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TRC-0304
ACHM Mix Stiffness and Static Creep Behavior

EXECUTIVE SUMMARY

Flexible pavement design procedures proposed for use within the Mechanistic-
Empirical Pavement Design Guide (MEPDG) require the input of the dynamic modulus
(E*) of hot-mix asphalt concrete. In addition, the E* test has been proposed as a “simple
performance test” for use in mixture design and construction quality control.

Obijectives of this study included conducting the dynamic modulus test, evaluating the
accuracy/variability of test results, constructing master curves for the mixtures tested,
and evaluating the Witczak predictive equation contained in the MEPDG for
determining E*. Three replicate test specimens were prepared for this study for each of
two aggregate types, two binder grades, three nominal maximum aggregate sizes, and
two air voids levels. The analysis showed that the variability of the average dynamic
modulus for each set of four replicates was acceptable. Since the dynamic modulus tests
were run at intermediate temperatures in this study, a modified procedure, using
Arrhenius and power functions, was employed to construct the master curves. Based on
the master curves, the effects of aggregate size, binder content, and air voids on the
tested asphalt mixtures were evaluated and determined to be consistent and reasonable.
The correlation of measured and predicted values (from the Witczak equation) was then
assessed using the goodness-of-fit statistics. The measured and predicted values were
also compared by matching the two values and master curve comparison. The
goodness-of-fit statistics showed that the performance of the Witczak equation in
predicting the dynamic moduli of the mixtures used in this study was very good to
excellent, and the Witczak predictive equation had good correlation to the measured
dynamic modulus values. The master curve comparison of measured and predicted
values also confirmed that the Witczak predictive equation fitted the test data in this
study very well. The testing procedure and results of this study are recommended for

preparing input data for the MEPDG.
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CHAPTER 1: INTRODUCTION
1.1 Problem Statement

The AASHTO Guide for Design of Pavement Structures has served well as a
design guide for many state highway agencies to design new and rehabilitated highway
pavements for several decades. In the 1995-97 National Pavement Design Review, the
Federal Highway Administration (FHWA\) stated that about 80 percent of the States
make use of either the 1972, 1986, or 1993 AASHTO Guide (1). The Arkansas State
Highway and Transportation Department (AHTD) currently uses the 1993 AASHTO
Guide for new pavement design.

More recently, the AASHTO Joint Task Force on Pavements (JTFP), which has
responsibility for the development and implementation of pavement design
technologies, has recognized the limitations of the earlier Guides in the areas of traffic
loading, foundations, drainage, climate effects, pavement performance, and pavement
rehabilitation. The JTFP initiated an effort to develop a new Guide under National
Cooperative Highway Research Program (NCHRP) Project 1-37A: “Development of the
2002 Guide for the Design of New and Rehabilitated Pavement Structures”.

The overall objectives of NCHRP Project 1-37A were (1) to develop a new
pavement design guide based on existing mechanistic-empirical (M-E) design concepts;
and (2) to develop rudimentary computational software based on the Design Guide.

One advanced feature of the NCHRP 1-37a mechanistic-empirical pavement
design guide (MEPDG) which was not found in previous versions of the AASHTO
Guide is the hierarchical approach to design inputs (1). The hierarchical approach

includes three levels of inputs. For a given flexible pavement design project, inputs may



be provided using a mix of levels, and the variability associated with each input level is
directly applied in the design reliability simulation. Therefore, a design using lower
levels of input accuracy may result in a more conservative design because the design
must consider the uncertainties of design inputs when establishing reliability.

The hierarchical approach is used with regard to traffic, materials, and
environmental inputs (1):

e Level 1 inputs provide the highest level of accuracy of inputs and the lowest
level of uncertainty. Level 1 material inputs require laboratory or field testing.
They would typically be used for designing heavily trafficked pavements.

e Level 2 inputs provide an intermediate level of accuracy, which is typically
selected from an agency database, derived from a limited testing program, or
estimated through correlations. This input level is closest to the typical
procedures used with earlier editions of the AASHTO Guide and can be used
when level 1 inputs are not available.

e Level 3 inputs provide the lowest level of accuracy. Inputs typically would be
user selected default values or typical averages for the region. This input level is
intended for designing low volume roads.

In the MEPDG, level 1 material characterization inputs for hot-mix asphalt
(HMA) require a dynamic modulus (E*) value from laboratory tests while level 2 and 3
HMA inputs are estimated using Witczak’s predictive model (2). However, level 2
dynamic modulus predictions require laboratory measured binder viscosity whereas
level 3 |E*| predictions use the default binder properties established for all binder grades

in the MEPDG.



However, the dynamic modulus of HMA has never been routinely measured and
reported in Arkansas because current flexible pavement design procedures used in
Arkansas, based on the 1993 AASHTO Guide for the Design of Pavement Structures, do
not require input values related to the dynamic modulus of the HMA mixture. The
general approach in the 1993 AASHTO Design Guide uses a “structural coefficient” to
describe the structural capacity of the asphalt layer, and this coefficient is not varied for
different types of hot mix asphalt (HMA) used in a given pavement. Therefore, it is
necessary to determine the dynamic modulus of all typical mixtures used in Arkansas
for future implementation of the MEPDG.

The application of the dynamic modulus is not limited to the pavement design,
but it is also used for quality control/quality assurance research purposes. In 1993, the
Strategic Highway Research Program (SHRP) developed a new HMA mixture design
procedure called “Superpave”. The Superpave system included the Superpave gyratory
compactor (SGC) that better simulates the field compaction of HMA mixtures. The
Superpave gyratory compactor uses a combination of pressure and a gyratory angle to
compact an HMA specimen. The angle of gyration is an important factor affecting the
compaction effort. A current standard (AASHTO T312) allows two different methods
of gyratory angle calibration: external and internal. The internal calibration method uses
the Dynamic Angle Validation (DAV) kit. Recent studies demonstrated the DAV ability
to calibrate the internal angle of different SGCs to produce HMA specimens having
similar densities (3,4), which is crucial to both HMA mix design and quality

control/quality assurance purposes.



However, researchers generally agree that the magnitude of the internal angle of
gyration measured by the DAYV is a function of the stiffness (dynamic modulus) or shear
resistance of the particular HMA mixture used in the determination (5). Therefore, it is
necessary to determine whether the impact of HMA stiffness on the associated internal

angle of gyration measured by the DAV is significant.

1.2 Objectives of Project
The overall objective of this research was to support the implementation of the
MEPDG in Arkansas by establishing HMA material inputs — namely, the dynamic
modulus. Specific objectives include:
1. developing a dynamic modulus database and determining the data
variability for level 1 |[E*| inputs;
2. evaluating the |E*| predictions for level 2 and 3 inputs using Witczak’s
predictive model;
3. identifying the appropriate |E*| input level for the future applications in
the MEPDG;
4. investigating the effects of dynamic modulus on the associated internal
angles of gyration measured by the DAV;
5. studying the potential of using the simulated loading devices for the

internal gyration angle calibration of SGCs.



1.3 Scope of Work

In order to successfully complete the objectives of this study, the following
research tasks were accomplished:

The first research effort reviewed updated literature regarding HMA volumetric
properties, performance-related tests, and pavement distresses. The review focused on
current test methods to evaluate the stiffness of HMA mixtures, especially dynamic
modulus test and prediction techniques. In addition, the development and application of
the DAV was reviewed.

All typical mixtures used in Arkansas were identified and verified in the
laboratory. The experimental plan included four aggregate sources, three nominal
maximum aggregate sizes, two binder grades, and two air void levels. After the
dynamic modulus of HMA mixtures was determined, the test variability was evaluated,
and the subsequent master curves were constructed. The dynamic modulus test results
were then used to assess available predictive models for the dynamic modulus of HMA
mixtures.

The DAV procedure was tested on three HMA mixtures with significantly
different stiffness values. The results were used to investigate effects of the stiffness of
the mixtures on the internal angle of gyration.

A final task related to the project was an investigation of the concept of “static
creep’ in hot-mix asphalt. A “‘white paper’ was prepared detailing the findings of the

literature review performed regarding static creep.



CHAPTER 2: DESIGN OF HOT-MIX ASPHALT
HMA pavement design consists of two parts: mix design and structural design,
which determine the pavement’s resistance to common distresses. This chapter covers

the primary stresses in flexible pavements followed by the fundamentals of mix design.

2.1 Flexible Pavement Distresses

When a wheel load is applied on a pavement, stresses are transmitted to the
pavement structure. The pavement structure must be strong enough to resist the
accumulation of damage as function of time and traffic. The primary flexible pavement
distresses that engineers try to avoid are permanent deformation, fatigue cracking, and
low temperature cracking. Permanent deformation and fatigue cracking are load-
associated distresses. Low temperature cracking is caused by the pavement shrinkage in

cold weather.

2.1.1 Permanent Deformation

Permanent deformation is an accumulation of small amounts of unrecoverable
deformation occurring each time a load is applied. Wheel path rutting is a common
form of permanent deformation. Two types of permanent deformation are normally
addressed in literature.

One type of rutting is caused by the weak support below the asphalt layer(s), as
illustrated in Figure 2.1(a). It is considered as a structural problem rather than a
materials problem. The deformation occurs in the underlying layers rather than in the

asphalt layer(s).
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The other type of rutting is deformation in the asphalt layer(s), as illustrated in
Figure 2.1(b). The asphalt mixture is not strong enough to resist the shear occurred in
the asphalt layer(s) under repeated heavy loads. As a result, the asphalt mixture under
the wheel path is pushed downward and laterally. Deformation of a weak mixture
typically occurs under high pavement temperatures. It is not solely an asphalt binder
problem but a combined problem of mineral aggregate and asphalt binder (6).

Permanent deformation changes drainage characteristics, decreases runoff
capability, which reduces skid resistance of the surface course, increases hydroplaning
conditions and impedes the removal of snow and ice in cold weather. In addition,
rutting increases roughness and reduces the overall serviceability of the pavement.

Studies conducted by National Center for Asphalt Technology (NCAT) showed
that permanent deformation generally occurred in the top 75 to 100 mm (3 to 4 in.) of

flexible pavements (7,8).

2.1.2 Fatigue Cracking

Fatigue cracking is initiated at points where the critical tensile strains and
stresses occur under repeated traffic loads. Once the cracking initiates at the critical
location, the continued traffic loads eventually causes the cracks to propagate through
the entire bound layer. An early sign of fatigue cracking is longitudinal hair cracks in
the wheel path. When transverse cracks join the longitudinal cracks, this state of fatigue
cracking is called alligator cracking. Severe alligator cracking may lead to potholes.

Fatigue cracking is usually caused by large deflections under repeated heavy

wheel loads. Large deflections lead to increased horizontal tensile stresses at the bottom



of the bound layer. That results in fatigue cracking to initiate at the bottom of the bound
layer and propagate to the surface (bottom-up cracking). If the phenomenon of cracking
initiation and propagation occurs in an underlaying stabilized layer, cracking reduces
the overall structural capacity of the layer and then pavement, and it induces reflective
cracking in the upper bound layers.

The other type of fatigue cracking is initiated from the top and propagates down
(top-down cracking). Top-down fatigue cracking of a highly aged thin surface layer
may be due to critical tensile and/or shear stresses developed at the surface and caused
by extremely high contact pressure at the tire edge-pavement interface (1).

Fatigue cracking propagating throughout the bound layer thickness allows water
to seep into the underneath unbound layers. It weakens the pavement structure,

increases roughness, and reduces overall pavement serviceability.

2.1.2 Low Temperature Cracking

Low temperature cracking is caused by cold weather rather than by traffic loads.
It is described by transverse cracks occurring at nearly equal spacing (6). The pavement
shrinkage in cold weather causes tensile stress building within the layer. At some
critical locations, the tensile stress exceeding the tensile strength of the bound layer

causes low temperature cracks.

2.2 Asphalt Mixture Design Procedures
Asphalt mixture design procedures typically include the steps used to select

asphalt binder and mineral aggregates and subsequently combine them together. HMA



mixtures are designed to resist to the pavement distresses such as permanent
deformation, fatigue cracking, and low temperature cracking. In addition, HMA

mixtures must meet requirements for workability, durability, and skid resistance.

2.2.1 Marshall and Hveem Methods

The Marshall mixture design method was developed in 1939 by Bruce Marshall,
an engineer working for the Mississippi State Highway Department. The method was
then refined by the U.S. Army Corps of Engineers to standardize as ASTM D 1559 and
AASHTO T 245 (6).

One advantage of the Marhsall method is that it designs an asphalt mixture using
stability and void analyses. In addition, it requires inexpensive and portable equipment.
However, the impact compaction may not simulate field densification of the mixture.
Additionally, the Marshall stability test does not adequately measure the shear strength
of the mixture in question, making it difficult to characterize the mixture rutting
resistance (6).

The final form of Hveem mixture design method was introduced in 1959 by
Francis Hveem of the California Department of Transportation. The procedure was
standardized as ASTM D 1560 and ASTM D 1561. The method was normally
employed in the western states.

The Hveem method is like the Marshall method in that it requires a density and
stability analysis. In addition, it measures the mixture’s resistance to swell in the
presence of water. It is felt that the kneading compaction better simulate the field

densification characteristics of HMA. The Hveem stability test directly measures the
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internal friction angle of shear strength, which determines the mixture resistance to
lateral displacement under a vertical load. However, the test equipment for the Hveem
method is expensive and not portable. It is thought that the Hveem method is too

subjective and probably creates non-durable HMA with too little asphalt binder (6).

2.2.2 Superpave Asphalt Mixture Design Procedure

In 1987, the United States Congress established a five-year fund for the
Strategic Highway Research Program (SHRP). The research efforts were to improve
durability and performance of asphalt materials and mixtures used for roadways in the
U.S. The principal product of the SHRP was Superpave (Superior Performing Asphalt
Pavements). Superpave consists of two major parts, the Superpave asphalt binder
analysis and the Superpave asphalt mixture design and analysis. Superpave is
considered as a superior system for grading asphalt binders, selecting aggregate
materials, conducting asphalt mixture design, and predicting mixture performance.

In the Superpave performance graded asphalt binder specification (9), asphalt
binders are selected based on the climate and traffic conditions at the site of the paving
project. The Superpave asphalt binder specification classifies binder grades according to
the high and low temperatures between which the binder possesses adequate physical
properties in pavements.

The minimum required PG binder is chosen to satisfy the pavement
temperatures and the design reliability. The pavement temperatures for determining the
binder grade include the yearly, 7-day-average, maximum pavement temperature

measured 20 mm below the pavement surface and the yearly, 1-day-minimum pavement
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temperature measured at the pavement surface. The above temperatures can be obtained
from actual site data or using LTPPBIind software (10). The design reliability is chosen
based on road classification, traffic level, cost, and other factors.

If traffic speed or the design equivalent single loads (ESAL) warrant, the binder
grade selection should be adjusted (10). The binder grades for slow and standing traffic
load rate would be increased by one and two grade equivalents, respectively. If the
design traffic is expected to be between 10 million and 30 million ESALS, the binder
grade is considered increasing by one grade equivalent. If the design traffic is expected
to exceed 30 million ESALS, the binder grade is required to increase by one grade
equivalent.

In the Superpave system, a Superpave design aggregate gradation developed on
a 0.45 power gradation chart must pass between gradation control points. The combined
aggregate gradation is classified as coarse graded when it passes below the Primary
Control Sieve (PCS) control point. All other gradations are classified as fine graded.
The aggregates must meet the requirements for coarse aggregate angularity, fine
aggregate angularity, flat and elongated particles, and clay content (10). The Superpave
system ensures that the design aggregate structure has a strong stone skeleton to
enhance resistance to rutting while maintaining enough voids to enhance mixture
durability (6).

Two new key features in the Superpave system comparing to other mix design
methods are laboratory compaction and performance testing. Laboratory compaction is
performed using a Superpave gyratory compactor (SGC). The SGC is designed to better

simulate the field compaction of HMA. Performance testing includes two new
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performance based testing procedures: the Superpave Shear Test (SST) and the Indirect
Tensile Test (IDT). The data from the tests are used in the performance prediction
models included in the Superpave system to estimate the mixture performance (6).
However, the Superpave performance testing has never been implemented by the

asphalt paving community.

2.3 Asphalt Mixture Volumetric Properties

An asphalt mixture is designed based on the volumetric properties and their
requirements specified in the Superpave system. This section reviews only the
volumetric properties that are important to characterize the HMA later in this study
(11). The volumetric properties of an asphalt mixture can be presented in a multiphase
diagram, as shown in Figure 2.2.

Air voids (V,) are the percent by volume of air between the coated aggregate

particles of a compacted paving mixture and calculated using Equation 2.1.

Vv, :100><(1— gmb j (2.1)

mm
where:
Gmm = maximum specific gravity of the mixture
Gmp = bulk specific gravity of the compacted specimen
Voids in mineral aggregate (VMA) are the volume of the void space between the
aggregate particles of a compacted mixture. VMA includes the air voids and the

effective binder content, and it is calculated using Equation 2.2.
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Figure 2.2. Volumetric Properties of HMA
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P
VMA =100 x (1——6”“’ s J (2.2)
Gsb
where:
Gmp = bulk specific gravity of the compacted specimen
Ps = percent of aggregate in the total weight of mixture

Gs = bulk specific gravity of aggregate

Binder content (Py) is the percent by mass of binder in the total mixture
including binder and aggregate. The binder content is optimum when the compacted
HMA mixture has the required air void level at Ng. In Arkansas, the required air void
levels are 4.5 percent for binder grade PG70-22 and 4.0 percent for binder grade PG76-
22 (12).

Effective binder volume (Vyet) is the volume of binder that is not absorbed into
the aggregate, and it is determined using Equation 2.3.

Vit =VMA-V, (2.3)
Voids filled with asphalt (VFA) are the percent of the VMA filled with binder
and calculated using Equation 2.4.

