mm (13.0), 25.0 mm (12.0), 37.5 mm (11.0). Tolerance. If
the contractor's VMA meets the minimum specifications and ITD's VMA falls below the minimum specification by no more than 1.5%, the contractor's VMAis

confirmed.

*4 Specs. 3.0%-5.0%. Tolerance. If the contractor's design results and ITD's results disagree not more than 1.5% and ITD'S results do not fall beyond the
specification limits of 3.0% - 5.0% by more than 0.5%, the design air voids are considered comparable and the contractor's air voids are confirmed.

*5 Specs. Minimum Film Thickness is 6 microns. Tolerance. If ITD's AFT falls below the specification of 6 microns the confirmation will be based solely on the
judgment of ITD.

*6 Specs. Minimum Immersion Compression IRS is 85%. Tolerance. If ITD's resuits fall below the minimum of 85%, confirmation will be based solely on the
judgment of ITD. Past source file data, if any, should be utilized to.make this judgment.

The Job Mix Formula submitted by the Contractor is CONFIRMED at the Contractor's selected asphalt content 0 5.0 %,
by weight of mix. For use on the project(s) listed on this report only. ‘
The Immersion Compression results are confirmed at 0.5 % anti-stripping additive.

REMARKS:

AUG 2 4 2000 MATERIALS ENGINEER THOMAS S. BAKER

DATE MAILED
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DriewT ) Uw WD

cc: MTLS (W/A)

CONST (W/A)
RE SNDPT (W/A)
DMTLS (W/A)
DF

August 1, 2000

Mr. Scott A. Bernhard, Project Manager RE: Project No. IM-90-1(190)10 & STP-7235(102)

Max J. Kuney Company » NW BLVD/RAMSEY RD IC &

P..O. Box 4008 NW BLVD IC GATEWAY, CDA

Spokane, WA 99202-0008 _ Key No. 0519 & 7584

Contract No. 6317
Change of Source Request No. 1

Mr. Bernhard,

Your request to use Source Ki-215¢ (Interstate - Hayden), as a Contractor furnished source, has been approved for the
following contract items:

ITEM NUMBER ITEM DESCRIPTION
303-020A ' 19 mm Agg for Base
405-005A PIMx Pav CL 1
412-010A Pl Mx Seal Ty PMS-MG

The approval for the quality of this material is based upon Laboratory Report No. SL06567 (Strata).

It is understood that the use of Kt-215¢ is granted upon the condition that the materials used are within the specifications
of this contract. Only materials in existing stockpiles shall be used until the Archaeological report is returned. ‘

You will assume full responsibility for any and all claims, liabilities, and/or damages by reason of the removal of
material from Sources Kt-215c¢.

Any claim for additional payment cannot be allowed, and it is further understood that should the source prove
inadequate in quantity or unsuitable in quality, any expense involved to produce material as contracted for will be borne

by your company.

Sincerely,

ORIGINAL SIGNED BY:

L. Scott Stokes, P.E.
District Engineer

LSS:JD:jd\Kt-215requestINWBIlvd.doc

AUG 2 4 2000 THOMAS S. BAKER
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IDAHO ASPHALT SUPPLY.

e N

Temp (°C) Viscosity (tnPa-s) - PRODUCT: PG58-28
110 1078 |
135 281 - Specific Gravity 102§
165 84

Mixing Temperature Range
Compaction Temperature Range

10 E
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' !
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R ot —
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U :
sl e
100 1260 - -135 150 165 180 200

Temperature, °C

Note: Viscosity-Temparature charts for asphakts are obtained at a fixed shear
rate_ {<100 sec-1) and do not eorrespond 1o actual shear rates in the flatd. In
particular compaction temperatures are dependent upon type of compadior used
arid environmental conditions, and therefpre should be established by & test strp,

SR# 390
WR# 1672

RA 5126100 ldaho Asphalkt Supply, Inc.

C-10
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Job Mix Formula for Mix D2




JUN 26 20@1 14:53 FR TRANS DEPT DIST 2 TO 9885668723137 P.62/64
AFR @7 2008 16146 FR Iriil_mﬁmm_s 2083354411 TO DIST 2 ~i Lo

("
IDAHO 1RANSPORTATION DEPARTMENT
Department Memorandom

_

Lrm -

DATE: APRIL 7,2000 | PROJECT NO.(S): NH-STP-4114(062)

TO! DORAL HOFF, P. E. KEY NO.(5): 2483
DISTRICT 2 RES. B ENGR.

FROM: A OF , P. , PROJECT ID, CNTY, ETC.:
TERIALS ENGINEER LATAH COUNTY
MOSCOW COUPLET, SOUTH
CONNECTION
RE: LANT MIX PAVEMENT CLASS1
$OURCE WCW.18

KLEINFELDER LAR. NO. 30-621411
ITD LAB NO. 00 A0032
ASPHALTPG 58 -34

The Job Mix Formula submitted by the contractor is CONFIRMED at the contractor’s selected asphalt
content of 6.1%, by weight of dry aggregate.

Pased on contract recommendations we CONFIRM the Immersion Compression results at 0.5% ant-
stopping additive,

If you have any questions or comments please call Mike Santi, Pavement Engr., at 334-8450 or Baxry Tyler,
Aggregate-Asphalt Mix Supv., at 134-8456.

Testing start date = 4/4/00
Testing due date = 4/18/00
Testing completed = 4/6/00

L] d___——._..-
District notified = 4/7/00 Postil FaxNote 7671 [Daegs/sy — RS 7
Lol Bl [ 7l
CosDiapt. ‘ o
Fhigne & Fhona &
P p 2 u T

ge:  Doral Hoff, Dist. 2 Res. B Engr.
Dist. 2 Engr.
Dist. 2 Matls Engr.
Construction
Mike Santi
File
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AR @7 28E@ 16:47 FR [TD MATERIALS 2@E3344411 TQ DIST 2 P.B2/03
el REPORT O \SPHALT MIX DESIGN TEST, ESULTS @
(COMMERCIAL CONFIRMATION) Sheet__of ‘
KeyNo. 2483 Project No, NH-STP-4414(062) Lab Na. 00 A003
Test For Commercial Gorfirmation CLL Soures No, Wew-18 Trinl No. 4 ‘
Cammants ]
HVEEM MIX DESIGN RESULTS &Y 34 TRIAL AND JMF GRADATION
ASPHALT USED ; [ pQEM
Mix Temp F° Camp. Temp F* | 285.0 % Passlng JME  TRIAL DIFF. TOLER
v ASPH. BY WT. OF AGGREGATE 4 375mm  [100.0][100.0{| 0 |/ 3.0
. COM. ITD  DIFF. TOLER. 25mm - {100.01{100.0(] 0 l+3.0
MAX. THEO. DEN. - (1604 (15881 0.5 [ *1 | t9mm {89.0 {880 0 [[£3.0
WT./C.F. ASPH. MIX [1538][1524][ 1.4 ][ 1 ||| 125mm [g0.0|[80.8]] 0 |[f3r0
WTJC.F. AGGREGATE  [145.0|[143.7 ][ 1.3 | 9.5 mm 69.0 |[ 63.0 || 0 j|£3.0
STABILITY NUMBER L 40 W38 [ 2 [ = || ammm [s08](ste] 4 1(x3a0
% V.MA. | [130 144 14 || 3 || 23mm [310][330]] 2 |[Z3.0
% AIR VOIDS [ 41 a7 [ 08 [ *4 Jj| 118mm [200]|[220]] 2 }[+20
EA.C. L.39 }[ 43 ][04 ] soopm [ 13.0 |[ 140 [ 1 |[£2.0
A. F. T. (MICRONS) L78 |[ 88 [[o8 |[* [i| 3s00pm [H0.0][10.0]( 0o ][*20
SURFACE AREA [24.12]{2412][ 000 |[23.0])f tsapm [ 8o ][ 70 ][ 1 |[£20
IMMERSION COMPRESSION RESULTS reom [ 59 )[er ][ 02 210
ASPTIALT ADDITIVE [ Achaesssd | [RCAT CORRECTION ]Fﬂ 07§
[ LRS.%  |||[Commercial Lab, i\l Kisinfelder -
% ANTI-STRIP COM.. TD  DiFF. SPecs. ||{Commerciailab.No. || 30-621411
st.o [ IL_*6_[|{[TD Testing by I _mtfcd.7-00 |