VFEA =100 x (\M]

VMA (2.4)

2.4 Superpave Hot-Mix Asphalt Design Requirements in Arkansas
This section summarizes the requirements for the Superpave HMA design used
in Arkansas (12). The combined aggregate shall pass between the gradation control

points specified in Table 2.1. The HMA design shall meet the V,, VMA, VFA, and dust-

to-effective binder ratio requirements presented in Table 2.2.
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Table 2.1. Superpave Gradation Control Points Used in Arkansas (12)

Nominal Maximum Aggregate Size-Control Points (% Passing)

Sieve Size 37.5 mm 25.0 mm 12.5 mm

(mm) Min Max Min Max Min Max

50.0 100 - - - - -
37.5 90 100 100 - - -
25.0 - 90 90 100 - -
19.0 - - - 90 100 -
12,5 - - - - 90 100
9.5 - - - - - 90
4.75 - - - - - -
2.36 15 41 19 45 28 58
1.18 - - - - - -

0.075 0 6 1 7 2 10

Table 2.2. Superpave HMA Design Requirements Used in Arkansas (12)

Va at Ngesign VMA VFA Dust-to-
(%) (% Minimum) (%) Binder Ratio
Binder Grade Nominal Max Aggregate (mm)
PG70-22 PG76-22 37.5 25.0 12.5
4.5 4.0 11.5-13.0 12.5-14.0 145-16.0 65-75 0.7-1.4
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2.5 Effects of Mixture Properties on HMA Performance

Performance of an HMA mixture is influenced by the aggregate properties,
binder properties, and volumetric properties of the HMA mixture. Aggregate properties
that relate to HMA performance are gradation and size, aggregate particle shape and
angularity, and properties of minus 200 material.

Gradation of the combined aggregate in an HMA mixture significantly affects
the HMA pavement performance, especially rutting resistance (13-15). A reasonably
dense gradation with adequate VMA helps to improve resistance to degradation during
construction and under traffic, and it also increases resistance to fatigue cracking when
used in thick pavements (13). In general, HMA mixtures with large maximum size
resist permanent deformation better than those with small maximum size (13).

Aggregate particle shape and angularity of an HMA mixture plays an important
role in the mixture performance. The angularity factor of an aggregate used in HMA
includes the angularity of coarse aggregate and the angularity of fine aggregate. In
general, the aggregate angularity has a major effect on mix stability (16), and high
angularity provides better resistance to permanent deformation (17,18). However, the
angularity of the fine aggregate is a more important factor to rutting resistance than the
angularity of coarse aggregate (19). Another study finds a stronger relationship between
the fine aggregate angularity and rutting than between the coarse aggregate angularity
and rutting (20). Higher fine aggregate angularity results in greater VMA and smaller
permanent deformation (21). Mixtures containing manufactured sand (that normally has
a higher angularity) show less rutting than mixtures with natural sand (that typically has

a lower angularity) (17, 22-24).
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The aggregate particle shape affects the coarse aggregate breakdown, the rutting
susceptibility, and volumetric properties of compacted HMA mixtures (25). Flat and
elongated particles are undesirable in HMA mixtures due to their tendency to
breakdown during construction and operation. Thin aggregates may decrease the fatigue
life of HMA mixtures (13).

In addition, the HMA mixture performance is influenced by the properties of
minus 200 material (the material passing No. 200 sieve). Fines sometimes can act as an
extender of asphalt cement binder, which may result in an over-rich HMA mixture,
leading to rutting (26). Some fines affect the asphalt binder to act stiffer than its grade,
influencing the HMA fracture behavior (27,28).

Binder properties affecting performance of asphalt pavements include binder
content and performance grade. The binder content in an HMA mixture should not be
0.5 percent above or below an optimum level (29). Excessive binder contents, may lead
to rutting in the HMA mixture (30). However, asphalt contents below the optimum may
affect the long-term durability of the mixture and produce dry mixtures that complicate
lay-down and compaction (31).

When polymer modifiers are added to conventional or unmodified asphalts, the
modified asphalts have higher performance grades. The use of modified asphalt in an
HMA mixture significantly improves the rutting resistance of the mixture (32). In a
case, when the modified asphalt was used, rutting was reduced up to 50 percent, and
pavement load-carrying capacity was increased more than 300 percent (31).

The amount of air voids in the HMA mixture is one of the volumetric properties,

which affects the HMA stability and durability (30). When the air voids are higher than
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8 percent, the mixture is permeable to air and water, which fastens the oxidation of the
asphalt binder, causing premature cracking (33,34). However, when the air voids are
lower than 3 percent, the pavement may show permanent deformation due to plastic
flow (35,36).

The minimum VMA requirement in the Superpave system was to specify the
minimum permissible asphalt content in the mixture to ensure its durability (37).
Recently, the effects of VMA, an important mix design parameter, on the asphalt
mixture performance have been studied in several projects. One such study (37) stated
that the VMA criteria should be different for coarse and fine asphalt mixtures. In
contrast, another study by Anderson and Bentsen (38) reported that no statistically
significant difference was found between the fatigue cracking parameters of a coarse
mix and a fine mix with the same VMA. In addition, the fatigue properties of a mix
with 13 percent VMA and a mix with 15 percent VMA were not significantly different.
However, increasing the VMA from 13 percent to 15 percent in coarse mixtures can
lead to poor performance. Some researchers (39,40) questioned the suitability of the
VMA criteria in the Superpave system.

There is increasing interest in using asphalt film thickness either to supplement
or to replace the VMA requirements in the Superpave system (37,41-43). Stiady et al.
(43) proposed that the film thickness included in mixture design procedures would have

an acceptable range of 7 to 9 microns.
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2.6 Relationship of SGC Properties to HMA Performance

One of key features in the Superpave system is laboratory compaction using the
SGC. The SGC can simulate the field compaction of HMA mixtures, and it is thought
that the SGC data collected during gyratory compaction of an HMA mixture can be
used to assess the HMA pavement performance.

A study under NCHRP Project 9-16 (44), “Relationship Between Superpave
Gyratory Compactor Properties and Permanent Deformation of Pavements in Service,”
showed that the product of compaction slope and air voids, k x AV , was not related to
estimated rut depth. The study reported that the best parameter was the number of
gyrations at which the peak shear stress occurs during compaction, N-SRmax. This
parameter can be determined using an AFG1 SGC from Pine Instruments or a Gyratory
Load Cell Plate Assembly (GLPA) developed at the University of Wisconsin —
Madison. However, the biggest limitation of the N-SRyax parameter is that it is sensitive
to the aggregate structure and asphalt binder volume but insensitive to the stiffness of
the asphalt binder in an asphalt mixture. Therefore, this parameter may serve as a rapid
indicator of HMA rutting potential but not a replacement for performance-related
testing.

Another study by D’Angelo et.al. (45) did not find a relationship of the
compaction slope to the asphalt pavement performance. The research team concluded
that the slope of the compaction curve should not be a good indicator for the HMA
mixture performance. However, in recent research conducted by the Pennsylvania
Transportation Institute (PTI) and Advanced Asphalt Technologies (AAT) (46), the

compaction slope together with indirect tensile (IDT) strength and VMA were used to
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develop a good, simple and rational model (R? = 0.82, unadjusted) that can predict

laboratory rutting potential.

2.7 Summary

This chapter introduced the primary flexible pavement distresses: permanent
deformation, fatigue cracking, and low temperature cracking. The pavement distresses
are not only considered in the structural design of flexible pavements but also in the
design of HMA mixtures. The HMA mixture design methods, such as Marshall method,
Hveem method, and Superpave mixture design procedure, were developed to design the
mixtures that can resist to the primary pavement distresses. Among the mix design
methods, the Superpave system is the most comprehensive mix design procedure up to
date. In the Superpave system, the binder and aggregates used in the mix design are
chosen carefully based on their properties, and the subsequent HMA mixture is
designed based on its volumetric properties.

The effects of the mixture properties, such as aggregate, binder and volumetric
properties, on performance of asphalt pavements were also reviewed in this chapter.
Among the important volumetric properties that affect the HMA mixture stability and
durability, the VMA requirements in the Superpave system were questioned. There is
growing interest in using asphalt film thickness either to supplement or to replace the
VMA requirements in the Superpave design procedure.

The SGC is a key feature in the Superpave system. It can simulate the field
compaction of HMA mixtures. Research is ongoing to investigate the use of SGC data

in the evaluation of performance of HMA mixtures. One promising approach is to use
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the compaction slope together with the indirect tensile strength and VMA in model that

can predict laboratory rutting potential.
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CHAPTER 3: CHARACTERIZATION OF ASPHALT MIXTURES
3.1 Mechanical Behavior of Asphalt Binder

Since asphalt binders are characterized as viscoelastic materials, their behavior
is dependent on both temperature and rate of loading. At high temperatures, such as
135C (275F), or under sustained loads (e.g., slow moving or stopped vehicles), asphalt
cements typically behave as simple Newtonian or non-Newtonian fluids (9). The
Newtonian fluids have (1) a constant ratio of shear stress to shear strain rate and (2) a
constant viscosity regardless of shear strain rate, as shown in Figure 3.1. For non-
Newtonian liquids, the ratio of shear stress to shear strain rate is not constant. Most
modified binders are non-Newtonian liquids at mixing and compaction temperatures in
the field (47). At cold temperatures or under fast moving loads, asphalt binders behave
as elastic solids. Asphalt binders may be too brittle and initiate low temperature
cracking at very low temperatures. At intermediate temperatures, asphalt binders act as
viscoelastic materials exhibiting both viscous and elastic characteristics (9).

Asphalt binders also react with oxygen, and this reaction is called oxidation.
Oxidation changes the structure and composition of asphalt molecules, making asphalt
binders more brittle. Therefore, old asphalt pavement is more susceptible to cracking.
Oxidation occurs faster in warm climates (9) or when the HMA mixtures have more

than 8 percent air voids (33,34).
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Figure 3.1. Newtonian Liquid Behavior (9)
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3.2 Superpave Asphalt Binder Tests

The Superpave binder tests are designed to evaluate the binder performance at
three states of its life: in its original state, after mixing and compaction, and after in-
service aging (9). Table 3.1 shows a list of the Superpave binder testing equipment that
conduct various Superpave binder tests to determine the physical properties of asphalt
binders, which affect the HMA performance. Table 3.2 shows the binder aging
conditions for Superpave binder tests.

Tests performed on original asphalt binders determine the binder properties for
transport, storage, and handling. The binders are then aged using the rolling thin film
oven (RTFO) procedure, which simulates the aging condition of the binders during mix
production and construction. In this form of aging, asphalt binders are aged by two
mechanisms: volatilization of light oils in the binders and oxidation by reacting with the
oxygen in the environment. In-service aging of RTFO-aged binders in the laboratory is
performed using the pressure aging vessel (PAV) procedure, which simulates the
oxidation of asphalt binder as part of the HMA layer in an asphalt pavement (9).

This section summarizes the dynamic shear rheometer (DSR) and rotational
viscometer (RV) test procedures. The test parameters, such as complex shear modulus
and viscosity, obtained from these tests are used for predictive equations for the
dynamic modulus of HMA later in this study. Detailed procedures for the binder tests

listed in Table 3.2 can be found in the appropriate AASHTO test methods (48-51).
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Table 3.1. Superpave Asphalt Binder Testing Equipment (30)

Binder Test PURPOSE Performance

Equipment Parameter
Rolling Thin Film Oven  Simulate binder aging Resistance to aging
(RTFO) (hardening) during HMA (durability) during

production and construction  construction

Pressure Aging Vessel Simulate binder aging Resistance to aging
(PAV) (hardening) during HMA (durability) during
service life service life

Rotational Viscometer Measure binder propertiesat  Handling and pumping

RV) high construction
temperatures
Dynamic Shear Measure binder properties at  Resistance to rutting
Rheometer (DSR) high and intermediate service and fatigue cracking
temperatures
Bending Beam Measure binder properties at  Resistance to low
Rheometer (BBR) low service temperatures temperature cracking

Direct Tension Tester Measure binder properties at  Resistance to low

(DTT) low service temperatures temperature cracklng
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Table 3.2. Aging Conditions for Superpave Binder Tests (9)

Superpave Binder Test

BINDER CONDITION

Dynamic Shear Rheometer (DSR)

Rotational Viscometer (RV)
Bending Beam Rheometer (BBR)

Direct Tension Tester (DTT)

Original binder
RTFO-aged binder

PAV-aged binder
Original binder
PAV-aged binder

PAV-aged binder
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3.2.1 Dynamic Shear Rheometer

The dynamic shear rheometer (DSR) characterizes the viscous and elastic
properties of asphalt binders at intermediate and high temperatures. This test measures
the dynamic (complex) shear modulus (|G*|), and phase angle () of asphalt binders. A
schematic of the DSR is illustrated in Figure 3.2.

All Superpave DSR tests are conducted on unaged, RTFO-aged, or PAV-aged
binders at an angular frequency of 10 radians per second, which is equal to
approximately 1.59 Hz. A constant stress is applied as the loading mode. Original and
RTFO-aged binders are tested at strain values of 10 to 12 percent, and PAV-aged
binders are tested at strain values of about one percent (52). These strain limits keep the
binder behavior in the linear viscoelastic range. During each cycle, both stress and
strain are measured. At the end of the test, the |G*| and ¢ are reported.

The complex shear modulus (G*), which is a complex number, consists of two
components: the storage modulus (G’), which represents the elastic (recoverable)
response, and the loss modulus (G’”), which represents the viscous (non-recoverable)
response. The phase angle () represents the relationship between G*, G’, and G”, as
shown in Figure 3.3.

The relationship between the applied stress and resulting strain, as shown in
Figure 3.4, is used to calculate the dynamic (complex) shear modulus (|G*|), which is

the ratio of total shear stress (zmax - 7min) to total shear strain (ymax - ymin) (30):

| G* |: Tmax ~ Tmin (3.1)

Ymax ~ ¥ min
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The storage modulus (G’) and loss modulus (G””) are computed from the
dynamic (complex) modulus (|G*|) and the phase angle (o) between the peak stress and
the peak strain in Equations 3.2 and 3.3, respectively.

G'=[G*coss (3.2)
G"=|G*sins (3.3)
The ratio of the loss modulus (G™) to the storage modulus (G’) is the loss

tangent.

Loss tangent =tan o = (;— (3.4)

The asphalt binder is tested in the DSR in its original and RTFO-aged conditions
at the maximum design temperature to determine the binder’s ability to resist rutting.
PAV-aged binders are tested at the intermediate design temperature to evaluate the
binder’s resistance to fatigue cracking (30).

Permanent deformation is governed by limiting G*/sing, determined at the
maximum design temperature, to values greater than 1.00 kPa for original binders and
2.20 kPa for RTFO-aged binders. Fatigue cracking is governed by limiting G*sinJ,

determined at the intermediate temperature, to values less than 5,000 kPa after PAV

aging (9).

3.2.2 Rotational Viscometer
A rotational viscometer test (Figure 3.5) is used to determine the binder
viscosity, which assures that the binder is fluid enough at normal operating temperature

to pump and handle at the hot mix facility.
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The rotational viscosity is determined by measuring the torque required to
maintain a constant rotational speed (20 rpm) of a cylindrical spindle while submerged
in an asphalt binder sample at a constant temperature (9).

The Superpave binder specification limits the viscosity to 3 Pa-s at 135C (30).
The viscometer test data can also be used to develop temperature-viscosity charts for
estimating mixing and compaction temperatures for use in mixture design. An example
of the temperature-viscosity chart is shown in Figure 3.6. The relationship between
temperature and binder viscosity in Figure 3.6 is linear after log-log transformation of

the viscosity data and log transformation of the temperature data (53).

loglogn = A+VTS logTy (3.5)
where:
n = viscosity, cP
Tr = temperature, Rankine
A = regression intercept

VTS  =regression slope of Viscosity-Temperature Susceptibility
For conventional asphalt binders, mixing and compaction temperatures are
determined by selecting temperatures corresponding to the viscosity value of 0.17 +
0.02 Pa-s for mixing and 0.28 + 0.03 Pa-s for compaction (9). For modified binders, a
study by Bahia et al. (47) proposed to use the viscosity values of 0.75 + 0.05 Pa-s for
mixing and 1.40 + 1.00 Pa-s for compaction measured at 20 rpm with Brookfield

viscometer.
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The binder viscosity can be estimated from the complex shear modulus data

using Equation 3.6 (1).

% 4.8628
y = %{ﬁj (3.6)
where:
n = viscosity, Pa-s
G* = complex shear modulus of binder, Pa
o = phase angle, degree

3.3 Mechanical Behavior of HMA Mixture

Hot-mix asphalt is a composite material, which is composed of aggregates,
asphalt binder and perhaps other additives. Therefore, according to Uzan (54), it is more
complicated to characterize the asphalt mixture behavior than to characterize the asphalt
binder alone because HMA properties vary with composition, temperature, loading
frequency, and stress level. An HMA mixture can change its properties from linear
viscoelasticity at low temperatures, high frequencies, and low load levels to nonlinear
viscoelastoplastic at high temperatures, low frequencies, and high load levels (54,55).

The HMA mechanical behavior at cold temperatures (lower than 10C) is
governed by the viscoelastic behavior of the asphalt binder (54,56), and the maximum
stiffness of the mix is dependent on the limiting binder stiffness (57). According to
Christensen (58), asphalt binders have been characterized as linear viscoelastic
materials, so HMA mixture can also be approximated as a linear viscoelastic material at

cold temperatures lower than 0C (32F).
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A study by Goodrich (56) showed that at intermediate temperatures (between
10C and 50C), HMA rheology was sensitive to unique properties of the binders, and
modified asphalt binders were expected to improve the performance of HMA mixtures
at medium temperatures.

At high temperatures (above 50C), the aggregate structure influences the
compressive strength of the mix more than the viscous behavior of the asphalt binder
(54). The differences in the binders are not apparent in the dynamic mechanical
properties of the mixes (56). The compressive strength reaches a limiting equilibrium

value, which is dependent on the aggregate gradation (57).

3.4 HMA Stiffness
HMA stiffness is used in pavement engineering to evaluate the relative quality
of mixtures and to predict the response of pavements subjected to wheel loads. HMA

stiffness parameters often used are resilient, dynamic, and relaxation moduli.

3.4.1 Resilient Modulus

The resilient modulus is defined as the elastic modulus that is applied in the
elastic theory (59). Pavement materials are not elastic because they experience some
permanent deformation after each load application. However, if the load is small
compared to the strength of the material, the deformation under each load repetition
after a large number of load repetitions is nearly completely recoverable, and the

materials can be considered elastic.
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The elastic modulus based on the recoverable strain under repeated loads is
called the resilient modulus (Mg), which is the ratio of the deviator stress (oy) to the

recoverable strain (&).