*1 Sgecs.Tha difference bebwoen any bwa labs caanot sxceed 32 kg/m* (2.0 pef).

2 Specs. Minimum Sabiity by Class of Mix, Class 1 (27), Class (i {35), Class [ (30), Tolsranca, Tha stabity an the contraciors mix design (st ragan must
equal ar exceed speciiiad stablilty, at iha job mix zaphalt contant. If ITD's conflrmatien ba2t3 at the jo mix 3sphalt cantant yalid stabily casults which alsa
aguals ar excaeds apacified stability, then the contractars stabifity rasuits ara sonfiemad. If ITD's eanfinmation last rasults ara Balow spaciiiad sabitity, than ing
contractars stability resuits ar considared to be confirmed anly if ha centractor’s and [TD' siabilities (aach recard la the nearest integer) do et differ by
mora the sbe (6] stability paints and {f tha average af the twe {rounded ta tha naarast intesar) is not lesa than the spaciffad stability.

*3 Specs. Minimum VARRA by Nominal Madmun Aggragate Slza. §.3 mm {15.0). 12.5 mm (14.0). 19.0 mm (13.0), 25.0 mm (12.0), 37.5 mm (11.0). Tolerance. I(
the comtractars VMA meekls the minimum specHications and [TO's VMA falls belew the minimum specificaticn by no mera than 1.5%, (he contgciars VMA is
confirmed. :

*4 Spacs. 3.0%-5.0%. Tdlaranca. [{ he cantiactors deaign resuts and ITD's rasults dicagree not more Man 1.5% and ITD'S resully da not fall beyanad the
spacification limits of 3.0% - 5.0% by more than 0.5%, e design 2ir voids ara cansidered compmrable and tha contragtars alr volde ata eanfimmad.

“S Spacs. A;‘ilr_;fgum Fillon Thickness is § microns. Taleranca. If [TD's AFT falls balow tha spacilication of § micrens e confinmation wilt be based soclely on the
Judgment g 3

*§ Spacs. Minimum mmarsion Cempression {RS iz B5%. Tolarance. If ITDYs rasults fall balow tha minimum of 85%, confirmation will Da hasad sclely on the
judgment of ITO. Past soures file data, i any, should ba utiized 1o maks s judgment. '

The Job Mix Formula submittad by the contractor is CONMFIRMED at tha contractor's salected asphalt conlant of 8.1 %,
by welght of dry aggregata. Far usa on the project(s) listad an this raport only.

The Immersion Comprassion resuits are confirmed at 0.5 % anti-stripping additive.

REMARKS:

DATE MAILED MATERIALS ENGINEER

PE.

c-13
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TI-578 1-86 GRADATION OF INDIVIDUAL STOCKPILES

KEY NO. 2483 PROJECT No.NH-STP-4114{062) T SOURCE Mo, Wew-18
DESCRLPTION 00 A0032 TRIAL NO.1
ITEM Ho.408A ITEM

PERCENT PASSING o

STOCKFILE WSmm 3M.Smm 25mm  19mm 125mm 9.5mm 47Smm 2.36mm 1.49mm 2Smm 0.3mm 0. 35mm §475mm
() {(1%In} (o} (38n] (H2n) 38In) (Hod) {No@) (Ho.18) (No.3D} {No.50} (No.100} iNo.200)

A 00 100 100 96 15 5 3 2 2 2 1 1 11
B 100 400 100 100 88 55 10 6 5 5 5 4 . 15
G 106 400 00 400 100 400 B8 58 as 24 17 12 87

STOCHPILE RATIOS AND BLEND OF AGGREGATE

PERCENT PASSING

BLEND 37.5mm Jt.6mm 25mm 1Smm 125mm 95mm 4.75mm ZIBmm 1.16mm 4.6mm 0.3mm 0ASmm 0.075mm
STOCKPILE % {170} (Win}  (tih) (RMin) {42in) {38In) {Nod) {Nom {Ho.18) {No.3D] (No.5D) {Mo.10D) {No.20D)

A 20% 20 20 20 18 3 i 1 0 0 0 0 0 0.2
B 27% 27 27 27 27 24 15 3 2 2 1 1 1 0.8
c 53% 53 53 53 53 53 63 47 3 20 13 ) 6 4.5

BLEND 100 100 1700 99 8) 6% 51 33 22 14 10 7 5.7
| varGET 100 100 400 99 8O B9 50 31 20 13 43 7 5.0

DATE MAILED :P.E. MATERIALS ENGINEER

TRTAL PRCE, B3 »*

Kok TOTAL PAGE.B4 ok

ek
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11- 5-01; 3:58PM;KOCH MATERIALS CO. ;5084875170 # 1/

DZ B
PG QY~3Y

KOCH Pavement Solutions™
...Longer Lasting Roads
P.O. Box 6226

N. 4327 Thor St.
Spokane, WA 99217-0904

TOTAL NUMBER OF PAGES _<- _ (INCLUDING THIS COVER SHEET)

- TO: Orviveramy oz [ DAH S
- FAX#: _  Z2og-S55- L2LOF%
TELEPHONE #: ZO% ~ S5 - LIRL
ATTENTION: __ De. Fopun rf. RBayorey

FROM: _Sorryes Jaw De Pocier
FAX # 509/487-5170

SUBJECT:

7_?5.»467//1/‘;9@ C/ue.a/e PG ¢4-3¢ T

L (O
=22

If this transmission does not go through properly, please call: 509/487-4560

The information contained in this facsimi ga is intended only for the personal and confidential use of the designaled raciplents named above. This message may be

an y-client communication, and as such is privileged and confidential. If the reader of this messags is not the intendad recipient or an agent responsibla for delivering

it 10 the inlended recipient, you are hersby nofified thal you have received this decument in eror, and that any review, dissemination, distribution or copying of this message Is
i is

strictly prohi If you have ived ication in error, please nolify us immedialely by telephone and refum the original message to us by maif at our expense.
Thank you.

Kach Pavement Solutions is a servi rk of Koch Malerials Company.




11— 5-01; 3:58PM;KOCH MATERIALS CO. ;5094875170 # 27

Temperature-Viscosity Graph -’

{ KOCH Pavement Solutions™
w.tanger Lniting Roads
BP0 w e rn mart of Kk bovsidhs Conpary

Sample ID ‘ Viscosity Data

Material PG64-34 Temperature, C|  Viscosity, cPs]

Sample # 110 2378

Date : 135 583

Specific Gravity, 15°C 1.024 - 163 171
180

Mixing and Compacting Recommendations

|Range \ Temperature, F| Temperature, C
Mixing-Hi Temp 330 166
Mixing-Low Temp 315 157
Compaction-High Temp ' 285 141
Compaction-Low Temp 275 135
PG64-34
10000
(1
4
] B,
=
| @B
I
P
-
P>
ﬁ
100 Y a & v F a r 5 a A Y r-¥ rs * & A
100 125 - 150 175 200
i Temperature, C
Mixing Range 3156 to 330°F
: Compaction Range 275 to 285°F
i
L




Job Mix Formula for Mix D3
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Bl KLEINFELDER
TECHNICAL REPORT

MIX DESIGN
Idaho Transportation Department
Class | LS Plant iMix

REPORT TO: ldaho Sand and Gravel DATE: March 10, 2001
PO Box 950 ' JOB NUMBER: 30-612417.341

Nampa, ldaho 83653 REVISION DATE:
ATTENTION: Mr. Pat Wood LAB NUMBER: 1576
SAMPLED BY: L. Colberg
REPORT OF: STP-3230(104) DATE SAMPLED: February 23, 2001
44™ St to JCT 1-184 DATE RECEIVED: February 22, 2001
DATE TESTED: March 5, 2001

SAMPLE IDENTIFICATION

On February 23, 2001, our personnel received stockpile samples from the PY-65 and CN-67
Sources. Gradation averages were supplied by Idaho Sand and Gravel. The material was
separated by sieve sizes and recombined to the target values of the job Mix Formula (JMF) as
representation of the stockpile averages.

TESTS PERFORMED :
Aggregate test results and the job mix formula are summarized in Table 1. The laboratory test
procedures utilized in the mix design are indicated in Table 2. Tests performed include sieve
analysis, specific gravity and absorption. Mixture tests included Hveem stability, unit weight,
and maximum theoretical specific gravity. The mixture test results are shown in Table 3.
Aggregates and mixture properties are presented in comparison with the [daho Transportation
Department Standard Specifications for Highway Construction and project specific special
provisions. Graphical summaries of the effect of asphalt content on mix properties are provided
on Plates 1, 2, and 3. The asphalt concrete mix design was performed in general accordance with
the Hveem Test Method (AASHTO T-246 & T-247). The laboratory mixing temperature used
was 330°F (165°C) and the compaction temperature used was 290°F (144°C). PG 76-28 Asphalt
was supplied by [daho Asphalt Supply Co.

Based upon the data in Tables 3 and 4 and Plates I, 2, and 3 an asphalt content of 4.8% (by Total
Weight of Mix) provides a laboratory mix with fully-coated aggregates and minimal free asphalt
cement: and stability VMA._ film thickness and air voids comply with the requirements of the
standard specifications. A summary of calculated mixture properties at the recommended
optimum asphalt content is provided in Table 4. "

1.0 200 1\Projects- 3061 241 7- 306 ROSX doe Page | ol'4 March 13,2001
Copyright 2001 Rlewmdelder, Ine.

KLEINFELDER 10221 W. Emerald Street, Suite 180,%(1-15;!% 83704 (20813769700 (208) 376-9703 fax
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LIMITATIONS

Our professional services have been performed using the care and skill ordinarily exercised,
under similar circumstances, by reputable testing firms performing in this or similar localities.
No warranty, express or implied, is made. This report has been prepared for Idaho Sand and
Gravel to be used as an aid in design or construction of a Class I LS plant mix bituminous
pavement. This is not a bidding document, and any contractor or client reviewing the test data
must draw his own conclusions regarding specific construction techniques to be used with these
materials. The data furnished represent only the results of tests performed on specific samples.
The data has not been evaluated in terms of the engineering criteria or specific construction
methods.

Kleinfelder personnel will provide technical assistance during the submittal, approval, and
production usage of the JMF upon your request. If you have any questions or need additional
information, please feel free to contact our Boise office.

Respectfully submitted,

KLEINFELDER, INC.

Lars L. Colberg
Supervisory Technician, Asphalt/Laboratory

( :

o
S s LR
Paul E. Wasser, P.E.
Project Manager

As a mutual protection to clients, the public and ourselves, all reports are submitted as the contidential property ot our clients and authorization
for publication of statements, conclusions or extracts from or regarding our reports are reserved pending our written approval. Samples will be
disposed of alter testing is completed unless other arrangements are agreed to in writing. Copyright 2001.

L:\2001\Projects\30612417\306 1 R058.doc Page 2 of 4 March 13, 2001
Copyright 2001 Kleinfelder, Inc.

KLEINFELDER 10221 W, Emerald Street, Suite 180, BOia I_D.ily(H (208) 376-9700 (208} 376-9703 fax
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TABLE 1
SIEYE ANALYSIS (AASHTO T27)

Description A-Pile F-Pile - C-Pile Combined Job Mix Formula
b Aggregates
{ Bin Percentage 40% 10% 50%
{ Screen or Sieve Size Percent Passing
111727 37.5 mm : 100 100
[ 1” . 25.0 mm 100 70 ' 97
3/4” 19.0 mm 93 7 38
1/2” 12.5 mm 25 1 60
3/8” 9.5 mm 7 I 100 53
No. 4 4.75 mm 2 1 92 47
No. 8 236 mm { 1 62 32
No. 16 1.18 mm | 1 42 22
No. 30 600 um 1 1 29 15 ;
No. 50 300 um 1 1 19 10 j
No. 100 150 um 1 1 11 6 ;
No. 200 75 um 1.1 0.5 7.0 4.0
Surface Area  ft*/lb . 21.00
Surface Area m'/kg 4.30
B Specific Gravities L
Asphalt ”
| Apgregate Coarse Fine ' Combined |
Bulk Dry _ 2.579 ' 2.512 2.547
Bulk SSD 2.607 2.568 2.589
Apparent 2.654 2.661 2.657
Absorption 11 2.2 1.6
Effective 2.598
TABLE NO. 2
LABORATORY TEST PROCEDURES
i : AASHTO
: ' Test Method"i Test: Method
Uncompacted:Void Rat *C-1252
Wash' Gradatlo o C-117 *T-11
Sieve: Analys : : C C-136 *T-27
Specifit: Grav1ty of-Finé’s ggregate : C-128 *T-84
‘Specific Gravity of Coarse Aggregate a C-127 *T-85
Marshiall Mix Design = ' D-1559 T-245
Hveem Mix Désign. - ' D-1561 *T-247
-Specific'Gravity - : D-2041 *T-209
Bulk Specific Gravity of Compacted Samples D-2726 ' *T-166
Percent Voids ’ D-3203 *T-269
Resistance to Moisture Procedure D-1075 . *T-165
Tensile Strength Ratio . D-4867 T-283
Lottman Stripping. Test : WSDOT 718
Note:  * = Test Methods Used in Design
L:\200 1\Projects\306 124 1 7\306 | R058.doc Page 3 of 4 March 13, 2001

Copyright 2001 Kleinfelder, [nc.