Mg =24 (3.7)

3.4.2 Dynamic (Complex) Modulus

Hot mix asphalt is a composite material, whose mechanical behavior is primarily
governed by the viscoelastic nature of the asphalt binder. The fundamental problem in
the investigation of HMA viscoelastic property is the determination of the functional
relationship between the kinematic quantity (strain) and the dynamic quantity (stress).

The complex modulus is one of many methods available for describing the stress-
strain relationship of linear viscoelastic materials. Huang (59) presents the theory of
complex modulus using the Kevin model, shown in Figure 3.7-a, using a sinusoidal
loading.

The sinusoidal loading can be represented by a complex number:

o =0, cos(wt)+ic,sin(ot)=o,e" (3.8)
in which oy is the stress amplitude and w is the angular velocity, which is related to the
frequency f by:

w = 27 (3.9)
By assuming that the inertia effect is negligible, the governing differential
equation for the Kevin model can be written as:
o€

b+ Eie = o (3.10)
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Referring to Equation 3.8, the strain due to sinusoidal loading can be expressed
as:
g=¢g """ (3.11)
in which & is the strain amplitude and ¢ is the phase angle by which the strain lags
behind the stress, as shown in Figure 3.7-c. Substituting Equation 3.11 into Equation
3.10 gives:

t—¢

ilewe " +Ege ™ =g e (3.12)

0
After canceling e'“* on both side of Equation 3.12 and equaling the real terms to
op and the imaginary terms to zero, the following two equations are obtained to solve &
and ¢
ALog,sing +E g, cos¢g =0, (3.13a)
Aoe,cosp—E g,5ing=0 (3.13b)
The solutions for Equation 3.13 are:

(o}

g =0 (3.14a)
CJE (R
tang = ’lé” (3.14b)

1
For elastic materials, A; = 0, so ¢ = 0; for viscous materials, E; = 0, so ¢ = 90°.
The complex modulus (E*) is then defined as the ratio of the applied stress

o = o, sin(wt) to the strain & = &, sin(wt — ¢) that results in a steady state:

~ o B Goeiwt
Er= - P (3.152)
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or E*:ﬁcos¢+iﬁsin¢ (3.15b)

0 80
The real part of the modulus is called the storage or elastic modulus E;, while the
imaginary part is the loss or viscous modulus E; = 41w, shown in Figure 3.7-b:
E*=E, +iE, (3.16)
Equation 3.14b is the ratio of the energy lost to the energy stored in a cyclic

deformation:

tang = % (3.17)

1
The dynamic modulus is the absolute value of the complex modulus, which is the

ratio of the amplitude of the stress to that of the steady-state strain:

|E*1=\/[ﬁcos¢J +(ﬁsin ¢J - % (3.18)
&, &, £,

The dynamic compliance (|D*|) is defined as:

1 &
|D*|:E:0_o (3.19)

3.4.3 Creep and Relaxation Modulus

Asphalt concrete is characterized as a linear viscoelastic material at low
temperatures and as a viscoelastoplastic material at intermediate and high temperatures.
Various test procedures have been developed to characterize the viscoelastic behavior
of asphalt concrete at low and intermediate temperatures (55,60). The mechanical
behavior of material is considered to be linear viscoelastic if (1) the proportional change

in input causes the same proportional change in response and (2) the response due to
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independent inputs acting simultaneously is equal to the sum of the responses due to
each input acting separately, which is the superposition principle (61).

A linear viscoelastic material is tested at low to intermediate temperatures using
creep or relaxation tests. In creep tests, a constant stress (op) is applied on a viscoelastic
sample, and the associate strain (&(t)), as a function of time, is measured. The creep

modulus (S(t)) and creep compliance (D(t)) are defined as follows:

(3.20)

In relaxation tests, an instantaneous strain (&) is maintained on a specimen

while measuring the stress (o(t)) as a function of time. The relaxation modulus is:

E(t) = ? (3.21)
0

Several methods for estimating the relationship between relaxation modulus and

creep modulus are available in the literature (62,63).

3.5 History of Dynamic (Complex) Modulus Testing

In 1962, Papazian (64) defined the general stress-strain equations of linear,
viscoelastic materials as the frequency domain in terms of algebraic coefficients, which
were functions of frequency. These coefficients were complex numbers whose
magnitude and phase, at any given frequency, depend on the properties of the material.
He also described viscoelastic tests performed on asphalt mixtures. A sinusoidal stress
was applied on a cylindrical specimen at a given frequency, and a sinusoidal strain

response was measured. Tests were conducted under controlled temperature conditions
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at different frequencies and loading magnitudes. He concluded that viscoelastic
concepts could be applied to asphalt pavement design and performance studies.

In the 1970s, the Asphalt Institute, along with other research agencies, devoted
considerable time and effort toward the development of the complex modulus
laboratory test procedure. Witczak and Root (65) summarized the research findings,
including the effect of testing variables, material and test variability on asphalt
mixtures, as well as predictive techniques for the complex modulus. They indicated that
the tension-compression test was more representative to field loading conditions than
the tension loading test and compression loading test. They also reported that the
complex modulus test, which measures both elastic and viscous properties of asphalt
mixtures, was one of the several fundamental tests available for use in new pavement
design procedures. Bonnaure et al. (66) set up an experimental program using a bending
test to determine the factors that have the greatest influence on the complex modulus of
asphalt mixes. The program was in line with work done by other Shell laboratories for
more than twenty years in order to predict the stiffness modulus of asphalt mixes using
either two nomographs or a computer program.

In 1990, the International Union of Testing and Research Laboratories for
Materials and Structures (RILEM) Technical committee on Bitumen and Asphalt
Testing initiated an interlaboratory testing program to promote and develop mix design
methodologies and associated significant measuring methods (67). There were fifteen
laboratories in Europe and the US participating in the dynamic modulus testing
program. Each laboratory used different facilities and sample geometries to measure the

complex moduli at various temperatures and frequencies. Based on the results presented
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by the laboratories, the conclusions were that the bending test yielded a better
agreement than all others under certain conditions. In addition, the phase angle was
easier to reproduce than the stiffness modulus for all the testing procedures and testing
conditions.

In the 1990s, complex modulus tests were performed over a range of frequencies
and temperatures on both tall cylindrical specimens and indirect tensile specimens of
materials used in the Minnesota Road Research Project (Mn/ROAD) (68-70). The study
showed that the results of dynamic modulus and phase angle obtained from two
different setups were different.

The most comprehensive research effort related to complex modulus started in
the mid-1990s as part of NCHRP Project 9-19 (60). The research proposed a new
testing protocol for determining dynamic modulus of hot-mix asphalt concrete mixtures.
The protocol specified the specimen geometry and size, and it provided the procedures
for specimen preparation, testing, and loading pattern. The protocol also included a
brief guideline for constructing a master curve from the dynamic modulus test data.

Based on the NCHRP Project 9-19 research team’s recommendation, NCHRP
Project 9-29 was initiated to design, procure, and evaluate first-article simple
performance testers (SPTs), which would be used in the Superpave mix design and in
HMA materials characterization for pavement structural design (71). The research team
concluded that the Interlaken Simple Performance Test System was not acceptable. The
Shedworks Simple Performance Test System was conditionally approved and required

minor improvements in several functional areas.
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3.6 Factors Affecting Dynamic (Complex) Modulus of Asphalt Mixtures

Previous studies show that the stress-strain response of asphalt mixtures is
influenced by several important factors. Witczak et al. (72) summarized five major
groups of factors that influence the value of the dynamic modulus of bituminous mixes
as follows:

(a) Temperature

(b) Time and type of applied load

(c) Mix properties (including those influenced by traffic)

(d) Type of test

(e) Type of specimens

3.6.1 Temperature

Since asphalt binder is a viscous material, its behavior is significantly affected
by the test temperature. At extremely cold temperatures of -10°C (14°F) or lower, the
dynamic moduli may be greater than 6900 MPa (1x10° psi), which are approaching
those presented by PCC-pozzolanic materials. In contrast, at high temperatures of
37.8°C (100 °F) or more, asphalt binders become less viscous, and modulus values may
be lower than 690 MPa (1x10° psi), which are approaching those of dense graded
crushed stone base course materials. Therefore, the test temperature is the most
significant variable influencing the dynamic modulus of asphalt mixtures. Both
dynamic modulus and phase angle are a function of temperature (65).

The temperature influence is more complicated when the asphalt layers in

service are subjected to local changes of temperature over a year and to a temperature
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gradient across the layer depth that may vary in a wide range in a single day. Hence,
temperature must be a factor presented in any system for predicting the dynamic

modulus.

3.6.2 Time and Type of Applied Load

The time for dynamic stress build-up in the pavement due to a moving wheel
also affects the value of dynamic modulus. For a given axle group at a constant mix-
environmental condition, as the vehicle velocity increases, the stress load (pulse) time
decreases, and the dynamic modulus increases. Therefore, the dynamic response of an
asphalt mixture is a function of the vehicle speed or the rate of loading (frequency).

Additionally, since the stress is overlapped between adjacent axle groups, the
stress state of an in-service asphalt layer may not go back to a “pure zero” condition
before stresses due to the next axle group start increasing again. As such, the length of
time on which the material is subjected to a finite induced stress state increases as the
number of axle groups increases. Hence, the dynamic response of bituminous materials
is also a function of the axle configuration. Generally, the larger the axle configuration,
the lower the dynamic modulus response of the material at the same temperature since
this corresponds to an increased loading time.

Temperature adds another dimension to the problem here. As temperature
decreases, the stiffness of the asphalt layer increases, so the stress is distributed over a
larger area of the pavement system. This, in turn, causes a longer stress period, resulting
in a reduction of the dynamic modulus. Conversely, during warm conditions, the asphalt

mix stiffness is low, and the stress build-up due to a passing axle approaches a series of
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applied load repetitions. Hence, the loading time is smaller, and the modulus is larger.
Therefore, the dynamic behavior of a bituminous material is also a function of the time
of the year.

In order to simulate dynamic stress build-ups on laboratory specimens, two
types of laboratory waveform loads normally used are continuous wave (e.g.,
sinusoidal) and pulse load (e.g., haversine).

The load time (t) for the continuous (sinusoidal) wave pattern is associated with
the time for one complete cycle, and frequency (f) is defined as:

f=t" (3.22)

Therefore, for a wave load time of 0.1 sec, f = 10 Hz.

Pulse load pattern is characterized by two time variables: time of load (t,) and

rest time (t;). The pulse frequency f’ associated with the pulse load is defined as:
fr=(t, +t,)™ (3.23)
However, the true rate of load application (time rate of stress build-up) is:

f=t (3.24)

p
Therefore, for t, = 0.1 sec and t, = 0.9 sec, " = 1 Hz, but f = 10 Hz.
Thus, it is important to recognize the type of dynamic load applied when

interpreting dynamic response behavior of asphalt materials.

3.6.3 Mix Properties
The dynamic modulus of asphalt mixture is also influenced by the physical and
chemical properties of:

(a) asphalt binder (type and aging)
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(b) aggregate characteristics (type and gradation)

(c) compacted mix characteristics (gravimetric components and volumetric

components)

Different types of asphalt binder have different viscosity ranges, which relate to
the stiffness of asphalt binder. As the stiffness of the asphalt binder increases, the
dynamic modulus increases. When field cores are used for testing, there is an increased
state of hardness due to additional viscosity increase caused by hardening/aging effects
on the material in service.

Aggregate gradation also has an effect on the dynamic modulus. Well-graded
aggregates allow more stable mixes and higher dynamic modulus as compared to poorly
graded aggregate mixes. Furthermore, as the maximum aggregate size of the mix
increases, the dynamic modulus will increase.

The most important mix properties are the amount of effective bitumen and the
air voids. The dynamic modulus increases as asphalt content decreases and/or air voids

decrease.

3.6.4 Type of Test

Ideally, different types of tests should yield similar modulus values, but several
studies have clearly shown that different test procedures do not yield precisely the same
results. Therefore, the dynamic modulus is a function of the test method (procedure)

used and the way in which dynamic (and/or static) stress states are applied.

47



The major approaches available to characterize the dynamic modulus of asphalt
mixtures are:

(a) Direct Compression

(b) Direct Tension

(c) Indirect Tension

(d) Flexural

Of these, the most widely used is the direct compression test.

3.6.5 Size and Type of Specimen
The specimen geometry and compaction method also affect the dynamic
modulus. Generally, the dynamic modulus tests use specimens 4 inches in diameter by 6
inches in height to reduce the effects of specimen geometry on the modulus values (73).
Modulus values associated with laboratory compacted specimens and cored
specimens from in-service pavements may be different even though gyratory compacted

specimens best simulate the in-situ field structure of rolled compacted paving mixtures.

3.7 Dynamic (Complex) Modulus Test

The dynamic modulus test was originally developed in the early 1960s by Ohio
State University researchers. In 1979, the test procedure was originally adopted by the
American Society for Testing and Materials (ASTM) as a Standard Test Method for
Dynamic Modulus of Asphaltic Mixtures (ASTM D 3497-79). The test procedure was

refined under NCHRP Project 1-19 (60). The new procedure was adopted by AASHTO
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as a Standard Method of Test for Determining Dynamic Modulus of Hot-Mix Asphalt
Concrete Mixtures (AASHTO TP 62-03) (74).

The test method covers procedures for preparing and testing asphalt concrete
mixtures to determine the dynamic modulus and phase angle over a range of
temperatures and loading frequencies.

First, the test specimen (101.6 mm (4 in.) diameter and 152.4 mm (6 in.) high) is
prepared from a gyratory compacted sample (152.4 mm (6 in.) diameter and 170 mm
(6.7 in.) high). The unconfined test sample is then subjected to sinusoidal (i.e.,
haversine) axial compressive stresses at different temperatures and loading frequencies,
as shown in Figure 3.8. Each test specimen is tested from low to high temperatures. For
each temperature, the specimen is tested from high to low frequencies. This
temperature-frequency sequence is specified to minimize damage to the specimen
before the next sequential test.

At a given combination of temperature and frequency, the applied stress, which
is measured using a load cell, and the resulting recoverable axial strain response of the
specimen, which is measured using linear variable displacement transducers (LVDTS),
are recorded and used to calculate the dynamic modulus and phase angle.

A basic assumption in the development of the theory for the dynamic (complex)
modulus test is that the asphalt mixture behaves as a linear viscoelastic material (65).
However, it is well known that an asphalt mixture do not always act as a linear material.
In order to characterize an asphalt mixture approximately as a linear material, the
applied stress must be controlled to maintain axial strains in the range of 50 to 150

microstrain (74).
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Figure 3.8. Schematic of Dynamic (Complex) Modulus Test (74)

50



Dynamic modulus values measured over a range of temperatures and
frequencies of loading can be shifted into a smooth master curve for characterizing
asphalt concrete for pavement thickness design and performance analysis. The values of
dynamic modulus and phase angle can also be used as performance criteria for asphalt

concrete mixture design (60,71).

3.8 Variability of Dynamic (Complex) Modulus Test Results

Recent studies under NCHRP Projects 9-19 and 9-29 (71,73,75) evaluated the
testing variability associated with the dynamic (complex) modulus test using variances
related to the measurements within and between specimens. In these studies,
displacements were measured using two LVDTSs placed on either side of the specimen.
Each measured displacement was analyzed to determine the component of variance
“within” a specimen. Since two replicates were used, the component of variance
“between” specimens was also estimated.

Equation 3.25 is used to calculate the “within” specimen variance between the
parameters determined from the individual LVDTSs in a specimen. A pooled variance
for the two replicates is the average of the “within” specimen variances calculated from
the two specimens. Then, Equation 3.26 is used to calculate the “between” specimen

variance between the average parameters determined for the two specimens.

e_ 1 Sy _x
Se=—"1 > (x - X,) (3.25)

where:

S2  =*“within” specimen variance
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Xi = parameter from individual LVDT measurements

X, = specimen average parameter
n = number of LVDTs per specimen

s 1 Do oy

S2 = mjZ;(x - X) (3.26)
where:

SZ = “between” specimen variance
X = specimen average parameter
X =grand average
m = number of specimens

Since the dynamic (complex) modulus of asphalt mixtures changes dramatically
across affecting factors, such as temperature and frequency, the coefficient of variation
(CV) is a better choice to evaluate the test variability than the variance. The coefficient
of variation, as presented in Equation 3.27, is found to have a normalizing effect
allowing data to be combined across temperatures (73). In addition to the variance, the

coefficient of variation was also investigated as a measure of test variability.

cV = % %100 (3.27)
where:
CV  ="“within” or “between” coefficient of variation
S = “within” or “between” standard deviation
X =grand average
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Table 3.3 summarizes the analysis of test variability from three studies under
NCHRP Projects 9-19 and 9-29. The coefficient of variation was used to evaluate the
variability of the dynamic modulus and phase angle measurements, and the standard
deviation was used to assess the variability of the phase angle. The values reported in
Table 3.3 shows that the test variability is similar in these three studies.

Witczak et al. (73) reported that the variances of the parameters in the dynamic
(complex) modulus test were not affected by aggregate size. In addition, the “within”
specimen variability was higher than the “between”. This suggested that additional
instrumentation on the specimens would result in greater test reliability.

For a known population variance, the width of the confidence interval is

calculated by Equation 3.28.

+R= za,{%j (3.28)
where:
R = width of confidence interval
o = population standard deviation
Z,» = standard normal deviate for selected level of significance
a = level of significance
n = number of samples
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Table 3.3. Analysis of Test Variability

Study Coefficient of Coefficient of Std. Deviation
Variation for |E*| (%) | Variation for ¢ (%) | for ¢ (degree)
Within Between | Within | Between Between
Witczak (73) 26.2 15.2 11.0 8.7 2.3
Pellinen (75) 39.0 13.0 17.0 10.0 2.3
Bonaquist (71) 13.0 1.8
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The last term in Equation 3.28 is the standard error of the mean, which is a

measure of the dispersion of the data. The standard error is calculated based on the

“within” and “between” variances in Equation 3.29 (73) for “i” LVDTs and “j” replicate

specimens.
where:
Ob
Ow
i
J

(%j _ Ju_fv+aT§ (3.29)

= “between” specimen standard deviation
= “within” specimen standard deviation
= number of LVDTSs per specimen

= number of specimens

According to Witczak et al. (73), the coefficient of variation is a more relevant

variability indicator for asphalt material tests across different temperatures, and it may

be substituted for the standard deviation in Equations 3.28 and 3.29 to calculate the

width of the confidence interval.

where:
Zaf2
CVu

CVp

(3.30)

= standard normal deviate for selected level of significance
= “within” specimen coefficient of variation

= “between” specimen coefficient of variation

= number of LVDTs per specimen

= number of specimens
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The confidence interval, which was set to a limit of less than + 15 percent (74),
can be used to estimate the number of specimens and the number of LVDTs used per
specimen for the dynamic (complex) modulus test if the test variance is known. Based
the test variability shown in Table 3.3, Witczak et al. (73) recommended an optimum
testing program for the dynamic (complex) modulus that used three replicate specimens
instrumented with four LVDTSs per specimen. For this testing program, the estimated
standard error of the mean for critical dynamic modulus parameter would be less than
10 percent for mixtures with nominal aggregate sizes of 25 mm or less, and less than 15

percent for 37.5 mm nominal aggregate size.

3.9 Time Temperature Superposition Principle and Shift Factors

Asphalt mixtures in a linear viscoelastic state can be characterized in term of a
common time/frequency and temperature parameter. In other words, the effects of
time/frequency and temperature can be expressed through one joint parameter, reduced
time/frequency at a reference temperature (76). This time-temperature superposition
principle allows data from the dynamic (complex) modulus testing conducted within
linear viscoelastic limits at different frequencies and temperatures to form a single
continuous master curve. The master curves for the dynamic modulus (|JE*[) and the
phase angle (¢) are constructed at a given reference temperature by horizontally shifting
individual curves at other testing temperatures along the time/frequency axis.

Figure 3.9 shows how the curves at other testing temperatures are aligned to
form a single master curve at the reference temperature of 20C (70F). The dynamic

modulus values determined at the temperatures lower than 20C (70F) are shifted to the
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right, and those determined at the temperatures higher than the reference temperature
are shifted to the left. A fitting model is then used to fit the shifted data, forming a
single master curve. The master curve of the modulus, as a function of time, describes
the time dependency of the asphalt materials.

The magnitude of shift for each curve at a given temperature is quantified by
shift factors, a(T). The testing frequency (f) at a given temperature is divided by a shift
factor to get a reduced frequency (f;) for the master curve, as shown in Equation 3.31

(57).

f or log(f )=log f —loga(T) (3.31)

The shift factor can also be expressed in term of loading time in Equation 3.32.

t

a(T)=Tr

or log(t,)=loga(T)+log(t) (3.32)

A master curve can be constructed using an arbitrarily selected reference
temperature, T,, to which all data are shifted. At the reference temperature, the shift
factor, a(T), equals to 1. There are several different models used to obtain shift factors
of viscoelastic materials, and the most common one is the Williams-Landel-Ferry

(WLF) equation (77):

loga(T)= % (3.33)

where:
a(T) = horizontal shift factor
T = temperature, °C
T, = reference temperature, °C

C,, C, =empirical constants
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Figure 3.9. Constructing a Dynamic (Complex) Modulus Master Curve
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Pellinen (75) proposed a new method in which master curves were constructed
by fitting a sigmoidal function to the measured dynamic modulus test data using non-
linear least square regression. The shifting is done by solving shift factors
simultaneously with the coefficients of the sigmoidal function, without assuming any
functional form for the relationship of a(T) versus temperature. The sigmoidal fitting

function is defined in Equation 3.34.

log(E *) = 5+1+eﬁ+°9'f (3.34)
where:
|[E*| = predicted dynamic modulus
o = minimum value of |E*|
a = span between maximum and minimum value of |E*|
B,y = parameters describing the shape of the sigmoidal function
fr = reduced frequency at T,

The logarithm of the shift factors (i.e. log [a(Ti)]) obtained after the development
of the dynamic modulus master curve of an asphalt mixture has a second order

polynomial relationship with the temperatures in Fahrenheit (78).
log[a(T; )] = bT;? +cT, +d (3.35)
where:
a(T;) = shift factor as a function of temperature T;

T; = temperature of interest, Fahrenheit

b, ¢, d = coefficients of the second order polynomial
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3.10 Predictive Models for Dynamic (Complex) Modulus

The Mechanistic-Empirical (M-E) Design Guide recommends the dynamic
(complex) modulus as a design parameter in the M-E design procedure for flexible
pavements (1). Currently, there are two models considered reasonably predict the

dynamic modulus of HMA mixtures: the Witczak and Hirsch models.

3.10.1 Witczak Model for Estimating Dynamic Modulus

The M-E design procedure proposes three levels of analysis. Level 1 analysis
requires actual dynamic modulus test data to characterize properties of the asphalt
layers. The test data is used to develop master curves and shift factors based on
Equations 3.32 and 3.34. Level 2 and 3 analyses generate master curves using the

Witczak’s predictive equation, as shown in Equation 3.36 (2).

log E = —1.249937 + 0.02932 p,,, — 0.001767 pZ,

VbOeff
—0.002841p, —0.058097V, —0.802208) ——
beff +Va

, 3871977 -0.0021p, +0.003958 5 —0.000017 p; +0.005470 3, (336)

1+ e(—0.603313—0.313351log(f }-0.393532l0g(77))
where:
E = dynamic modulus, 10° psi
n = bitumen viscosity, 10° Poise
f = loading frequency, Hz
Va = air void content, %

Vet = effective bitumen content, % by volume

60



p3s = cumulative % retained on the 19-mm sieve
s =cumulative % retained on the 9.5-mm sieve
o = cumulative % retained on the 4.76-mm sieve
P00 = % passing the 0.075-mm sieve

However, in the Level 2 analysis, the binder viscosity term (7) is determined
from the relationship between binder viscosity and temperature, as shown in Equation
3.5. The relationship is established as described in section 3.2.2 based on the Superpave
binder tests, such as rotational viscometer (RV) and dynamic shear rheometer (DSR).
Level 3 analysis requires no laboratory test data, and the modulus is predicted using the
Witczak predictive model, which requires volumetric mix properties from the HMA
mixture design and binder viscocity recommended in the M-E Design Guide.

The Witczak’s predictive model, as shown in Equation 3.36, has a capability to
predict the dynamic modulus of asphalt mixtures over a range of temperatures, rates of
loading, and aging conditions from information that is readily available from material
specifications or volumetric design of the mixture. Based on the first predictive
equation introduced by Shook and Kallas of the Asphalt Institute in 1969, Witczak and
his colleagues at the University of Maryland developed and enhanced the model as
additional data became available. In 1996, Fonseca and Witczak expanded the model to
include the effects of mixture aging caused by both plant mixing and in-service aging
(79). The final form of the predictive equation, as illustrated in Equation 3.36, is based
on 2750 dynamic modulus measurements from 205 different asphalt mixtures tested
over the last 30 years in the laboratories of the Asphalt Institute, the University of

Maryland, and the Federal Highway Administration (1).
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Andrei et al. (2) claimed that the final of the Witczak equation considered any
degree of aging and did not lose accuracy at extreme temperature/frequency conditions.
The goodness of fit statistics of the final model are as follows:

e R?=0.941 in log space (0.886 in arithmetic space)

e S¢/Sy=0.244 in log space (0.338 in arithmetic space)

3.10.2 Hirsch Model for Estimating Dynamic Modulus

The Hirsch model was originally developed to calculate the modulus of
elasticity of cement concrete or mortar based on the assumption that the responses of
cement matrix, aggregate and the composite concrete behave in a linear elastic region
(80). Based on the original model, Christensen (81) developed the Hirsch model for
HMA during the initial phases of NCHRP Projects 9-25 and 9-31. The model served as
a tool for analyzing the effect of changes in air voids, voids in mineral aggregate, and
other volumetric mix factors on the modulus of HMA and related mechanical
properties.

There are two versions of the Hirsch model for HMA (81): one for estimating
the dynamic (complex) shear modulus (|G*|), and the other for estimating the dynamic
(complex) modulus (JE*|). The Hirsch models for estimating the dynamic (complex)
modulus (|[E*|) and phase angle (¢) of HMA was refined using the dynamic modulus
and phase angle data tested at Arizona State University as part of NCHRP Project 9-19.
The model for estimating the dynamic modulus was then verified by Christensen using

the measured dynamic modulus reported by Alavi and Monismith (82).
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The mathematical form of the Hirsch model for predicting the dynamic modulus
(JE*|) is presented in Equation 3.37 (81). The Hirsch model is simpler than the Witczak

model in that it requires fewer constituent mix properties.

|E*|= P,| 4,200,000/ 1= YMA) L 3Gy, gy | EAXVMA
100 10,000
,VMA :
100 VMA

(P, + (3.37)
4,200,000 3VFA|G* |y ger

where:

0.58
20 + VFAX 3 | G* |binder
o _ VMA
c * 0.58
VFAx3 | G |binder
VMA

650+(

|[E*| = dynamic (complex) modulus of HMA, psi
|G*|pinder = dynamic (complex) shear modulus of asphalt binder, psi
VMA =voids in mineral aggregates, percent
VFA =voids filled with asphalt, percent
The Hirsch model for estimating phase angle (¢) of the dynamic (complex)
modulus of HMA is given in Equation 3.38. This model may not be highly accurate but

is useful for predicting the phase angle of the dynamic modulus of HMA (81).
¢ =—21(log P, )* —55log P, (3.38)
The reported correlation coefficient (R?), a measure of model accuracy, is 0.98

for the Hirsch model for estimating the dynamic modulus of HMA and 0.89 for the

Hirsch model for predicting the phase angle (81).
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3.10.3 Evaluation of Models for Estimating Dynamic Modulus

The final form of the Witczak predictive equation was first evaluated by
Pellinen (75) using the dynamic modulus test data obtained during NCHRP Project 9-
19. The HMA mixtures used to determine the dynamic modulus in NCHRP Project 9-19
were from three experiment sites: MNROAD in Minnesota, FHWA-accelerated loading
facility (ALF) in Virginia, and Westrack in Nevada. First, the evaluation was done by
matching the predictive stiffness to measured stiffness, as shown in Figure 3.10. The
matching showed that the predictive stiffness estimated by the Witczak equation was
favorably comparable to the measured values over the entire temperature range of 40 to
100F (75). The goodness of fit statistics were also determined for each data set based on
the test temperatures to evaluate the correlation between the predicted and measured
stiffness, as presented in Table 3.4.

Pellinen (75) concluded that the Witczak predictive equation predicted the
dynamic modulus of HMA very well. However, the model did not accurately capture
the true effect of the mixture volumetric properties (Va, VMA and VFA) (75).

In another study by Clyne et al. (83), the dynamic modulus test was performed
on four different asphalt mixtures from the MnRoad experiment site. The test was
conducted at six temperatures and five frequencies. The test data was used to generate
the master curves of the dynamic modulus. These master curves were compared to those
generated from the Witczak predictive equation. For all mixtures, the Witczak

predictive equation slightly underpredicted the dynamic modulus of HMA (83).
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Figure 3.10. Comparing Predictive to Measured Stiffness by Pellinen (75)

Table 3.4. Goodness of Fit Statistics for Witczak Model Reported by Pellinen (75)

Temperature (F) R? Se/S,
130 0.38 0.81

100 0.19 0.93

50-82 0.93 0.28
40 1.06 0.001

40-130 0.91 0.31
100-130 0.66 0.58
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In a recent study by Dongre et al. (84), dynamic modulus values for asphalt
mixtures from five construction sites in the U.S. were estimated using the Witczak and
Hirsch predictive models. The predictive dynamic modulus values were then compared
to the values measured in the laboratory based on both laboratory-blended (design) mix
and plant-produced (sampled) mix. The Superpave binder |G*| and phase angle data
used in the Hirsch model was measured for original, RTFO, and PAV aged asphalt
binders used at the construction sites. The binder data was then used to determine the
viscosity parameters A and VTS for the Witczak equation. The NCHRP 1-37A design
software was also utilized to predict rutting and International Roughness Index (IRI)
using measured and predicted |E*| data from each construction sites.

The study found that both models reasonably predicted the dynamic modulus of
HMA. However, in the statistical evaluation, the Hirsch model (R? = 0.96, Se/Sy=10.19)
was slightly better than the Witczak model (R* = 0.92, Se/Sy = 0.28) (84). In addition, the
Hirsch model was easier to use, required less constituent mix properties, and used
Superpave G* data directly in calculation that reduced a conversion step causing one
more source of error.

One problem with both Witczak and Hirsch models was that they lost accuracy
when predicting |E*| values for production samples (84). Both models underpredicted
|E*| values when production samples had higher binder content or air voids than the mix
design samples. Two equations overpredicted |E*| values when production sampled had
binder content and air voids lower than the values specified in the mix design.

In general, the asphalt concrete rutting predicted by the design software was

inconsistent at any Level analysis with different binder grades (from PG 58-28 to PG
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70-22) (84). In the Level 3 analysis, even though the authors found some trend between
rutting and the high temperature PG grades, the differences were not significant. The
default A and VTS values recommended in Level 3 analysis were reported to be
significantly different to the values determined in the study (84).

In summary, both predictive equations can reasonably predict the dynamic
(complex) modulus of HMA. However, both models need some improvements to
capture the true effects of mixture properties, which allows accurate predictions of |E*|
in case where the mix properties of production samples deviate from the mix design

values.

3.11  Applications of Dynamic (Complex) Modulus

The research team of NCHRP Project 9-19 reported that the dynamic modulus
test |E*| had potential to be a unique Simple Performance Test (SPT) test that would
predict asphalt concrete rutting, fatigue cracking (top-down and bottom-up) and thermal
fracture distresses from mixture properties (85). The dynamic modulus |E*| can tie the
Superpave volumetric mix design directly to the structural field performance through
the M-E Design Guide (85).

The dynamic modulus is used as the material characterization input in the M-E
Design Guide through the master curve development. The master curve incorporates
time and temperature dependent material behaviors to the pavement response models,
which predict stresses, strains, and deflections in the pavement system. The distress

models that incorporate the dynamic modulus test in the design system will address
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rutting and fatigue cracking (1). Currently, the dynamic modulus of asphalt mixtures is

not a performance indicator for thermal cracking (86).

3.11.1 Use of Dynamic (Complex) Modulus as An Indicator for HMA Performance

The correlation between the dynamic modulus test data and field performance of
HMA was investigated in NCHRP Project 9-19. The correlation of the laboratory
measured data and field performance values was assessed using goodness-of-fit
statistics. The statistics include S¢/Sy (the standard error of estimate/standard deviation)
and correlation coefficient, R%. Subjective criteria, which were used in NCHRP project
9-19 Task C (87), are presented in Table 3.5.

The mixture responses, including |E*| and |E*|/sing measured at 100 and 130F at
5 Hz in unconfined-linear, unconfined-nonlinear and confined-nonlinear conditions,
were correlated to rutting (87). It was found that the unconfined tests in the linear range
had the best correlation to rutting. The best weighted average correlation between
rutting and the dynamic modulus test data is presented in Table 3.6. The correlation
between the mixture responses and rutting was rated good to excellent. Figure 3.11
presents typical plots and analyses of the test results obtained from ALF site using a
power model. Overall, the response parameter |E*|/sing of HMA mixture had the best
statistical correlation (Se¢/Sy=0.35 and R? = 0.90) with permanent deformation for all

experiment sites (MNROAD, ALF, and WesTrack) (87).
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Table 3.5. Criteria for Goodness of Fit Statistical Parameters (87)

Criteria R? Se/S,

Excellent >0.90 <0.35
Good 0.70-0.89 0.36 - 0.55
Fair 0.40-0.69 0.56 -0.75
Poor 0.20-0.39 0.76 - 0.89

Very Poor <0.19 >0.90

Table 3.6. Weighted Average Correlation for All Experimental Sites (87)

Test Stress/Strain | 130F

Parameter | Level R? Se/S, Rational Rating
|E*| UnC-Linear 0.789 0.519 Yes Good
|E*|/sing | UnC-Linear | 0.914 0.305 Yes Excellent
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In another study under NCHRP Project 9-19, the dynamic modulus test data,
including |[E*| and |E*|sing, was compared to fatigue cracking at ALF and Westrack
sites and thermal cracking at MNnROAD test. The dynamic modulus |E*| had a poor
relationship (Se/Sy=0.79 and R? = 0.53) with thermal cracking at MNROAD test, as
shown in Figure 3.12 (85,86). The research team recommended further verification of
the correlation between |E*| and thermal cracking. It was found that the stiffness factor
|E*|sing did not correlate with fatigue cracking, which agreed with findings that the
binder stiffness factor |G*|sind did not correlate with fatigue cracking (86). The only
dynamic modulus value measured at 4.4C and 10 Hz under the 206-kPa confined
condition had a good and rational correlation (S¢/Sy = 0.45 and R? = 0.87) with fatigue
cracking at WetTrack site, as shown in Figure 3.13. Since the effect of confinement on
the dynamic modulus test values is very small at the test temperatures below 21C, the
dynamic modulus test at the same temperature and frequency under unconfined-linear
condition should have similar correlation with fatigue cracking at WestTrack (85,86).
Therefore, the unconfined dynamic modulus |E*| was recommended for predicting
fatigue cracking in the field.

After the Simple Performance Test (SPT) used with the Superpave mixture
design procedure had been recommended by NCHRP Project 9-19, a preliminary field
validation of the SPT for permanent deformation was implemented in Texas (88). The
data used in the study included (1) rut depth measured on Special Pavement Studies-1
(SPS-1) sections on US-281 in Texas, and (2) the calculated parameter |E*|/sing

obtained from the dynamic modulus test at 40C at 5 and 10 Hz.
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Both frequencies of 5 Hz and 10 Hz were used in this field evaluation because
the frequency of 5 Hz was recommended by Project NCHRP 9-19 teams (87) and the
frequency of 10 Hz represented actual loading time in the field.