KLEINFELDER 10221 W. Emerald Street, Suite 180, BoiselD P04 (208) 376-9700 (208) 376-9703 fax
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TABLE NO. 3.
SUMMARY OF MIXTURE PROPERTIES AT THE ASPHALT .
CEMENT CONTENT INDICATED (BY DRY WEIGHT OF AGGREGATE)

TABLE NO. 4 .
MIXTURE PROPERTIES AT RECOMMENDED OPTIMUM ASPHALT CONTENT

51

3.9
13

70

145.3
2328

151.1
2422

90%

47
.29
3% Unichem 8161
9.5
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March 13, 2001
Copyright 2001 Kleinfelder, Inc.

KLEINFELDER 10221 W. Emerald Street, Suite 180, BoistlD_ §7|04 (208) 376-9700 (208) 376-9703 fax




BB KLeEINFELDER

Design Curves for Proposed Job Mix Formula (JMF)

Unit Weight
160 — , : 2564
. 159 I 2548
158 2532
157 2516
156 2500 2
155 2484 g
154 2468 3
153 2452 @
152 2436 @
151 2420 ©
150 2404 &
149 2388 =
148 2372 &
5 147 2356 =
£ 146 2340
2 145 s 2324
S 144 2308
S 143 = 2292
S 142 2276
T 141 2260
3 140 2244
& 1ag 2228
138 2212
137 2496
136 2180
135 2164
3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
% ASPHALT CEMENT (AGG)
Max Theo Unit Weight
. 165 2644
164 2628
163 2612
162 2596
161 2580 X
160 2564 8§
159 : 2548 g
158 2532 @
157 2516 3
156 2500 . A
155 2484 &
154 - 2468 ;
153 = 2452 @
g 152 = N 2436 %
L 151 2420
3§ 150 2404
3 149 — 2388
S 148 2372
o 147 2356
T 146 2340
08_ 145 2324 .
144 2308
143 2292
142 2276
141 2260
140 2244
a5 4.0 45 5.0 5.5 6.0 8.5 7.0 7.5 8.0 8.5
% ASPHALT CEMENT (AGG)
Plate #1
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Design Curves for Proposed Job Mix Formula (JMF)
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Design Curves for Proposed Job Mix Formula (JMF)

Stabilometer
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AC Worksheet

KLEINFELDER

44th to JCT I-84 xls

C-25

 PROJECT 44th to JCT. -84 (STP-3230(104) FILE NO.:
CLIENT Idaho Sand & Gravel DATE:  2/28/01
SOURCE Cn-67c / Py-65¢ DATE REC:  2/23/01
MIX TYPE Hveem BY: BE
OIL TYPE PG 76-28  Supplier: Idaho Anti-Strip: Uni-chem APPROVAL:
SIZE 2.547 SCREENS | % PASSING| % RET. IND.WT. | CUM.WT. 1.C.s
PILE A-pile 40 % (p 1099 G 1747
3/4" 93 7 31 31 " 49
1/2" 25 68 299 330 524
3/g" 7 18 79 409 650
#4 2 5 22 431 685
Moisture 0.0 -4 0 2 9 440 699
TOTAL 440
PILE F-pile 10 % ,
/" M 1 99 3109 | . 50473 @& |5
Jo~ 38 1 L5 0 i@y 3 [862
Yotr  Ht— 1 §& 0 | 545089 7S
A |8 Tt ™l —BF | 875
TOTAL 110 J/ '
PILE C-pile 50 % "
#4 92 8 44 594 944
|Moisture 2.0 .4 0 92 [ (s05)516 | 1110 | 1765
TOTAL 549 '
PILE 0%
#4
Moisture 0.0 -4
TOTAL 0 .
PILE 0%
3/4"
1/2"
3/8"
#4
Moisture 0.0 -4
TOTAL 0 .
SPEC. ID H. 0 e <7 oS (. O S-S
WT.AGG ___/0$&%Z  Jos5v9 /0953 1676,8 |82, 2~ /)5S
WT. OlL 73X 49. 3 Y ¥ o.3 Lok ho. 2
THEO. WT
ACT WT




Viscosity-Temperature Chart

IDAHO ASPHALT SUPPLY

-

Temp (°C) Viscosity (mPa-s)

PRODUCT PG76-28

135 1695
166 456 Specific Gravity 1.030
185 235
°C °F
Mixing Temperature Range 160 - 171 320 - 340
Compaction Temperature Range 138 - 149 280 - 300
_———
T e
— | — T
E- - - - - - - - -! - - - - - - '- - - - - - - - - !- - - - - J - - - - -Il - -
i Con:zpactt‘:on Range N | ! N
1 S ' — : : =
@, i : : : I‘ i ‘
3] : ] : | ! | : ] i
f‘—:‘ :- - -'- - om -! ] - W m w m m o ’- - e | s -ﬁr - (m em | -‘ - w - -’ - :
g [ | mMxmgRange | s I -
2 :
£ | EEREEE
?‘ : ! E ! | ] i
i ! i ' i ! .
. | o A
| i : o
0.1 — = | .
i i
! ' : P b
i : . | | ; ; ! i i
Pt : ! - | : H
100 120 135 150 165 180 200
Temperature, °C
Note: Viscosity-Temperature charts for polymer modified asphalts are obtained
at a fixed shear rate (<100 sec-1) and do not carrespond to actual shear rates in
the field. In particular compaction temperatures are dependent upon type of
compactor used and environmental conditions, and therefore should be
established by a test strip.
Y
RA | CL 26 [daho Asphalt Supply, Inc.