Field rut depth was plotted versus the dynamic modulus |E*| and the calculated
parameter |E*|/sing at the frequency of 5 Hz, as shown in Figure 3.14. It appeared that
both parameters could effectively distinguish the good mixtures from the bad. However,
there was a case where S164R, which had a higher modulus than that of S162 and S161,
performed the worst in the field. The plots of field rut depth versus the dynamic
modulus parameters at 10 Hz had similar trend with those at 5 Hz. Therefore, the
dynamic modulus measured at either 5 or 10 Hz could be used to differentiate the good

mixtures from the bad.

3.11.2 Use of |E*| as An Input for HMA in the M-E Design Procedure

Asphalt as a viscoelastic-plastic material is sensitive to temperature and the rate
of loading. At high temperatures and long rates of loading, the modulus of an asphalt
mixture may approach that of an unbound material (1). In contrast, the modulus of
HMA may approach that of cement concrete at cold temperatures and short loading

rates.
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The use of the dynamic modulus of HMA via a master curve allows the engineer
to account for the effects of temperatures and the loading rates in the design
methodology (1). The effects of temperatures are considered across the range of
temperatures expected in the design period. The rate of load effect on material response
is a function of the vehicular speed and the location of material within the pavement
structure. In general, as loading proceeds deeper into the pavement, the length of the
stress pulse acting on a given material increases, suggesting that the time of the load
pulse also increases. The design flow chart in Figure 3.15 and the following detailed
step-by-step procedure presents the methods of incorporating the effects of temperature

and the rate of loading via the use of the dynamic modulus in the M-E Design Guide.

Step 1: Input Data

The detailed input data required for the M-E design procedure is presented in
(1,89). The general approach for selecting design inputs is based on a hierarchical
system, which provides greater flexibility for the engineer in obtaining and selecting
design inputs.

Level 1 inputs provide the highest level of accuracy, which is applied for
designing heavily trafficked pavements. Level 1 input data requires laboratory or field
testing.

Level 2 inputs provide an intermediate level of accuracy, which is closest to the
typical procedure used in earlier editions of the AASHTO Guide (1). Level 2 design

inputs are selected from an agency database or estimated through correlations.
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Level 3 inputs provide the lowest level of accuracy. Inputs typically are default
values for the region. For a given design project, inputs may be obtained using a mix of
levels for traffic, climate, and material properties.

Table 3.7 presents a list of required input data for asphalt materials in the

hierarchical system for designing a new flexible pavement.

Step 2: Process Traffic Data

The traffic data needs to be processed to determine the equivalent number of
single axles produced by each pass of tandem, tridem, and quad axles (90). In addition,
in order to determine the dynamic (complex) modulus (|[E*|) of the asphalt layers within
a pavement system, the frequency of loading needs to be determined at all depths. In
general, the stress pulse at a point within a pavement system under a wheel load can be
assumed to be haversine, the relationship relating the time of load to the vehicle speed

and the effective length of the pulse can be expressed in Equation 3.39 (90).

t= 1;2;5 (3.39)
where:
t = time of load, sec
Les = effective length, in
Vs = velocity, mph
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Table 3.7. Hierarchical Approach for Asphalt Materials (1)

Design

Input
Level

Description

New

1

Conduct dynamic (complex) modulus (JE*|) test
Conduct G-oon binder at @ = 10 rad/sec

Simulate short term aging for mix and RTFO for binder
Develop A-VTS for viscosity-temperature relationship

Develop master curve for AC mixture

No E* laboratory test required

Use E* prediction equation

Conduct G-oon binder at o = 10 rad/sec

Develop A-VTS for viscosity-temperature relationship

Develop master curve for AC mixture

No E* laboratory test required
Use E* prediction equation

Use typical A-VTS recommended in the Guide for
viscosity-temperature relationship

Develop master curve for AC mixture
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The effective length (Les) at a given point, as illustrated in Figure 3.16, is
dependent on the specified depth within the pavement system, the layer properties and
the loading configuration (axle spacing and the radius of contact). The procedure for
calculating the effective length is detailed in (90). Knowing the time of loading pulse,
the loading frequency can be calculated using Equation 3.22. When the loading goes to
greater depths, the loading frequency decreases. Since asphalt layers are close to the
surface, the depth of layer may not be a significant factor, but speed of the vehicle may
result in different frequency of load, resulting in different dynamic (complex) modulus

of asphalt in the analysis (90).

Step 3: Process Climatic Profile Data

The climatic profile data used in the design process is generated using the
Enhanced Integrated Climatic Model (EICM) software. The Version 2.6 EICM program
is linked to the design software as an independent module. For a flexible pavement,
three major climate data files are necessary for the overall design process: (1)
temperature frequency distribution for asphalt layers, (2) hourly temperature
distribution for thermal fracture, and (3) environment and moisture prediction for

unbound material (1).
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Temperature data for a flexible pavement design is computed in a computational
analysis period of one month. In case where the pavement is exposed to freezing and
thawing cycles, the base unit of 15-day period is used to account for rapid changes in
the pavement materials properties during frost/thaw period. Using the average
temperature value within a given analysis period will not be able to account for rutting
and fractural damage caused by extreme temperatures. Therefore, the frequency
distribution of temperature data obtained using EICM program in an analysis period is
used to capture the effects of extreme temperatures (1).

The EICM program is able to estimate temperature data at intervals of 0.1 hours
(six minutes) over an analysis period at a specific depth. The temperature data for a
given analysis period of a month or 15 days can be represented by a normal distribution
N(x,0) (1), as shown in Figure 3.17. In order to account for extreme temperatures
during the analysis period, the temperature data is divided into five different sub-
seasons. For each sub-season, the temperature at the point of interest is defined by a
temperature that represents 20 percent of the frequency distribution of the pavement
temperature. In this sub-season, only 20 percent of traffic volume during the analysis
period is accounted. The sub-season temperatures are computed corresponding to
standard normal deviates of —1.2816, -0.5244, 0, 0.5244, and 1.2816, which represent
accumulated frequencies of 10, 30, 50, 70 and 90 percent, as illustrated in Figure 3.17
(89).

The detailed environment and moisture prediction for unbound material is well

explained in (1,89).
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Step 4: Determine Pavement Responses

Two pavement structural analysis methods, linear elastic analysis (LEA) and
finite element method (FEM), are used in the Design Guide to determine stresses,
strains and deformations in flexible pavement systems. The design method that utilizes
LEA uses the JULEA multilayer elastic theory program to compute the pavement
responses. FEM is used to simulate both linear and nonlinear material behavior.
However, the FEM is mainly used for research purposes, and it is not ready for
routinely designing of pavements (1).

Some critical pavement responses computed in the structural analysis are (1):

e Horizontal tensile strain at the surface of the pavement (for HMA fatigue
cracking)

e Horizontal tensile strain at the bottom of the HMA layer (for HMA fatigue
cracking)

e Horizontal tensile strain at the bottom of the bound or stabilized layers (for
fatigue cracking of bound layers)

e Compressive vertical stresses/strains within the HMA layer (for HMA rutting)

e Compressive vertical stresses/strains within the base/subbase layers (for rutting
of unbound layers)

e Compressive vertical stresses/strains at the top of the subgrade (for rutting of
subgrade)

For permanent deformation analysis, the vertical elastic (resilient) strain at the

critical depths (along a vertical axis, defined in the x, y plane) is computed in Equation
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3.40 using the three-dimensional stresses and the material properties (modulus and

Poisson’s ratio) of the HMA layer (1).

En = |EL(O'Z - uo, — ,uO'y) (3.40)
where:
&z = vertical elastic (resilient) strain at the critical depth, in/in
|[E*| = dynamic (complex) modulus, psi
U = Poisson’s ratio
o; = vertical stress at the critical depth, psi

ooy = horizontal stress at the critical depth, psi
For fatigue cracking analysis, the horizontal elastic (resilient) strain at the
critical depths in a layered pavement cross section is computed in Equation 3.41 using
the three-dimensional stresses and the material properties (modulus and Poisson’s ratio)
of the HMA layer (1).

1
Ery = E(Gx,y —HOyx —HO, ) (3-41)

The dynamic (complex) modulus (|[E*|) of HMA is incorporated in the Design
Guide via a master curve. |E*| is a function of the mix properties, temperature, and rate

of loading.

Step 5: Predict Pavement Performance

The performance analysis of a pavement structure is based on the accumulation

of damage as a function of time and traffic. Damage is estimated and accumulated for
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each analysis interval of one month or 15 days. The primary pavement distresses
considered in the analysis include (1):

e Permanent deformation

e Fatigue cracking (bottom-up and top-down)

e Thermal cracking

e Pavement smoothness (IRI) based on the above primary distresses

In this report, only rutting and fatigue cracking prediction for HMA layers is

discussed to demonstrate the use of the dynamic modulus (|E*|) in designing a new
flexible pavement. Other important distress prediction procedures, such as rutting in
unbound materials layers, fatigue cracking in chemically stabilized layers, thermal

cracking, and pavement smoothness, can be found in (1)

Permanent Deformation in Asphalt Layers. Total permanent deformation is a
product of accumulative ruts occurring in all layers of a pavement system as expressed
mathematically in Equation 3.42. However, it is assumed that no permanent

deformation occurs in chemically stabilized layers, bedrock, and concrete fractured

slabs.
n . .
1 1
RD=>¢.h (3.42)
i=1
where:
RD  =total permanent deformation
n = number of sublayers
g'p = total plastic strain in sublayer i
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h; = thickness of layer i
The final model to estimate the plastic strain in the asphalt layers is shown in
Equation 3.43. The rutting model is partially calibrated using 387 field rutting
observations obtained from 88 new Long-Term Pavement Performance (LTPP) sections

in 28 states (1).

&
“p _ Kk, %1 ()~3-4488T 1.5606 ) 0.479244 (3.43)
r
where:
& = accumulated plastic strain at N repetitions of load, in/in
& = resilient strain of the asphalt material, as determined in

Equation 3.40, in/in

T = temperature, deg F
N = number of load repetitions
¢} = depth parameter

The depth parameter (ki) is introduced to correct the confining pressure at
different depths, which improves the rut depth prediction. The depth parameter is a
function of total asphalt layers thickness (hac, in) and depth (depth, in) to computational

point, as shown in Equation 3.44a.

k, = (C, + C, *depth)*0.328196 %" (3.44a)
C, =-0.1039*hZ +2.4868*h,, —17.342 (3.44b)
C, =0.0172*h2 —1.7331*h,_ +27.428 (3.44c¢)
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Fatigue Cracking in Asphalt Layers. The M-E Design Guide provides models
to estimate both top-down and bottom-up fatigue damage. The top-down fatigue
damage is calculated at the surface of the pavement, and the bottom-up fatigue damage
is computed at the bottom of each asphalt layer. The fatigue damage is estimated based
on Miner’s Law, as shown in Equation 3.45. The fatigue damage is then used to

calculate the fatigue cracking (1).

Sy (3.45)
i=1 N fi
where:
D = fatigue damage
T = total number of periods
n; = actual traffic for period i
Ni = traffic allowed under conditions prevailing in period i

In the M-E Design Guide, the number of repetitions to fatigue cracking (Ny) is
estimated in Equation 3.46. The model is calibrated based on the data from 82 LTPP
sections located in 24 states. The data includes 441 data points for alligator cracking

and 408 observations for longitudinal cracking (1).

1 3.9492 1 1.281
N, =0.0432%k, *C*| = — (3.46)
& |E
where:
Nt = number of repetitions to fatigue cracking
k, = correction factor
C = laboratory to field adjustment factor
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& = tensile strain at the critical location
|[E*| = dynamic (complex) modulus of the material

The laboratory to field adjustment factor for HMA mixtures is estimated in

Equation 3.47a (1).
C =10V (3.47a)
Vbeff
M =4.84 —-0.69 (3.47Db)
V, +V,
where:

Vet = effective binder content, percent

Va = air void content, percent
The correction parameter (k, ) is introduced in the Design Guide to account for

different asphalt layer thickness effects. The parameter can be computed differently for
bottom-up and top-down damage as shown in Equations 3.48a and 3.48b, respectively
(1.

a. For bottom-up fatigue damage

- 1
" 0.000398 0.003602 -
' + 14 e(11.0273.49hac)
b. For top-down fatigue damage
, 1
k, = (3.48Db)
0.01 12
Vit 1+ e(15.676—2.8186hac)
where:
Nac = total thickness of the asphalt layers, in
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The fatigue damage computed in Equation 3.45 is utilized to calculate the
fatigue cracking using transfer functions as expressed in Equations 3.49a and 3.49b for
bottom-up and top-down fatigue cracking, respectively.

a. For bottom-up fatigue cracking

1 6000
FC bottom — a (1 N e(:l*CZ*IOg(D*lOO) ) (3493.)

where:

FCuott = bottom-up fatigue cracking, percent lane area

D = bottom-up fatigue damage
Cy =-2C,
C, = —2.40874-39.748*(1+h,, ) *%°

b. For top-down fatigue cracking

1 6000
FC bottom — a (1 N e(:l*CZ*IOg(D*lOO) ) (349b)

where:
FCiwp = top-down fatigue cracking, ft/mile
D = top-down fatigue damage
The reliability design for rutting and fatigue cracking can be found in the M-E

Design Guide (1).

3.11.3 Effects of HMA Stiffness on Gyratory Compaction Effort
Gyratory compactors are an important part of Superpave mix design system. The
ability of different Superpave gyratory compactors (SGCs) to produce similar mix

densities is critical. Research has shown that different types of compactor could produce
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different compaction results. These differences can cause up to 1 percent change in air
voids (4). The problem is that mixture stiffness causes different frame reactions for each
type of gyratory compactor, resulting in different internal gyration angles that affect the
gyratory compaction efforts.

In order to solve the above problem, the Dynamic Angle Validation (DAV) was
designed to fit inside a SGC mold. The DAYV is used with the HMA mixture to measure
the internal angle of gyration. During compaction, the DAV is resting on top or bottom
of the mix within the mold, as shown in Figure 3.18. The DAV uses two probes
connected to a single LVDT to measure the movement between the mold wall and the
end plates. The DAV contains a data acquisition, storage and power source. The data is
then downloaded onto the computer using the software provided by the manufacturer.
The internal angle of gyration is the average of the “top” and “bottom” measured
angles.

The DAV is designed to measure the internal angle of gyration during
compaction of a full height (115+5 mm) tall HMA mixture. However, some SGC molds
are not tall enough for the 81 mm tall DAV and the HMA mixture for a 115 mm tall
specimen. In those cases, the DAV procedure is handled using an extrapolation method
(92).

For extrapolation method, the internal angles of gyration for at least two lesser
specimen heights are measured. The internal angle of a full height specimen is then
extrapolated using a linear relationship between sample height and internal angle of
gyration. The extrapolation method was verified and used in several research projects

(4,5).
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Figure 3.18. Schematic of Internal Angle Measurements Using DAV with Mix (5)
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The angle of gyration is influenced by the resistance of the HMA mixture to
compaction effort due to the SGC frame reactions. This mixture resistance can be
represented by the tilting moment induced during compaction. The tilting moment is a
function of the gyratory force, which is a single force representing a compaction load
gradient applied on the surface of the HMA specimen, and an eccentricity, which is the

distance between the loading point and the centerline, as presented in Figure 3.19.

M =F xe (3.50)
where:
M = tilting moment, N-mm
F = gyratory force, approximately 10602 N
e = eccentricity, mm

The compaction force and eccentricity in Equation 3.50 can be measured using
the Pressure Distribution Analyzer, as presented in Figure 3.20. The device can fit in the
mold of a SGC and measure the gyratory load at three points. The three-point loads are
used to determine the gyratory force and eccentricity from the center of the specimen.

Mixtures with a higher resistance to compaction create a steeper gradient shown
in Figure 3.19, resulting in a higher eccentricity. An increase in the eccentricity causes
an increase in the associated tilting moment, resulting in a lower internal angle due to
SGC frame stiffness problem (92,93). Research has shown that the internal gyration
angle is dependent on the HMA mix characteristics and the type of compactor, and the
change can be substantial with some compactors (94,95). Various studies have shown
that the eccentricity measured by PDA for several mixtures is between 15 and 35 mm

(93,96).
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Figure 3.19. Compaction Force and Eccentricity

Figure 3.20. Pressure Distribution Analyzer
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The above concept of eccentricity is used to develop the simulated loading
devices, which are mechanical systems used to measure the internal gyration angle
without using HMA mixtures. Two simulated loading devices are currently available:
(1) the Hot-Mix Simulator (HMS) working with the DAV to simulate mixture resistance
during angle measurement; and (2) the Rapid Angle Measurement (RAM)
simultaneously inducing a load on the SGC while measuring the internal angle of
gyration.

The HMS simulates the eccentricity concept by transmitting gyratory force
through a point of contact between the surface of an upper dome and the inside of a
cone-shaped depression, as shown in Figure 3.21. The eccentricity produced by the

HMS can be determined using Equation 3.51 presented by the manufacturer (97).

o 115 ><2tan £ (3.51)
where:
e = eccentricity, mm
£ = angle of depression in upper HMS plate, rad

The RAM uses two raised contact rings to simulate the above eccentricity
concept. The radius of these rings provides a known eccentricity for the gyratory force,

as presented in Figure 3.22.
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P = F*tans

P = F*tans

Figure 3.21. Schematic of DAV with HMS

|
F e: Raised Contact
i

Ring

i
i
Figure 3.22. Schematic of RAM
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Many studies have shown that the DAV procedure, as detailed in AASHTO PP-
48, could be used to adjust SGC units to the target dynamic internal angle of 1.16 +
0.03° to produce HMA specimens having similar densities (3, 4, 98). However, the
DAYV procedure requires the use of HMA with the DAV device, which is considered
labor intensive and time consuming. Therefore, it is desired to have a mechanical
system that can produce similar results with the DAV procedure, and the HMS with
DAYV and the RAM are promising candidates for this mechanical system.

Harman et al. (93) compared the dynamic internal angles measured by the DAV
with HMS and those measured by the DAV with mix. The conclusion was that the
differences between the internal angles measured by two devices were not significant.
However, the testing plan was limited to one gyratory compactor and two mixtures.

The results measured by the RAM were also compared to those measured by the
DAYV with mix. Dalton (92) reported that the RAM and DAV devices could agree
within 0.01° with a confidence of 90 percent. The precision for the test method for the
internal angle using the RAM has been established for various compactors by Hall and
Easley (5).