APPENDIX D

Data for ITD Mixes
Gradation, Volumetric Analysis and Calculation of

Energy Indices (CEIl and TEI)



Gradation Analysis of ITD Mixes (Hveem and Superpave)

Mix D1
Mix D1 Gradation and wt.of aggr.(Hveem and SP)
Sieve Sizes Trial passing | Wt of agg. | Wt of agg. Wt of agg.
(45009) (55009) (57999) hight 150
25mm (1In) 100%
19mm (3/4 In) 99% 45 55 58
12.5mm (1/2 In) 88% 495 605 638
9.5mm (3/8 In) 76% 540 660 696
4.75mm (NO.4) 53% 1035 1265 1334
2.36mm (No.8) 36% 765 935 986
1.18mm (No.30) 23% 585 715 754
600um (No.50) 15% 360 440 464
300um (No.16) 9% 270 330 348
150um (No.100) 5% 180 220 232
75um (No.200) 4.8% 9 11 12
-200 216 264 278
Total wt.of agg. 4500 5500 5799
Pb by wt.of agg.|Hv. 5.3%
SP. 5.3%
Wt.of asphalt  |Hv. 239 292 307
SP. 239 292 307
Mix D1 - Changed Gradation of SP and wt.of aggr.
Sieve Sizes Trial passing | Wt of agg. | Wt of agg. Wt of agg.
(45000) (55000) (5799g) hight 150
25mm (1In) 100%
19mm (3/4 In) 93% 315 385 406
12.5mm (1/2 In) 71% 990 1210 1276
9.5mm (3/8 In) 53% 810 990 1044
4.75mm (NO.4) 34% 855 1045 1102
2.36mm (No.8) 26% 360 440 464
1.18mm (No.30) 20% 270 330 348
600um (No.50) 13% 315 385 406
300um (No.16) 8% 225 275 290
150um (No.100) 4% 180 220 232
75um (No.200) 3.0% 45 55 58
-200 135 165 174
Total wt.of agg. 4500 5500 5799
Pb by wt.of agg.
SP. 5.3%
Wt.of asphalt
SP. 239 292 307




Gradation Analysis of ITD Mixes (Hveem and Superpave)

Mix D2

Mix D2 - Gradation and wt.of aggr.(Hveem and SP)

Sieve Sizes Trial passing [ Wt of agg. | Wt of agg. | Wt of agg.for Hv. | Wt of agg.for SP.
(45009) (5500g) [(5961g) hight 150 | (5917g) hight 150
25mm (1In) 100%
19mm (3/4 In) 99% 45 55 60 59
12.5mm (1/2 In) 80% 855 1045 1133 1124
9.5mm (3/8 In) 69% 495 605 656 651
4.75mm (NO.4) 51% 810 990 1073 1065
2.36mm (No.8) 33% 810 990 1073 1065
1.18mm (No.30) 22% 495 605 656 651
600um (No.50) 14% 360 440 477 473
300um (No.16) 10% 180 220 238 237
150um (No.100) 7% 135 165 179 178
75um (No.200) 5.7% 58.5 71.5 77 77
-200 256.5 313.5 340 337
Total wt.of agg. 4500 5500 5961 5917
Pb by wt.of agg.|Hv. 6.1%
SP. 6.6%
Wt.of asphalt  |Hv. 275 336 364 361
SP. 298 364 395 392
Mix D2 - Changed Gradation of SP and wt.of aggr
Sieve Sizes Trial passing [ Wt of agg. | Wt of agg. | Wt of agg.for Hv. | Wt of agg.for SP.
(45009) (5500g) [(5961g) hight 150 | (59179g) hight 150
25mm (1In) 100%
19mm (3/4 In) 93% 315 385 417 414
12.5mm (1/2 In) 70% 1035 1265 1371 1361
9.5mm (3/8 In) 51% 855 1045 1133 1124
4.75mm (NO.4) 34% 765 935 1013 1006
2.36mm (No.8) 24% 450 550 596 592
1.18mm (No.30) 20% 180 220 238 237
600um (No.50) 13% 315 385 417 414
300um (No.16) 9% 180 220 238 237
150um (No.100) 7% 90 110 119 118
75um (No.200) 4.5% 112.5 137.5 149 148
-200 202.5 247.5 268 266
Total wt.of agg. 4500 5500 5961 5917
Pb by wt.of agg.
SP. 6.62%
Wt.of asphalt
SP. 298 364 395 392
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Gradation Analysis of ITD Mixes (Hveem and Superpave)

Mix D3

Mix D3 - Gradation and wt.of aggr.(Hveem)

Sieve Sizes Trial passing | Wt of agg. | Wt of agg. | Wt of agg.for Hv.
(45009) (55009) |(5683g) hight 150
37.5mm (11/2 In) 100%
25mm (1In) 97% 135 165 170.49
19mm (3/4 In) 88% 405 495 511.47
12.5mm (1/2 In) 60% 1260 1540 1591.24
9.5mm (3/8 In) 53% 315 385 397.81
4.75mm (NO.4) 47% 270 330 340.98
2.36mm (No.8) 32% 675 825 852.45
1.18mm (No.30) 22% 450 550 568.3
600um (No.50) 15% 315 385 397.81
300um (No.16) 10% 225 275 284.15
150um (No.100) 6% 180 220 227.32
75um (No.200) 4.0% 90 110 113.66
-200 180 220 227.32
Total wt.of agg. 4500 5500 5683
Pb by wt.of agg. Hv. 5.0%
Wt.of asphalt Hv. 225 275 284
Mix D3 - Changed Gradation and wt.of aggr.
Sieve Sizes Trial passing | Wt of agg. | Wt of agg. | Wt of agg.for Hv.
(45009) (55009) |(5683g) hight 150
37.5mm (11/2 In) 100%
25mm (1In) 97% 135 165 170.49
19mm (3/4 In) 88% 405 495 511.47
12.5mm (1/2 In) 60% 1260 1540 1591.24
9.5mm (3/8 In) 53% 315 385 397.81
4.75mm (NO.4) 47% 270 330 340.98
2.36mm (No.8) 32% 675 825 852.45
1.18mm (No.30) 22% 450 550 568.3
600um (No.50) 15% 315 385 397.81
300um (No.16) 10% 225 275 284.15
150um (No.100) 6% 180 220 227.32
75um (No.200) 4.0% 90 110 113.66
-200 180 220 227.32
Total wt.of agg. 4500 5500 5683
Pb by wt.of agg. Hv. 5.0%
Wt.of asphalt Hv. 225 275 284
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APPENDIX E

APA Test Results for ITD Mixes



P
ITD-802 8-98

Sample of Gyratory Specimens

REPORT OF TEST ON AGGREGATE i

Sheet ; of _5_ H‘..,j

Lab No. 02 A0313
Job Order No. 2A-310

Key No. 8774 Project No. SPR-0010(029) Source No.

Ident No. B / F02901R - A -RX / 601-CX Contract Item No.

Date Sampled ' By BAYOMY For BAYOMY
Test Hole No. Depth County

Saﬁnpled From GYO Quantity Represented

Location

Remarks

Test For APA

Date Received 7/20/2002

, - Test Results S
Gradation-Percent Passing Resistance Value
. Dry (Kg/M?3) Max.
" Column No. 1 2 3 4 5 6 7 8 9 10 Ethylene Glycol % Ret. ‘
SP.GR. +4.75 mm | -4.75 mm Ave.
75 mm (3 In.) Bulk
50 mm (2 In.) Appai'ent
37.5 mm (1*2In.) Absorption
25 mm (1 In.) :
19 mm (3/4 In) Los Angeles Abrasion
-12:5-mm-(1/2-In.)- }-—- 1o —- — —— _G _{g@i{lg .
9.5 mm (3/8 1n.) 7 T L300 Rev. %
4.75-mm-(Noz4) O . - - SNUNDEN R -|—eee.— ...Crushed.Particles-Retained-.— ...
2.36 mm (No.8) 90% One Face +4.75 mm %
1.18 mm (No.16) 60% Two Faces +4.75 mm %
600 pm (No.30)

Wit. Kg/M?®* Loose.

300 pm (No.50)

Cleaness Value

150 zm (No. 100)

For Further Tests, See Lab No's
75 pm (No.200).
Sand Equiv.
T-304 Voids
Liquid Limit
Plastic Index
Date Aggregate Delivered Date Started
Date Asphalt Delivered - Date Due
Remarks: Date Commericial Report Received Date Completed

Special testing for the University of Idaho Research. 11 Pairs of Gyratory samples prepared at U of I and tested

at ITD for Ruttting Characteristic.

Material as Represented is:

D Acceptable

Recommendations For Mix Design:

00T 16 2000

[:] Subject to Rejection
Sheet — of —

Date Mailed

I:] For Information Only

JEFF R. MILES, PE.

E-1

Materials Engineer

,P.E. (%
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ASPHALT PAVEMENT ANALYZER
Rutting Test Data Sheet

00 A03/3
S heel 2 oS

PAVENMENT
TECHNOLOGY,
Ine.

Project No.: MIX D-1
Mix ID No.: DI ‘
Mix Type: CORES
Operator : MTISH

Test No. : R0923-0
Test Date: 16108102 7:25 02—
Data File : R0923 _O.ptd.

Run Status : Complete

Temperature : 58
Wheel Load : 100
Hose Pressure : 100
Run Time. 2:15:46

(deg. C)
(Ibs)

(psi)
(hh:mm:ss)

6.60%
APA-DAS |-
Average |
10,000 . 0,000,
R EEET I Y
1478

" 1.651
Jii 1878
S 2484
. -2.380

.. 2:485 |
L2612 51

; 2744 |
w27

Left Sample ID . 'D1S4@N40 [BuksGraviy. . | 2315 |
. Temperature’ . . ‘Depth Gauge Reading (mim) ‘
O Sl 1 T R e TR LTI SHE W

%IA'irtvaid’* L
an -/ Net Man:,
Deflectlon

1,000.
1,500
2,000
3,000
4,000
5,000
6,000
7,000
8,000
728,000 -. "

o Mlddle Sample iDD1H12@N40

- I'Bﬁik*s'éi-'aﬁt'y o

2317

% AirVoid. ...

6.50%

Temperature

= Bepth‘Gauge Readmg (mm)

-.—~Manual

o F .G

T T ERRR N 4

: Average '.

«| ~Net-Man -
:Deflection -

-|~APA-DAS |
“-Aveérage: | -

“Percent
Change

£...70.000°]

0.000:]-

. 0.726

1000 |

0875

206

©4,500

0,991

133

202,000

1.180 |

470

T 3,000

- 1:282

10:6

4000

1367

.6.6

-~5,000

1501 |

9.8

‘6,000

1671

113

7,000

1,826

92

8,000°

1.965

78]

8000

" 1,965

0.0]

nght Sample IDD1S3@N40

|Bulk S Gravity | 2313

% Air Void

6.70%

Stroke i

" Temperature

. Depth-Gauge Reading (mm)

*.Count’,

2} 3 4

Manual

Net:Man -.

- Deflection

- APA-DAS |

Percent
Change

F C

Average:

-0.000

Average'- |-
. ..0.000.

500"

1.469 |

1,000}

1.810

23.3

1,500 |

12086

153

2,000¢

. 2.136

24

=3:000°

. 2.390|

11.9

'4,000°

2.441°]

2.1

. .5,000

'2.765-

13.3

/6,000

3,100

124

7,000;

8.4

“'8,000

3.704;

9.9

. '8,000 -

3.704

0.0

JEFF R. MILES, P.E.



#
Lot pa ROZ13

0 - Shest 3o(<—
". ASPHALT PAVEMENT ANALYZER

PAVEMENT Rutting Test Data Sheet
;!"EEHNOLOGY,

Project No.: MIXD-2 Test No. : R0930-0 S Temperature : 64 (deg. C)
Mix ID No.: D-2 Test Date: 16/88/827- 2 2- 6"”’ Wheel Load : 100 (Ibs)
Mix Type : CYLINDERS Data File : R0930 Optd - Hose Pressure: 100 (psi)
Operator : M TISH Run Status : Complete ’ Run Time - 2:15:42 - (hh:mm:ss)

Left:Sample ID D2H8@N95 |lBuiksoraviy .| 2413 | : %Ai'rVoid o0 6.00%
troke |- Temperature i * .. Depth Gauge Reading (mm). - .. . . Manual ;.iNét-.Man‘» : APA-DAS
v — ———— — ool

Percent

1,000
1,500
2,000
.3,000
4,000
5,000
6,000
7,000
T R T I
B0t

"“ddle Sample IDD2H13@N70 IBquS Gravity - . .| 2388 | % Airveid it 7.00%
e | ‘Témperature R Ehs Depth (‘auge Reading (mm) - | - Manial = APA-DAS-|" ‘Percent .

“aF . .G D T T T N i Oy W T Average . “ D . 5n “:Average . Change
R 5 ©;+0,000.4" - 7:0,000. S

w0803 ]

.. .0.980) . 9.8
A3 154

T A4e7] | 82
o200 '.-'11.__'31
1462 0125

00 , ] 11536 S5
- g.000 | ' N ' oo T2 16.6
CIIT000 v . - 1,845 3.0
78,000 g1 - _ 1 " 188e 22
N[0 PR (S _ : . B 11898 .08

Right Sample IDD2S6@N40 |Buik'S Gravity | 2356 | _%AirVoid . | 7.50%
?tlf,dkeffj . Temperature " "Depth Gauge Reading (mm) - ) “Manual ‘|- NétMan. | APA-DAS Percent:
socounty: IR L6 o 1 B XS] TR SR IR 5 ‘| .“Average. | Deflection }. Average Change:
R : ' ’ L Sl 000007 0,000
e ' 1 2 R
0937 296
L1129 . .20:4
0,980 | 132
11104, 13,2
1416 276
1434 1:3
1.659 15,7
1727 41
4,757 1.7
1756 (. - 00

JEFF R. MILES, P.E.



PAVEMENT

_ Sheet FIS
ASPHALT PAVEMENT ANALYZER

Rutting Test Data Sheet

TECHNOLOGY,
INC.

Project No. :
Mix ID No. :
Mix Type :
Operator :

MIXD2 A
D-2
CYLINDERS
MTISH

TestNo.: R1001-0 =

*Test Date: 46/68102 §-25 -0 %
Data File : R1001_0.ptd "

Run Status : Complete

Temperature : 64
Wheel Load : 100 (Ibs)
Hose Pressure : 100 (péi)
Run Time  2:15:41 (hh:mm:ss)

(deg. C)

21D, D2H14@N7

|BulksGraviy .- | 2388 | %Al Void L 7.00%

1~ Temperature; :| -

-+~ Depth Gauge

Reading (mm):. .- .

e e

" Manual, - “APA-DAS | Percent "’

/| Change

16.4

) 8.5

L1113

155

6.3

.14

6.5

0.0

pukscraviy | | _ %Airvoid

1" “Peicent: *

~“Manual

-~ <Pepth-:Gauge:Reading (mm)

_ Average __Change.