In summary, many studies have shown the ability of the DAV to calibrate SGCs
to produce similar density samples. However, the current test method requires the DAV
to use with HMA mixture. Based on the eccentricity measured by the PDA compacted
in the SGC mold with HMA mixture, two simulated loading devices, the HMS and
RAM, have been developed. Studies have shown that the HMS with DAV and the RAM

were promising alternatives to the DAV with mix. However, since the eccentricity of
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the gyratory force is different for each HMA mixture and type of gyratory compactor,

more research effort is still needed.

3.12  Summary

Mechanical behaviors of asphalt binders and HMA mixtures were reviewed in
this chapter. At mixing and compaction temperatures in the field, asphalt binders
typically behave as simple Newtonian or non-Newtonian fluids. However, at low
temperatures (under 0C) asphalt binders behave as elastic solids. At intermediate
temperatures, asphalt binders act as viscoelastic materials.

To characterize the mechanical behaviors of asphalt binders, the physical
properties of asphalt binders must be determined using the Superpave asphalt binder
tests. Two asphalt binder tests were reviewed in this chapter: the dynamic shear
rheometer (DSR) and rotational viscometer (RV). The DSR test procedure is used to
determine the dynamic shear modulus (|G*|) and phase angle (o) of original, RTFO-
aged, and PAV-aged asphalt binders. The RV test provides the viscosity of original
binder. The Superpave binder specification uses the DSR test data to determine the
binder grade and the binder susceptibility to rutting and fatigue cracking. The RV test
data is used to make sure the binder can be pumped and handled at the hot mix facility.
In this study, the DSR and RV test data are used as an input to predict the dynamic
modulus of HMA.

Mechanical behaviors of HMA are more complicated to characterize than those
of asphalt binders. At cold temperatures, HMA mixtures performance is influenced by

the viscoelastic behaviors of asphalt binders. At high temperatures (above 50C), the
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mixture behavior is dependent on the aggregate structure. At intermediate temperatures,
HMA rheology is sensitive to unique properties of the binders.

The mechanical behaviors of HMA can be characterized using HMA stiffness
parameters. The HMA stiffness parameters often used are resilient, dynamic, and
relaxation moduli. Since it was first introduced in the 1960s, the dynamic (complex)
modulus (|[E*|) of HMA has been refined and developed as standardized ASTM and
AASHTO test procedures. The dynamic (complex) modulus of HMA can be measured
in the laboratory or predicted from HMA mixture properties using the Witczak or
Hirsch predictive model at the temperatures and frequencies that represent the field
conditions. The dynamic moduli determined at different temperatures and frequencies
are then shifted horizontally along the frequency axis to form a single master curve at a
reference temperature.

The dynamic modulus is used as an indicator for rutting and fatigue cracking of
HMA mixtures. In addition, it is used via master curves to incorporate time and
temperature dependent material behaviors in the M-E Design Guide. The dynamic
modulus is used in the pavement response models to predict stresses, strains, and
deflections in the pavement system. The pavement responses are then used in the
pavement distress models to address rutting and fatigue cracking.

The HMA mixture resistance to compaction was an important factor that affects
the consistency of SGCs. Different types of gyratory compactor having different frame
stiffness produce different internal gyration angles, resulting in different mixture
densities. In order to address this issue, the DAV with mix can be used to calibrate the

SGCs in question. Two alternatives, which are considered cheaper and less time
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consuming than the DAV with mix, are the HMS with DAV and the RAM. Research
efforts still continue to refine the test methods and implement the internal angle

calibration.
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CHAPTER 4: EXPERIMENTAL PLAN
4.1 Dynamic (Complex) Modulus Test
4.1.1 Materials and Mixtures

This section describes the materials and mixtures used in the laboratory test
program. Four aggregate sources were used in the dynamic (complex) modulus study,
including limestone from McClinton Anchor, Inc. (MCA), sandstone from Arkhola, Inc.
(ARK), syenite from Granite Mountain, Inc. (GMQ), and gravel from Jet Asphalt
Company (JET), as shown in Table 4.1. These sources reasonably bracket an expected
range of mixes encountered in Arkansas. HMA mixtures were collected from the
Arkansas State Highway and Transportation Department (AHTD) and then verified in
the asphalt laboratory at the University of Arkansas.

For each aggregate source, a surface mix (12.5 mm), a binder mix (25.0 mm),
and a base mix (37.5 mm) was prepared. The mixes were designed using both binder
grades PG 70-22 and PG 76-22. Design gyration levels and design air voids were
selected corresponding to the type of binder used for the mixtures, as specified in (99).
All mix designs, including material gradations and volumetric properties, used in this

study were summarized in Appendix B.

4.1.2 Test Specimen Preparation

The HMA mixtures were prepared at optimum binder contents and compacted at
two air void levels. The HMA mixtures used binder grade PG 70-22 were compacted at
4.5 percent and 7.0 percent air voids, and the mixtures used binder grade PG 76-22 were

compacted at 4.0 percent and 7.0 percent air voids.
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Table 4.1. Experimental Matrix

Source Agg. Size | Binder Grade and Gyrations Air Voids
(mm) Content (%)
Limestone 12,5 PG 70-22 100 4.5
(MCA) 25.0 Design 7.0
37:5 PG 76-22 125 4.0
Design 7.0
Syenite 12.5 PG 70-22 100 4.5
(GMQ) 25.0 Design 7.0
37:5 PG 76-22 125 4.0
Design 7.0
Sandstone 125 PG 70-22 100 4.5
(ARK) 25.0 Design 7.0
37:5 PG 76-22 125 4.0
Design 7.0
Gravel 12.5 PG 70-22 100 4.5
(JET) 25.0 Design 7.0

37.5
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For each combination of individual parameters shown in Table 4.1, three
replicate specimens were prepared. The number of replicates was chosen as
recommended by Witczak et al. (73). As a result, the experimental plan required 126
specimens to be tested.

Each mixture was mixed and compacted at the temperatures specified in the mix
design. All mixtures were conditioned in the oven for four (4) hours before compaction
at the compaction temperatures for short-term mixture conditioning for mechanical
property testing, as specified in (100).

The samples were compacted with a Pine gyratory compactor in a 150 mm
diameter mold to 170 mm height. The quantity of mixture for each specimen to meet the
target air voids was determined from a trial compaction program. For each testing
combination, three gyratory compacted specimens were compacted using 6400, 6600,
and 6800 gram of asphalt mixture. Then, three trial test specimens, 150 mm high and
100 mm diameter, were cored and end-cut from the gyratory compacted specimens.
Finally, the air voids of the trial specimens were determined. It was found that the
relationship between the mixture quantity used for gyratory compacted specimens and
the air voids of the associated trial test specimens could be estimated using a linear
regression model. Therefore, a linear regression representing the relationship between
the mixture quantity for gyratory compacted specimens and the air voids of the trial test
specimens was determined for each testing combination. Based on the linear regression,
the quantities of HMA mixture used to produce specimens at the target air voids were
determined. Figure 4.1 presents an example of the trial procedure to determine the mix

quantities for test specimens that meet the target air voids.

102



MCA-25, PG 70-22

Trial Results:
A.void (%) 7.3 5.0 2.5
Mix Quantity (g) 6400 6600 6800
MCA-25, PG 70-22
6900
~ 6800 *
o)
2 6700 \
S 6600 -
2 =-
3 6500 - y= 832.285x+ 7010.9
X R”=0.9994
= 6400 -
6300 ‘ ‘ ‘
0 2 4 6
Air Voids (%

Targeted Mix Quantities:

A.void (%) 7.0 4.5
Mix Quantity (g) 6428 6636
Rounded (g) 6430 6640

Figure 4.1. Mix Quantities to Meet Target Air Voids
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Tables 4.2, 4.3, and 4.4 summarize the mix quantities used to produce the test
specimens that had the target air voids of 4.0, 4.5, and 7.0 percent. The data provided in
these tables would be useful for future studies. For the same mix designs used in this
study, the quantity of HMA mixture required to produce a sample at the target air voids
of 4.0, 4.5, or 7.0 percent can be obtained directly from the tables. For those samples
compacted at other target air voids, the quantity of HMA mixture can be linearly
interpolated/extrapolated from the appropriate data presented in the tables.

After the trial compaction program, three gyratory compacted specimens were
prepared for each testing combination. Then, the test specimens, 100 mm diameter and
150 mm height, were cored and end-cut from the gyratory compacted specimens. Figure
4.2 shows a test specimen of 100 mm diameter and 150 mm height next to a gyratory
compacted specimen of 150 mm diameter and 170 mm height.

Finally, the air voids and geometric properties of each specimen were
determined for acceptance. Table 4.5 provides the criteria for acceptance and rejection
of test specimens. A step-by-step diagram, as illustrated in Figure 4.3, summarizes the

procedure for preparing test specimens.

4.1.3 Selection of Test Parameters

In order to develop of master curves for all mixtures to use in the M-E Design
Guide, each specimen was tested at 5 different temperatures and at 6 different
frequencies for each test temperature, as shown in Table 4.6. The other parameters, such
as dynamic stresses and cycles, were selected corresponding to the test temperatures

and frequencies, respectively.
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Table 4.2. MCA Mixture Quantities for Test Specimens

Aggregate | Aggregate Size | Binder Grade | Air Voids | Mix Quantity
Source (mm) (percent) (9)
MCA 12,5 PG 70-22 4.5 % 6660
7.0% 6470
PG 76-22 4.0 % 6690
7.0% 6450
25.0 PG 70-22 4.5 % 6640
7.0 % 6430
PG 76-22 4.0 % 6580
7.0 % 6290
37.5 PG 70-22 4.5 % 6590
7.0% 6320
PG 76-22 4.0 % 6580
7.0 % 6330
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Table 4.3. GMQ Mixture Quantities for Test Specimens

Aggregate | Aggregate Size | Binder Grade | Air Voids | Mix Quantity
Source (mm) (percent) (9)
GMQ 125 PG 70-22 4.5 % 6770
7.0% 6570
PG 76-22 4.0 % 6800
7.0% 6560
25.0 PG 70-22 4.5 % 6740
7.0% 6450
PG 76-22 4.0 % 6680
7.0 % 6380
37.5 PG 70-22 4.5 % 6870
7.0 % 6640
PG 76-22 4.0 % 6860
7.0% 6600
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Table 4.4. ARK and JET Mixture Quantities for Test Specimens

Aggregate | Aggregate Size | Binder Grade | Air Voids | Mix Quantity
Source (mm) (percent) (9)
ARK 12,5 PG 70-22 4.5 % 6560
7.0% 6360
PG 76-22 4.0 % 6590
7.0% 6340
25.0 PG 70-22 4.5 % 6520
7.0 % 6300
PG 76-22 4.0 % 6560
7.0 % 6300
37.5 PG 70-22 4.5 % 6440
7.0% 6140
PG 76-22 4.0 % 6500
7.0 % 6210
JET 125 PG 70-22 4.5 % 6680
7.0% 6490
25.0 PG 70-22 4.5 % 6570
7.0 % 6310
37.5 PG 70-22 4.5 % 6640
7.0 % 6430
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Figure 4.2. Gyratory-Compacted and Cored Specimens
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Table 4.5. Criteria for Acceptance of Test Specimens (74)

Criterion Items  Requirements

Size Size of sample: 100 mm in diameter by 150 mm in height

Coring Nominal diameter of sample after coring: 100 mm

Side of sample after coring: smooth, parallel, and free from
steps, ridges, and grooves

Diameter (*) Standard deviation of six measurements: not greater than 2.5
mm

Ends Ends of sample after sawing: smooth and perpendicular to the
axis

Tolerance of a cut surface waviness height: = 0.05 mm across
any diameter

Angle departing from perpendicular to axis of specimen: not
more than 0.5 degrees

Air Void Air Void Content of test Specimen: within 0.5 percent from
Content the target air void content

Notes: (*) The diameters of a test specimen were measured at the mid height and third

points along axes that are 90 degrees apart.
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Aggregate Preparation:
Dry Aggregate
Fractioning

Batching

\ 4

Mixing and Compaction:
Mixing

Aging (4 hours)
Compaction (H170 * D150)

A 4

Gmb Test for Compacted Specimens:
Gmb Test (SSD Test)

\ 4

Coring and Sawing:
Coring (H170 * D100)
Sawing (H150 * D100)

A 4

Gmb Test for Test Specimens:
Drying Core
Gmb Test (SSD Test)

\ 4

Acceptance of Test Specimens:
Diameter, Ends
Air Void Content

Figure 4.3. Procedure for Preparing Test Specimens
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Table 4.6. Test Parameters (74)

Parameters Values

Temperature At -10, 4.4, 21.1, 37.8, and 54.4°C (14, 40, 70, 100, and
130°F)

Frequency At 25,10,5,1,0.5,0.1 Hz

Contact Load 5 percent of the dynamic load

Preconditioning With 200 cycles at 25 Hz
Axial Strains Between 50 and 150 microstrain

Dynamic Stress (*) At -10°C (14°F): 1400 to 2800 kPa (200 to 400 psi)
At 4.4°C (40°F): 700 to 1400 kPa (100 to 200 psi)
At 21.1°C (70°F): 350 to 700 kPa (50 to 100 psi)
At 37.8°C (100°F): 140 to 250 kPa (20 to 50 psi)
At 54.4°C (130°F): 35 to 70 kPa (5 to 10 psi)

Cycles At 25 Hz: 200 cycles
At 10 Hz: 200 cycles
At 5 Hz: 100 cycles
At 1 Hz: 20 cycles
At 0.5 Hz: 15 cycles
At 0.1Hz: 15 cycles

(*) The dynamic load should be adjusted to obtain axial strains between 50 and 150

microstrain.
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4.1.4 Dynamic (Complex) Modulus Test Procedure

The test was run on each test specimen at five different temperatures, including -
10, 4.4, 21.1, 37.8, and 54.4C (14, 40, 70, 100, and 130F), and the test started from the
lowest temperature to the highest temperature. For each test temperature level, the test
was run at six different frequencies from the highest to the lowest, including 25, 10, 5,
1, 0.5, 0.1 Hz. All testing was conducted in an unconfined condition.

At each temperature, the specimen was placed in the environmental chamber
and allowed to equilibrate to the specified testing temperature + 0.5C (1F). The
specimen temperature was monitored using a dummy specimen with a thermocouple
mounted at the center. Once the specimen reaches the specified test temperature, four
LVDTs were mounted on the specimen using two aluminum rings, as shown in Figure
4.4, and they were adjusted to near the end of their linear range to allow the full range to
be available for the accumulation of compressive permanent deformation. As for the
number of replicates, the number of LVDTs used in this testing plan was chosen as
recommended by Witczak et al. (73). A testing program used three replicated specimens
instrumented with four LVDTs was optimum for dynamic (complex) modulus testing
(73).

Two 0.5 mm (0.02 in.) thick latex membranes separated with silicone grease
were placed between the specimen and the hardened steel disks at the top and bottom.
The test specimen was centered with the hydraulic actuator in order to avoid eccentric
loading. The specimen was allowed to equilibrate in the environmental chamber for

another one hour.

112



Figure 4.4. Dynamic Modulus Test Setup
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To begin testing, the LVVDTs were zeroed, and a minimal contact load was
applied to the specimen. A sinusoidal axial compressive load was applied on the
specimen in a cyclic manner. The specimens were preconditioned using 200 cycles at
25 Hz. The load was then adjusted to keep the axial strains between 50 and 150
microstrain (74). Testing was continued from 25 Hz through 0.1 Hz. The number of test
cycles for each frequency was shown in Table 4.6.

It was required to keep the axial strain between 50 and 150 microstrain at the
end of each frequency testing period and the cumulative un-recovered permanent strain
under 1500 microstrain at the end of any testing series for each temperature. This
requirement was to ensure the testing was performed in the linear viscoelastic range of
the HMA mixtures. To meet this requirement, the dynamic stress at each testing
temperature was determined using a trial and error procedure. The minimum
recommended dynamic stress at each temperature, as shown in Table 4.6 was first
applied. Then, it was increased in an increment of 20 percent of the minimum
recommended dynamic stress to meet the axial strain requirement.

Finally, the data acquisition system was setup to record the last six cycles at
each frequency with about 200 points per cycle. The test data, including loading time,
loading magnitude, and vertical deformation measured by LVDTSs, were then stored for

latter analyses.

4.2 Internal Gyration Angle Study

The objectives of the internal angle study are (1) to determine if siffness (in

form of the dynamic modulus) of HMA mixtures significantly affects the internal angle
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measurements; and (2) to evaluate if the simulated loading devices (the HMS with DAV
and the RAM) can replace the DAV with mix to calibrate the internal angle of different
SGCs. In order to accomplish the aforesaid objectives, the internal angle study was
performed as follows:
e Study 1 was to determine the internal angles of different SGCs using the DAV
with mix
e Study 2 was to have the internal angles of SGCs using the simulated loading
devices, Hot-Mix Simulator (HMS) with DAV and Rapid Angle Measurment
(RAM)
e Study 3 was to obtain the eccentricities induced during compacting the HMA
mixtures or the simulated loading devices
The detailed testing programs for the above studies are presented in the

following sections.

4.2.1 Study 1

Two aggregate sources were used for Study 1, including limestone from
McClinton Anchor, Inc. (MCA) and sandstone from Arkhola, Inc. (ARK). For each
aggregate source, a surface mix (12.5 mm) and a binder mix (25.0 mm) were prepared.
The mixes were designed using both binder grades PG 70-22 and PG 76-22. All mix
designs, including material gradations and volumetric properties, were summarized in
Appendix B.

Two gyratory compactors (Pine Model AFGC125 and Troxler Model 4141)

were used in this study. The Pine SGC has an internal angle of 1.17°, which is in the
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target internal angle range of 1.16 + 0.03° (3). The Troxler SGC has an angle of 1.07°,
which is out of the above target internal angle range. By choosing these SGCs for this
study, it was expected that the study results would be good for different SGCs whose
internal angles were in or out of the aforesaid target range.

The testing matrix for Study 1 is presented in Table 4.7. For the Pine SGC, the
test specimens were compacted to 115 mm high using 4,500 g of mix. However, since
the molds for the Troxler SGC are not tall enough for the 81 mm tall DAV and the
HMA mixture for a 115 mm tall specimen, the DAV procedure is handled using the
extrapolation method, and the internal angles corresponding to the 115 mm specimens
were linearly extrapolated using the angles measured using 35 and 65 mm high
specimens. The HMA mixtures used for 35 and 65 mm specimens were 1,250 and 2,450
g, respectively. For each testing combination presented in Table 4.7, three replicates
were used to measure the top internal angles, and three were used for the bottom angles.

A DAV unit, as shown in Figure 4.5, was placed on top or bottom of the mix
within the mold to measure the movement between the mold wall and the top and
bottom plates during the compaction of the mix. The movement data were stored in the
DAYV unit and downloaded onto the computer using TestQuip software provided by the
manufacturer. Figure 4.6 shows the movement data acquired from the DAV using the
TestQuip Software. The data file was then saved as a .cvs file that was used to

determine the internal gyration angle using a spreadsheet provided by the manufacturer.
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Table 4.7. Testing Plan for Internal Angle Study 1

SGC Agg. Size Binder Est. Ht. Mix Qt. No. of
(mm) (9) Replicate
PINE 125X| MCA 12.5 70-22 115 4500 3 Top & 3 Boitt.
76-22 115 4500 3 Top & 3 Bott.
25 70-22 115 4500 3 Top & 3 Boitt.
76-22 115 4500 3 Top & 3 Baoitt.
ARK 125 70-22 115 4500 3 Top & 3 Bott.
76-22 115 4500 3 Top & 3 Baoitt.
25 70-22 115 4500 3 Top & 3 Bott.
76-22 115 4500 3 Top & 3 Baoitt.
BABY MCA 12.5 70-22 35 1250 3 Top & 3 Bott.
TROXLER 65 2450 3 Top & 3 Bott.
4141 76-22 35 1250 3 Top & 3 Bott.
65 2450 3 Top & 3 Boitt.
25 70-22 35 1250 3 Top & 3 Bott.
65 2450 3 Top & 3 Boitt.
76-22 35 1250 3 Top & 3 Baoitt.
65 2450 3 Top & 3 Bott.
ARK 125 70-22 35 1250 3 Top & 3 Baoitt.
65 2450 3 Top & 3 Bott.
76-22 35 1250 3 Top & 3 Baoitt.
65 2450 3 Top & 3 Bott.
25 70-22 35 1250 3 Top & 3 Boitt.
65 2450 3 Top & 3 Bott.
76-22 35 1250 3 Top & 3 Boitt.
65 2450 3 Top & 3 Bott.
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Figure 4.5. Dynamic Angle Validation (DAV)

Q' Test Quip - [C:\Program Files'Test Quip 2.00DAVSTUDY-1-2-05'ARK-12.5-7022-4141-35-2.c50] - i‘
() Fle Eot View Communicafion Device Gragh Window Help _1&] x|
IDed@s saR (oA GAA8 @voloe HERS -0
Summary | Composte Graph Graph | Data | W [&of -UnitedDasse: o] o x]
DAY Dats Recorder
Untitled Dataset User [0 SN110 Seria Hos M24145
1
my
14
“H : —‘——‘ M‘L_._
: u p \J’
2
-4
10
333004M 93624 4M 333.48.4M 343124M 3463540 350004
Jan12, 2005 Jan 12,2005 Jan 12,2005 Jan12, 2005 Jan12, 2005 Jan 12, 2005

| Cancel Zoom - Retum the graph scale to its original state [

i#Rstart H E5a v H (@ Test ouip - [C:Progra... | B |Dosument! - Microsoft vy

4pr 07,2005 | 1108184M % 3 Q2
‘ 3 1108 am

Figure 4.6. Raw Data Acquired from DAV using TestQuip Software
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4.2.2 Study 2

Two simulated loading devices, the HMS with DAV and the RAM were used to
measure the internal gyration angles of two gyratory compactors, Pine Model AFGC125
and Troxler Model 4141. The internal angles of the SGCs were set the same as for
Study 1.

The HMS with DAYV, as shown in Figure 4.7, was used to measure the internal
angles of the Pine and Troxler SGCs using three cone-shaped depressions machined at
18, 21 and 24°. The RAM, as shown in Figure 4.8, was used to measure the internal
angles of the SGCs using 44 and 64 mm diameter rings.

The test matrix for Study 2 is presented in Table 4.8. For each testing
combination in Table 4.8, three replicates were measured for the top angles, and three
were for bottom angles. Since both HMS and RAM devices can fit in the SGC molds,

no extrapolation method was used in this study.

4.2.3 Study 3

In Study 1, the internal angles of gyration measured using the DAV with mix
were affected by the resistance of the HMA mixture to compaction effort due to the
SGC frame stiffness. In study 2, the internal gyration angles measured using the HMS
and RAM were influenced by the degree of cone-shaped depression and the diameter of

the ring, respectively.
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Figure 4.8. Rapid Angle Measurement (RAM)
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Table 4.8. Testing Plan for Internal Angle Study 2

SGC Device | Angle/Dia Height Replicate
(mm)
PINE 125X | DAV 106 18 Deg 115.0 3 Top & 3 Bott
21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
DAV 110 18 Deg 115.0 3 Top & 3 Bott
21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
RAM 29 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
RAM 12 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
TROXLER | DAV 106 18 Deg 115.0 3 Top & 3 Bott
4141 21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
DAV 110 18 Deg 115.0 3 Top & 3 Bott
21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
RAM 29 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
RAM 12 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
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At this point, it felt that the resistance of HMA mixtures and the influences of
the cone degree and the ring diameter could be represented by the eccentricity of the
compaction force. It was also thought that the internal gyration angles of a gyratory
compactor measured using different methods should be similar if the corresponding
eccentricities induced using all methods were similar. Therefore, in order to match the
internal gyration angles measured in Study 1 and Study 2, Study 3 was designed to
measure the eccentricities induced during compaction of the HMA mixtures, HMS and
RAM.

For Study 3, the testing matrix for the simulated loading devices is presented in
Table 4.9. The eccentricities induced by the simulated loading devices were measured
using the PDA, as shown in Figure 4.9. The PDA was placed on the top or bottom of
the simulated devices to measure the top and bottom eccentricities.

Based on the eccentricity measurements using the RAM, as presented in Chapter
7, it was observed that the top and bottom eccentricities were very similar. To
investigate if the top and bottom eccentricities were still similar when mixtures were
used, two HMA mixtures, including 12.5 mm MCA mixture using PG 70-22 and 25
mm MCA mixture using PG 76-22, were tested, and the test results are presented in
Table 4.10. The test results showed that the top eccentricities were about 1 mm farther
from the centerline than the bottom ones, so the average eccentricities were about 0.5
mm higher and lower than the bottom and top values, respectively. Therefore, it was
decided that the eccentricities be measured with the PDA placed on top and bottom of

the HMA mixtures.
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Table 4.9. Testing Plan for PDA with Simulated Loading Devices

SGC Device | Angle/Dia Height Replicate
(mm)
PINE 125X | DAV 106 21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
DAV 110 21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
RAM 29 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
RAM 12 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
TROXLER | DAV 106 21 Deg 115.0 3 Top & 3 Bott
4141 24 Deg 115.0 3 Top & 3 Bott
DAV 110 21 Deg 115.0 3 Top & 3 Bott
24 Deg 115.0 3 Top & 3 Bott
RAM 29 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
RAM 12 44 mm 125.0 3 Top & 3 Bott
64 mm 125.0 3 Top & 3 Bott
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Figure 4.9. Pressure Distribution Analyzer (PDA)
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Table 4.10. Top and Bottom Eccentricities Measured using PDA with Mix

SGC Mix  Rep. Load (N) e (mm) T. Mom. (N-m)

Top Bott Avg Top Bott Avg Top Bott Avg

PINE 125X 125mm 1 10720 11094 29.39 28.91 315 321
PG 70-22 2 10413 11218 31.29 29.58 326 332
3 11095 11714 30.40 29.20 337 342

Avg 10743 11342 11042 30.36 29.23 29.80 326 332 329

25 mm 1 10935 11194 28.89 28.01 316 314
PG 76-22 2 10424 11211 31.01 29.98 323 336
3 10901 11614 30.56 29.80 333 346

Avg 10753 11340 11047 30.15 29.26 29.71 324 332 328

TROXLER 125mm 1 9995 10840 30.79 29.01 308 314
4141 PG 70-22 2 10182 10400 30.57 29.86 311 311
3 10593 11151 30.70 29.40 325 328

Avg 10257 10797 10527 30.69 29.42 30.06 315 318 316

25 mm 1 10282 11054 28.13 27.13 289 300
PG 76-22 2 10192 11094 29.20 28.40 298 315
3 10382 10871 29.88 28.78 310 313

Avg 10285 11006 10646 29.07 28.10 28.59 299 309 304
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To determine the eccentricities induced during compaction of HMA mixtures,
eight HMA mixtures and two gyratory compactors used in Study 1 were employed. The
testing plan for the PDA with mix is presented in Table 4.11.

The PDA unit, as shown in Figure 4.9, was placed on top of the mixture within
the SGC mold to measure the gyratory loads at three points. The three-point loads were
stored in the PDA unit. After the compaction was completed, the data were downloaded
onto the computer using the TestQuip software. Figure 4.10 shows the loading data
acquired from the PDA. The data file was then saved and used to calculate the
eccentricity using a spreadsheet provided by the manufacturer.

The data obtained in the internal angle study included (1) the internal gyration
angles measured using the DAV with mix; (2) the internal gyration angles measured
using the simulated loading devices, the HMS and RAM; and (3) the eccentricities of
the gyratory force induced during compacting the HMA mixtures and the simulated

loading devices. The data was reported and analyzed in Chapter 7.

4.3 Summary

The HMA mixtures used in the dynamic modulus study included four aggregate
sources, three aggregate sizes and two binder grades. The mixtures were mixed at
optimum binder content and compacted at two air void levels based on the binder grade.
After a trial compaction program to determine the mix quantities to meet the target air
voids, three replicates were compacted for each testing combination, and the test
specimens, 100 mm diameter and 150 mm height, were cored and end-cut from the

gyratory compacted samples. Finally, the test specimens were inspected for acceptance.
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Table 4.11. The Top Eccentricities Measured using PDA with Mix

SGC Agg. Size | Binder | Est. Ht. | Mix Qt. Replicate
(mm) (9)

PINE 125X | MCA 12.5 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
25 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
ARK 125 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
25 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
BABY MCA 125 70-22 115 4500 3 Top & 3 Bott
TROXLER 76-22 115 4500 3 Top & 3 Bott
4141 25 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
ARK 12.5 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
25 70-22 115 4500 3 Top & 3 Bott
76-22 115 4500 3 Top & 3 Bott
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The dynamic modulus values for each specimen were determined at five
temperatures and six frequencies. The test was performed from low to high
temperatures and from high to low frequencies. The dynamic modulus data were
reported and analyzed in Chapters 5 and 6.

The internal gyration angles were measured using the DAV with eight mixtures
from two aggregate sources, two aggregate sizes and two binder grades. In addition, the
internal angles were determined using the simulated loading devices, including the
HMS with DAYV developed by TestQuip, Inc. and the RAM developed by Pine
Instrument Company. It was thought that the internal gyration angles measured using
the DAV with mix and the simulated loading devices would be similar if the mix and
the simulated loading devices induced similar eccentricities for the gyratory force.
Therefore, the eccentricities induced by the eight mixtures and the simulated loading
devices were also measured in this study. The internal gyration angle and eccentricity

data were presented and analyzed in Chapter 7.
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CHAPTER 5: LABORATORY TEST RESULTS AND ANALYSES

The raw data acquired from the dynamic modulus test was analyzed in this
chapter. The raw data was used to (1) calculate the dynamic modulus and phase angle of
the mixture in question; (2) evaluate the dynamic modulus test variability; and (3)
construct master curves for the HMA mixtures used in this study. Finally, the dynamic
modus values and their associated master curves obtained from this testing program

were reported for future usage for level 1 |[E*| inputs in the M-E Design Guide.

5.1 Determination of Dynamic Modulus and Phase Angle

As described in the experimental plan, the dynamic modulus test was performed
in a continuous uniaxial sinusoidal (haversine) compressive stress condition with a
servo-hydraulic closed-loop testing machine. An environmental chamber was used to
control the temperature of the test specimens. In this study, vertical displacements and
loading were measured using four LVDTs and a load cell, respectively.

The test was performed on each test specimen at five different temperatures,
including -10, 4.4, 21.1, 37.8, and 54.4C (14, 40, 70, 100, and 130F). The test was run
from the lowest temperature to the highest temperature. For each temperature level, the
test was performed at six different loading frequencies from the highest to the lowest,
including 25, 10, 5, 1, 0.5, 0.1 Hz. At each combination of testing temperature and
frequency, one dynamic modulus value and one phase angle value were determined for

each specimen.
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5.1.1 Raw Data Acquisition

The test data obtained include the loading time, axial load, and vertical
displacements measured by LVVDTs 1 through 4. An example of a partial raw data file
obtained from the MTS™ testing data acquisition system is shown in Figure 5.1. The
data was recorded for the last six cycles of the test. “Time” was the time at which the
data was recorded. The axial load value was recorded in “Load”. Displacements of the
specimen were recorded in columns “LVDT 1” through “LDVT 4”.

For a given test temperature, one data file was acquired for each specimen. The
data file started from 25 Hz and ended at 0.1 Hz for each test temperature. The number
of recorded data points in each cycle varied upon the test frequency, and the number of
data points recorded was set using the test machine controller. In order to use regression
process for calculating the dynamic modulus and phase angle, the number of data points
recorded should not be less than 200. In this study, the number of data points recorded
at each frequency is presented in Table 5.1, which were used to develop a computer
program for calculating the dynamic modulus and phase angle as presented in the next

section.
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MTS793|MPTIENU|L[2].J/|:|1/0[0|A

Cyclic Acquisition

Stored at: 194 cycle

Points: 246

Time Load

Sec Ibf
7.8994141 -185.65471
7.9003906 -206.6362
7.9013672 -225.26775
7.9023438 -241.88507

LVDT 1

in

0.021362329

0.021362329

0.021343233

0.021309817

Time: 30.025146 Sec

Stored for: 12 segments

LVDT 2

in

0.013838176

0.01381907

0.013785632

0.013809515

LVDT 3

in

0.013310348

0.013282047

0.01327733

0.013286764

LVDT 4

in

0.016484257

0.016469955

0.016460422

0.016465189

Figure 5.1. A Part of Raw Data Obtained from MTS™ Data Acquisition

Table 5.1. Number of Data Points Recorded at Each Frequency

Frequency Number of Data Points Recorded
25 Hz 246
10 Hz 614
S Hz 1,229
1 Hz 6,144
0.5Hz 6,144
0.1Hz 5,994
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5.1.2 Dynamic Modulus and Phase Angle Calculation

A complete data set of the dynamic modulus test even at a single combination of
test temperature and frequency is quite extensive. In order to efficiently analyze the
data, it is necessary to select an analysis method that allows relatively simple
manipulation using available computer software. Among different approaches
recommended in the proposed test methods, the curve fitting technique is (relatively)

easy to accomplish using a spreadsheet, which is utilized and presented in this section.

Fitting Loading Curve. At a given frequency, the sinusoidal equation

representing the loading curve is as follows:

L=A_ +B_ *sin(wt+g@ )=A_+B, *sin(2t+g, ) (5.1)

where:

L = loading curve

AL = mean value of loads

BL = loading amplitude

1) = angular velocity

f = test frequency

t = recorded loading time

& = loading phase angle

Equation 5.1 can be rewritten as follows:

L= A_+ B *[sin(2xft) * cos(g, ) + cos(2ft) *sin(4, )] (5.2)

133



In Equation 5.2, only parameters A, B, and ¢_are unknown. Therefore, it can

be rewritten:

L= A, +C_ *cos(2#t)+ D, *sin(2xft) (5.3)
where
C. = B *sin(¢.)
DL =Bi*cos(a)

From Equation 5.3, the loading amplitude and phase angle can be expressed in
term of C__ and D, as follows:

C. _ B *sin(4)

Since D, = B, *cos(d, ) =tan(¢g, ) (5.4)
C.
then, o, = arctan(D—LJ (5.5)
And
Since CZ+D? = B2(sin?(4, ) +cos? (4, )) = B? (5.6)

then, B, =CZ2+D; (5.7)

In order to determine the unknown parameters A, C., and D, Equation 5.3 is
fitted to the test data using a least-squares fit of a sinusoidal function. The goal is to

solve for the unknown parameters that minimize the residual sum of squares:

S, =Y {L, —[A_ +C_*cos(2At,) + D_*sin(2aft,)]}" (5.8)
i=1
The detailed solutions for the regression can be found elsewhere (101). The
unknown parameters A., C., and D in Equation 5.3 can be determined using Equations

5.9 through 5.11.
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A == (5.9)
n
2 n
C, = HZ L, cos(2~t,) (5.10)
i=1
2L .
D, ==Y L, sin(2t,) (5.11)
N5
where
Li = loading data recorded in “Load” column in Figure 5.1
t; = loading time recorded in “Time” column in Figure 5.1
n = number of data “Points” recorded for the last six cycles in
Figure 5.1

Fitting Displacement Curves. In this process, four different displacement
curves are fitted to the recorded LVDTs 1 through 4 data presented in Figure 5.1. A
procedure for fitting a displacement curve is presented in this section. Due to drift in
displacement data caused by permanent deformation of the test sample, Equation (5.1)
is modified to represent the displacement curves that change with time as shown in

Equation 5.12.