R

0.000:] "

~.0:000. |

0.000 |-

0.000:

"0.000°

0.000°}

4,000

0.000:

5,000

0.000.

+.:6,000

©0.000

7,000

0.000

“so00 |

"0.000

8,000

*0.000

Right'Sample IDD2S8@N60

|Bulk s Gravity | 2359 | % Air Void. 7.42%

| stioke

Temperature.

Depth Gauge Reading: (mm) Manual NetMan | "APA-DAS-| Percent. '

whCountt )T

c. I 1 2 3 4 Average | Deflection. |.- Average | Change::

20,0001 " 0.000}

_ 0.864.

1,000

" 0.801 | 34

1,500 -

4078 '20.9

12,000

1.261 17:0

3,000 -

- 1.261 700

4,000

1492} - 183

5,000

1589 | L858

6000

1.672 5.2

27,0000

- 1,849 106

1.855 0.3

8,000 .

1,855

0.0

JEFF R. MILES, P.E.



W® AspHAL
PTx

PAVEMENT
TECHNOLOGY,
Ine.

Project No. :
Mix ID No. :
Mix Type :
Operator\:

MIX D-3

Test No. : R0925-0

D-3

CYLINDER

M TISH

Le t Sample ID D3H8@N40

Test Date: 10/08/0Z %}”
Data File : R0925 0.ptd
Run Status :

Complete

[Bulk's Gravity

] 2,269

T PAVEMENT ANALYZER
Rutting Test Data Sheet

Temperature :
Wheel Load :

Hose Pressure

Run Time

Sheet SKS

76
100

: 100

231650

"% AirVeid -

(deg.C)
(Ibs)

(pst)
(hh:mm:ss)

' Depth Gaude Reading {(mm) .

|+ Manual; ;

S Y

g

Eawye

Average

Net Man

Def,lectpon af

Percent

-0.000 |-

£ 282

17.6

31

16.5

“7.9

8.7

8:4

.94

09

0.0

IBqu SGravity: -

| 2262

% AirVoid

6.60%

f Temparature

‘L Depth-Gauge-Reading:(mm):

1

<~Manual-

S SN O <X I 1

2L

03

o4

Average :

mNet Man :
Deflectlon

[-APA:DAS -
- Average |

~—Percent
_Change- ..

£0.0007)"

.0:000;]"

0761

0877

285

182

210

1.219: -

8

L1503

~2533

16181

T

AT

9.8

1.963

104

2192

117

-, .2:208"

038

"2:208'

~'0:0

Right Sample IDD3H6@N40

|Bulk s Gravity

| 2240

-%'Ai'r Void

7.10%

- 'Stroke. | Temperature

.Depth Gauge Reading'(mm)

Manual

;. Count:" |,

N

s

4

“NetMan |

Deflection

APA-DAS
Average

Percent -

o

F Co 1

Average |

0.000:

2 0.000°

. Change.

- 1.104

4,000

1.398.

26.7

g0 |

..1.850

323

2,000

2,260

222

3,000

2,969

314

4,000

3.280

0.8

.6,000:. ]

3768

145]-

' 76,000

. 4.094

- 86

© 7,000

" 4,495,

9.8

. '8,000

4.573"

17

8,000

4.573

0.0

JEFF R. MILES, PE.
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Mix D1 - Samples for APA Test at Air Viods=7%, PG-58-28

Sample for D1 D1H12 at N40 |D1S3 at N40 |D1S4 at N40

Asphalt content Pb by aggr.WT 5.3% 5.25% 5.25%
Asphalt content Pb by mix WT 5.0% 5.0% 5.0%
Wdry: 5830 5989 6086.5
Wsub: 3380 3433.3 3494.2
Wssd: 5896.2 6023 6123.7
Gmm: 2.478 2.478 2.478
Gsb: 2.66 2.66 2.66
Ps: 95.0% 95.0% 95.0%
H 141.83 148.61 151.15

Gmb=Wdry/Wssd-Wsub

Gmb(measured) 2.317 2.313 2.315
Gmb(estimated) 2.327 2.282 2.280
CF 0.996 1.014 1.015
Gmb(estimated)@Nmax: 2.327 2.282 2.280
Gmb(corrected) @Nmax: 2.317 2.313 2.315
%Va=1-Gmb/Gmm

%Va 6.5% 6.7% 6.6%
%VMA=100-Gmb*Ps/Gsb

%VMA 17.3% 17.4% 17.3%
%VFA=100*(VMA-Va)/VMA

%VFA 62.3% 61.7% 62.0%
Contact Energy Index, CEI 10.061 10.219 10.279
Total Energy Index, TEI 137.434 132.226 130.575
APA Rut-Depth, mm 1.97 3.7 2.74




Mix D2 - Samples for APA Test at Air Voids=7%, PG-64-34

Sample for D2 D2H8 at N95[D2H13 at N70{D2H14 at N70(D2S6 at N60 [D2S8 at N60
Asphalt content Pb by aggr.WT 6.1% 6.1% 6.1% 6.62% 6.62%
Asphalt content Pb by mix WT 5.75% 5.75% 5.75% 6.20% 6.20%
Wdry: 5832.8 6276.5 6302.5 6260.1 6275.3
Wsub: 3448 3687.5 3706 3680.2 3674.6
Wssd: 5865.2 6308 6345.1 6302.6 6334.9
Gmm: 2.567 2.567 2.567 2.548 2.548
Gsb: 2.68 2.68 2.68 2.68 2.68
Ps: 94.25% 94.25% 94.25% 93.80% 93.80%
H9O0: 140.3 151.62 153.17 152.59 154.85
Gmb=Wdry/Wssd-Wsub

Gmb(measured) 2.413 2.395 2.388 2.387 2.359
Gmb(estimated) 2.354 2.344 2.330 2.323 2.294
CF 1.025 1.022 1.025 1.028 1.028
Gmb(estimated) @Nmax: 2.354 2.344 2.330 2.323 2.294
Gmb(corrected) @Nmax: 2.413 2.395 2.388 2.387 2.359
%Va=1-Gmb/Gmm

%Va@N90: 6.0% 6.7% 7.0% 6.3% 7.42%
%VMA=100-Gmb*Ps/Gsb

%VMA 15.1% 15.8% 16.0% 16.4% 17.4%
%VFA=100*(VMA-Va)/VMA

%VFA 60.4% 57.5% 56.5% 61.6% 57.4%
Contact Energy Index, CEI 20.746 13.412 13.658 16.432 15.817
Total Energy Index, TEI 447.572 254.43 263.025 234.528 233.667
APA Rut-Depth, mm 1.76 1.9 1.73 1.76 1.86




Mix D3 - Samples for APA Test at Air Voids=7%, PG-76-28

Sample for D3 D3H6 at N4O |D3H8 at N40 |[D3H9 at N50

Asphalt content Pb by aggr. WT 5.0% 5.0% 5.0%
Asphalt content Pb by mix WT 4.8% 4.8% 4.8%
Wdry: 5758.2 5929.7 5937.1
Wsub: 3290 3384 3394.1
Wssd: 5850 5996.8 6018.6
Gmm: 2.422 2.422 2.422
Gsb: 2.547 2.547 2.547
Ps: 95.24% 95.24% 95.24%
H 147.07 151.04 153.04

Gmb=Wdry/Wssd-Wsub

Gmb(measured) 2.249 2.269 2.262
Gmb(estimated) 2.217 2.223 2.196
CF 1.015 1.021 1.030
Gmb(estimated) @Nmax: 2.217 2.223 2.196
Gmb(corrected)@Nmax: 2.249 2.269 2.262
%Va=1-Gmb/Gmm

%Va 7.1% 6.3% 6.6%
%VMA=100-Gmb*Ps/Gsb

%VMA 15.9% 15.1% 15.4%
%VFA=100*(VMA-Va)/VMA

%VFA 55.1% 58.4% 57.2%
Contact Energy Index, CEl 11.156 10.755 9.215
Total Energy Index, TEI 150.391 147.44 128.612
APA Rut-Depth, mm 4.57 2.32 2.21
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APPENDIX F

Image Analysis Test Results for ITD Mixes
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APPENDIX G

e-Files Included on CD-ROM

The CD ROM includes files for:

Servopac Gyratory Files for All Samples

Excel files for CEI calculations for all samples
Template for CEI Calculation Excel Sheet

Various Excel files for raw data for volumetric analysis



	TABLE OF CONTENTS
	1. INTRODUCTION
	1.1 BACKGROUND
	1.2 PROJECT OBJECTIVES
	1.3 RESEARCH METHODOLOGY
	1.4 PROJECT TASKS
	1.5 MODIFICATIONS TO THE ORIGINAL WORK PLAN
	1.6 ORGANIZATION OF THE REPORT

	2. LITERATURE REVIEW
	2.1 INTRODUCTION
	2.2 DEFINITION OF ASPHALT MIX
	2.3 DEVELOPMENT OF GYRATORY COMPACTORS
	2.3.1 Texas Gyratory Compactor
	2.3.2 Corps of Engineers Gyratory Compactor
	2.3.3 French Gyratory Compactor (LCPC Compactor)
	2.3.4 Superpave Gyratory Compactor
	2.3.5 Servopac Gyratory Compactor

	2.4 SHEAR STRESS PARAMETERS
	2.4.1 Compaction Curve Characteristics
	2.4.2 Shear Stress Measurements

	2.5 ANALYSIS OF THE INTERNAL STRUCTURE
	2.6 SUMMARY

	3. ANALYSIS OF HMA STABILITY USING THE SGC
	3.1 INTRODUCTION
	3.2 SERVOPAC GYRATORY COMPACTION METHODOLOGY AND ANALYSIS
	3.2.1  Compaction Mechanism
	3.2.2 Analysis of Shear Stress During Compaction
	3.2.3 Derivation of Shear Compaction Energy for Stability Analysis

	3.3 EXPERIMENTS AND RESULTS
	3.3.1 The Effect of Mix Constituents on Energy Indices
	3.3.2 The Effect of Compaction Variables on Energy Indices

	3.4 COMPARISON OF CONTACT ENERGY INDEX WITH MIX MECHANICAL PROPERTIES
	3.5 COMPARISON WITH PERFORMANCE AND MECHANICAL PROPERTIES
	3.6 SUMMARY

	4. THE FINITE ELEMENT ANALYSIS (FEA) IN DETERMINING THE SHEAR STRESS
	4.1 INTRODUCTION
	4.2 FINITE ELEMENT ANALYSIS METHODOLOGY
	4.3 DESCRIPTION OF THE FINITE ELEMENT PROGRAM: (ADINA 2000)
	4.4 2-DIMENSIONAL FINITE ELEMENT MODEL
	4.4.1 Material Modeling
	4.4.2 Boundary Conditions
	4.4.3 Analysis and Results

	4.5 3-DIMENSIONAL FINITE ELEMENT MODEL
	4.5.1 Material Modeling Properties
	4.5.2 Boundary Conditions
	4.5.3 Analysis and Results

	4.6 SUMMARY

	5. THE ROLE OF INTERNAL STRUCTURE IN ASPHALT MIX STABILITY
	5.1 INTRODUCTION
	5.2 IMAGE ANALYSIS METHODOLOGY
	5.2.1 Image Analysis System
	5.2.2 Image Analysis Techniques

	5.3  INTERNAL STRUCTURE PARAMETERS
	5.3.1 Aggregate Orientation
	5.3.2  Aggregate Contacts

	5.4 ANALYSIS AND RESULTS
	5.5 SUMMARY

	6. DEVELOPMENT AND EVALUATION OF ITD MIXES
	6.1 DESCRIPTION OF SELECTED ITD MIXES
	6.2 ITD MIXES EVALUATION USING SUPERPAVE GYRATORY COMPACTOR
	6.2.1 Effect of percent of binder content on Total and Contact Energy Indices
	6.2.2 Effect of Aggregate Type
	6.2.3 Effect of Aggregate Gradation
	6.2.4 Summary of Effect of Mix Constituents on Energy Indices

	6.3 ITD MIXES EVALUATION USING ASPAHLT PAVEMENT ANALYZER (APA)
	6.4 ITD MIXES EVALUATION USING IMAGE ANALYSIS

	7. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
	7.1 SUMMARY AND CONCLUSIONS
	7.2 RECOMMENDATIONS
	 REFERENCES
	 List of Appendices



	Appendices.pdf
	KLK464 Final Report
	List of Appendices
	Appendix A_Mixes from NCHRP 9-16.pdf
	APPENDIX A
	MIX PROPERTIES AND GRADATIONS – 
	MIXES OBTAINED FROM THE NCHRP 9-16 PROJECT

	Appendix B_Worksheet for CEI calculations.pdf
	Recommended Procedure for Calculating the Shear Force and Contact Energy Index (CEI)

	Appendix C_Job Mix Formula for ITD Mixes.pdf
	APPENDIX C
	JOB MIX FORMULA FOR ITD MIXES (D1, D2 and D3)

	Appendix D_Data for ITD Mixes (Gradation, Volumetrics, CEI and TEI).pdf
	APPENDIX D
	Data for Volumetric Analysis and Calculation of 
	Energy Indices (CEI and TEI) for ITD Mixes

	Appendix E_APA Test Results for ITD Mixes.pdf
	APPENDIX E
	APA Test Results for ITD Mixes

	Appendix F_ Samples for Image testing.pdf
	Appendix F.pdf
	APPENDIX F
	Image Analysis Test Results for ITD Mixes