D = A, + B, *sin(24ft + ¢, )+ Ry, *t (5.12)
where
D = displacement curve
Ap = mean value of displacements
Bo = displacement amplitude
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Rp = slope of the drift in the displacement

f = test frequency
t = recorded loading time
) = displacement phase angle

Equation 5.12 can be rewritten so that its right side will share the same form as
that of Equation 5.1:
D-R, *t= A, + B, *sin(2ft + ¢, ) (5.13)
Now, if the drift in the displacement can be eliminated before starting the
regression process, the solutions in Equations 5.9 through 5.11 can be applied for
Equation 5.13. Eliminating the drift can be done as follows:
e Determining the maximum and minimum values of displacements for each cycle
e Determining the slopes for the maximum and minimum values
e Averaging the two slopes, which is the slope of the drift (Rp)

e Calculating the new displacement values using the following equation:

D, =D, —-R, *t (5.14)
where
D’ =new displacement values
Di = displacement data recorded in columns “LVDT 1” through

“LVDT 4” in Figure 5.1
Rp = slope of the displacement drift determined in the previous step
t; = loading time recorded in “Time” column in Figure 5.1

Equation 5.13 now has the same form as Equation 5.1:

D' = A, + By, *sin(2ft + ¢, ) (5.15)
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The solution in Equations 5.5, 5.7, and 5.9 to 5.11 can be applied to determine
the displacement amplitudes (Bp) and the phase angles (¢p) for LVDT 1to LVDT 4

displacement data.

Calculating Dynamic Modulus and Phase Angle. Based on the analyses
presented in the previous sections, Equations 5.16 and 5.17 can be used to calculate the

dynamic modulus and phase angle of the test:

|E*|:Z—::§—;% (5.16)
=9~ (5.17)
where
|[E*| = dynamic modulus, psi
BL = loading amplitude
Bp = displacement amplitude
L = LVDT length, in.
A = cross section area, in”
¢ = phase angle, rad.
& = loading phase angle, rad.
/%) = displacement phase angle, rad.

Developing DYNMOD. The calculation method presented in the previous
sections was used to develop a computer program called DYNMOD to facilitate the

determination of the dynamic modulus and phase angle from the dynamic modulus test
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data. DYNMOD was programmed using Microsoft™ Visual Basic. The program
performs as an add-in module in Microsoft™ Excel. This program works the best in
Microsoft™ Excel 2000.

The calculation is started by selecting DYNMOD > Open MTS, as shown in
Figure 5.2. An OPEN window, as shown in Figure 5.3, allows the users to select an
MTS™ data file to open for calculation. The default data life generated by the MTS™
version 793 is specimen.dat. All test data in specimen.data is then automatically read
in a new spreadsheet named TextMTS.

The calculation is performed by selecting DYNMOD > DYN MOD, as shown
in Figure 5.4. As described, the data file named specimen.dat contained all test data for
a given test temperature across all frequencies from 25 Hz through 0.1 Hz. For each
frequency, DYNMOD automatically fit the loading model to the loading data, and then
it calculates the maximum loading magnitude using the fitted loading model. The peak
stress is the ratio of the maximum loading magnitude to the cross section area. The
displacement model is fitted to the displacement data measured by each LVDT, and the
maximum displacement is determined using the fitted displacement model. The peak
stress is the ratio of the maximum displacement to the distance between two aluminum
rings, which is 4 inches. Figure 5.5 shows an example comparison between the
measured and predicted loading curves. Finally, for a given combination of test
frequency and test temperature, the dynamic modulus is the ratio of the peak stress to
the peak strain. The phase angle is determined based on the time lag between the peak

stress and the associated peak strain.
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Figure 5.2. Add-in Menu of DYNMOD
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The final results of the program, as shown in Figure 5.6, include: (1) the peak
stress level applied on the test sample; (2) the peak strain, the dynamic modulus, and the
phase angle measured by each LVVDT; and (3) the average strain, dynamic modulus, and
phase angle based on four LVDT measurements for each test frequency. Individual
responses obtained from each LVDT were used to analyze the variability of the
dynamic modulus test results, as presented in the next sections. Average test responses
(dynamic modulus and phase angle) were reported for future usage for level 1 dynamic
modulus inputs in the M-E Design Guide. The average dynamic modulus and phase
angle values for typical mixtures used in Arkansas are summarized in Appendices B

and C, respectively.

5.2 Variability Analysis of Dynamic Modulus Test Results

In order to recommend the dynamic modulus test results, including the dynamic
modulus and phase angle values obtained in this study, be used for level 1 |E*| inputs in
the M-E Design Guide, the objectives of the variability analyses were: (1) to check if
the test data contained any potential errors caused by the equipment defects; and (2) to
determine the variability of the test data in term of the coefficient of variation and

compare the variability of the test data obtained in this study to that of other studies.
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In this study, the testing conditions, such as temperatures and frequencies, were
the same for all replicates, and the testing order of the replicates were randomized.
Therefore, it was suggested that the testing order of the replicates would not be a
sensitive factor in the test variability. Only LVDT numbering could not be randomized.
Therefore, LVDT responses were evaluated to detect any patterned errors due to LVDT

measurements. The detailed analysis is presented in the following section.

5.2.1 Evaluation of LVDT Measurements

This analysis was performed to analyze the LVDT measurements. Since the test
was performed at —10C (14F) through 54.4C (130F) and from 25 Hz through 0.1 Hz at
each temperature level, two extreme combinations, including 14F-25Hz and 130F-
0.1Hz, were considered to represent the testing temperature and frequency sweeps.
LVDT responses measured at two temperature-frequency combinations (14F-25Hz and
130F-0.1Hz) were analyzed in this study.

The ranges of LVDT responses measured at two extreme combinations were
significantly different. The range of LVTD responses (strains) measured at 14F-25F
was between 50 and 90 microstrains, and the range of LVTD responses (strains)
measured at 130F-0.1F was between 120 and 155 microstrains. To avoid the
abovementioned strain differences, two one-way ANOVA tests were separately
performed using the testing data measured at the two temperature-frequency

combinations.
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The ANOVA tests were to check whether the differences between the
measurements by four LVDTs were statistically significant. The same fixed effect

model for both tests was as follows:

Yij = 1+ T & (5.18)
where
Vi = LVDT responses, 10 in/in
y7, = overall mean effect
7 = effect of ith LVDT
&j = random error

The hypotheses for both tests were as follows:

H,:7y,=7,=73=7,=0 (5.19)
H,: at least one 7 = 0 (5.20)

The same significance level for both tests was o = 0.05. The ANOVA results for
the testing data measured at the temperature-frequency combination of —10C (14F) and
25 Hz are presented in Table 5.2, and the ANOVA results for the test data at 54.4C
(130F) and 0.1 Hz are presented in Table 5.3.

The adequacy of the fixed effect models was checked using the normal
probability plot of residuals and the plot of the residuals versus the fitted values. These
plots did not reveal any trouble or tendency. The sample size of 121 observations used
in these analyses was checked using the operating characteristic curve. Figure 5.7 shows
the sample size check for the ANOVA of the combination of —10C (14F) and 25 Hz.

The powers (1 - B) of both tests were less than 0.90, so the number of observations used

in both ANOVA tests was sufficient.
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Table 5.2. ANOVA Test Results for Data Measured at 14F and 25 Hz

Anova: Single Factor

SUMMARY
Groups Count Sum  Average Variance
LVDT 1 121 74825 62.54 85.32
LVDT 2 121 7188.1 58.41 71.30
LVDT 3 121 7407.8 61.22 84.07
LVDT 4 121 7203.58 5853  105.65
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups (Trt)  537.73 3 179.243  2.070 0.103 2.623
Within Groups (Error) 41561.04 480  86.585
Total 42098.77 483

Table 5.3. ANOVA Test Results for Data Measured at 130F and 0.1 Hz

Anova: Single Factor

SUMMARY
Groups Count  Sum Average Variance
LVDT 1 121 16900 139.67 171.92
LVDT 2 121 16822 138.03 171.21
LVDT 3 121 16697 136.99 196.14
LVDT 4 121 17240 143.48 203.61
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1338.1 3 446.041 2.402 0.067 2.623
Within Groups 891459 480 185.721
Total 90484.0 483
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Sample Size Determination

Groups Count y7) y7; T

LVDT 1 121 62.54 60.17 5.59

LVDT 2 121 58.41 60.17 3.13
LVDT 3 121 61.22 60.17 1.10
LVDT 4 121 58.53 60.17 2.69

= 12.51

4
2

ny t;

; ' 121*1251

D? = - —
ac?  4*86.585

4.37

® = 2.09

vy=a-1=4-1=3

v, =a(n-1)=4*(121-1) = 480
o =0.05

From OC Chart (102):

£ =0.075

Power (1-f) = 1-0.075=0.925 > 0.90 OK

Figure 5.7. Operating Characteristic Curves for Sample Size
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The assumption of variance equality in both ANOVA tests was checked using
Bartlett’s test for equality of variance, as shown in Figure 5.8. The results from
Bartlett’s test showed that the assumption of variance equality was justified.

In both tests, Fo < Ferit, as shown in Tables 5.2 and 5.3, so the null hypothesis
was not rejected. Thus, the differences between the measurements by four LVDTSs at the
two extreme combinations of temperature and frequency were not statistically
significant. In addition, if it was true for the data measured at two extreme
combinations, the results from the two ANOVA tests could be applicable to the other
temperature-frequency combinations. Therefore, the differences between the LVDT
responses through all combinations of testing temperature and frequency were not
statistically significant. Practically, it inferred that there were no significant errors

caused by the LVDT defects in the test data.

5.2.2 Variability of Dynamic Modulus Test

The dynamic modulus test variability was evaluated using the coefficient of
variation, which has the ability to represent the test variability across the test
temperatures and frequencies. The variability analysis included three steps: (1)
determination of the coefficients of variation; (2) investigation of effects of the mixture
properties and test parameters on the test variability; and (3) evaluation of the overall

test variability.
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Test for Equality of Variance

Hypotheses:
H, :0'12 20'22 20'5 :of
H.: above not true for at least one &

Analysis:

Groups n; S? (ni-1)S  (ni-1)log(S?)

LVDT1 121 85.32  10238.4 231.7

LVDT2 121 7130  8556.0 222.4
LVDT3 121 8407  10088.4 231.0
LVDT4 121 10565 12678.0 242.9

) 484 41560.8 927.9
a=4
a
Z(ni _1)S|2
S5 = = 86.585
—a

g=(N-a)logy, S5 - > (n —1)log,, S7 = 2.054

i=1

a

c=1+ ;[Z(ni ~1)" —(N - a)‘lj =1.003

3a-Yl5
22 =230263 4714
C
26 =4.714< 2, =7.81. Cannot Reject Ho

Figure 5.8. Bartlett” Test for Equality of Variance
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Determination of Coefficients of Variation. The variability of the dynamic
modulus test was evaluated using the variances related to the measurements within and
between specimens. The “within” specimen variance that measures the variability

between the individual LVDT measurements in a specimen was calculated using

Equation 5.21 (73).
2
S2 = ﬁ .: (x - X,) (5.21)
where:

SZ = *“within” specimen variance

Xi = parameter from individual LVDT measurements

X, = specimen average parameter

n = number of LVDTs per specimen

A pooled “within” variance for the replicates was the average of the associated
“within” specimen variances. The “between” specimen variance that measures the
variability between the average parameters of each set of three replicates was computed

using Equation 5.22 (73).

0. 1 SNy v
52 =——Y (X, - X) (5.22)
where:
S¢ = “between” specimen variance
Xy  =specimen average parameter
X =grand average
m = number of specimens
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The “within” and “between” specimen variances were then used to calculate the
“within” and “between” coefficients of variation using Equation 5.23. The coefficient of
variation was used to “normalize” the test variability so that the test variability could be

compared across the test temperatures and frequencies.

CV = % x100 (5.23)
where:
CV  ="*within” or “between” coefficient of variation
S = “within” or “between” standard deviation
X =grand average

The standard error of the average response was determined in Equation 5.24
based on the “within” and “between” coefficients of variation. Since the coefficients of
variation were normalized, the subsequent standard error of the mean was also

normalized across the test temperatures and frequencies.

(ij = Cyﬁ + C\_/b2 (5.24)
Jn ij j
where:

CVp, = "“between” specimen standard deviation

CVy = “within” specimen standard deviation

i = number of LVDTSs per specimen

] = number of specimens

The “within” and “between” coefficients of variation for the dynamic modulus
and phase angle values determined from each set of three replicates were computed and

presented in Appendices B and C. Histograms of the “within” and “between”
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coefficient of variation, as shown in Figures 5.9 and 5.10, indicated that the CV data

was normally distributed.

ANOVA Tests. To investigate the effects of the mixtures properties and test
parameters on the variability of the dynamic modulus test results, two ANOVA tests,
one for the “within” CVs and the other for the “between” CVs presented in Appendices
B and C, were conducted using the SAS™ PROC GLM utility. The responses and
possible fixed effects for the ANOVA tests are presented in Table 5.4,

Since only one “within” CV and one “between” CV was determined for three
replicates at each combination of temperature and frequency, the number of replicate for
the responses (“within” CV and “between” CV) in the ANOVA tests was one. In
addition, since the dynamic modulus was not available for the mixtures from JET used
PG 76-22, the coefficients of variation for these mixtures were not determined, so the
data sets used in the ANOVA were considered unbalanced with one or more empty
cells. These two problems must be considered in the analyses.

For “only one replicate” problem, the ANOVA tests were modified. The
statistical models were run initially using six main effects and their associated
interactions. Since only one replicate was available for each combination of the main
effects, there were no degrees of freedom left for the error. Therefore, initially, no F, for
the main factors was calculated. To estimate the error, it was assumed that all five-way
and six-way interactions were insignificant, so these insignificant effects could be
pooled for use as an estimate of the error. The sum of squared errors (SSE) was

estimated using the sum of squared for all pooled effects. The number of degrees of

151



freedom of the estimated error equaled to the sum of the degrees of freedom for all
pooled effects. Mean square for error (MSE) was calculated using Equation 5.25. Then,
Fo for each factor was estimated using Equation 5.26. Significant effects were justified
by comparing their Fq to the corresponding Friticar. Finally, all insignificant effects were
pooled, and the final ANOVA tables were presented in Tables 5.5 and 5.6.

MSE = % (5.25)

Error
where:
MSE = mean square of error
SSerror = Sum of squared errors

dferror = degrees of freedom of error

MS,
=— 5.26
0i MSE ( )

where:
Foi = F factor for ith effect
MS; = Mean square for ith effect

MSE = mean square of error
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Table 5.4. Responses and Variables for “Within” and “Between” CV Analysis

VARIABLES Levels Values
“Within” Coefficient of Variation Response
“Between” Coefficient of Variation Response
Aggregate Source (ASRCE) 4 MCA, GMQ, ARK, JET
Aggregate Size (ASIZE) 3 12.5, 25, 37.5 mm
Binder Grade (BGRAD) 2 PG70-22, PG76-22
Air Voids (AVOID) 2 Design (4 or 4.5%), 7%
Temperature (TEMP) 5 14, 40, 70, 100, 130F
Frequency (FREQ) 6 0.1,05,1,5, 10, 25 Hz
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Table 5.5. ANOVA Tables for “Within” CV Analysis

Source df Typelll MS Fo Ferit Fo>Ferit
SS (Significant)

ASRCE

ASIZE
ASRCE*ASIZE
BGRAD
ASRCE*BGRAD

3 1942.06 647.35 72.678 2.613 Yes
2 2303.60 1151.80 129.311 3.004 Yes
6 79691 13282 14.911 2.107 Yes
1 7.45 745  0.836 3.850 No
2 5724 28.62 3.213 3.004 Yes
ASIZE*BGRAD 2 7189 359 4.035 3.004 Yes
ASRCE*ASIZE*BGRAD 4 619.85 15496 17.397 2.380 Yes
AVOID 1 843.17 843.17 94.661 3.850 Yes
ASRCE*AVOID 3 181.30 60.43 6.785 2.613 Yes
ASIZE*AVOID 2 76.60 3830 4.300 3.004 Yes
ASRCE*ASIZE*AVOID 6 1116.20 186.03 20.886 2.107 Yes
BGRAD*AVOID 1 70.69 70.69 7.936 3.850 Yes
ASRCE*BGRAD*AVOID 2 167.30 83.65 9.391 3.004 Yes
ASIZE*BGRAD*AVOID 2 361.66 180.83 20.301 3.004 Yes
4

TEMP 908.04 227.01 25.486 2.380 Yes
ASRCE*TEMP 12 184497 153.75 17.261 1.761 Yes
ASIZE*TEMP 8 1716.69 21459 24.091 1.947 Yes
ASRCE*ASIZE*TEMP 24 2238.09 93.25 10.469 1.527 Yes
BGRAD*TEMP 4 29722 7431  8.342 2.380 Yes
ASRCE*BGRAD*TEMP 8 31366 39.21 4402 1.947 Yes
ASIZE*BGRAD*TEMP 8 506.54 6332 7.109 1.947 Yes
AVOID*TEMP 4 38589 96.47 10.831 2.380 Yes
ASRCE*AVOID*TEMP 12 81956 68.30 7.668 1.761 Yes
ASIZE*AVOID*TEMP 8 77145 96.43 10.826 1.947 Yes
BGRAD*AVOID*TEMP 4 24751 6188 6.947 2.380 Yes
FREQ 5 39388 78.78 8.844 2.222 Yes
TEMP*FREQ 20 358.71 1794 2.014 1.580 Yes
ERROR 1101 9806.81 8.91

TOTAL 1259 29224.9
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Table 5.6. ANOVA Tables for “Between” CV Analysis

Source df Typelll MS Fo Ferit Fo>Ferit
SS (Significant)

ASRCE 3 348.17 116.06 18.863 2.613 Yes
ASIZE 2 250.85 12542 20.386 3.004 Yes
ASRCE*ASIZE 6 68537 11423 18566 2.107 Yes
BGRAD 1 18.80 18.80 3.056 3.850 No
ASRCE*BGRAD 2 54.64 27.32 4441  3.004 Yes
ASRCE*ASIZE*BGRAD 4 178.32 4458 7.246  2.380 Yes
AVOID 1 11.44 1144 1859 3.850 No
ASIZE*AVOID 2 173.80 86.90 14.124  3.004 Yes
ASRCE*ASIZE*AVOID 6 231.78 38.63 6.279  2.107 Yes
TEMP 4 1029.69 25742 41840 2.380 Yes
ASRCE*TEMP 12 898.99 7492 12176 1.761 Yes
ASIZE*TEMP 8 577.13 72.14 11725 1947 Yes
ASRCE*ASIZE*TEMP 24 1028.28 42.84 6.964 1.527 Yes
ASRCE*BGRAD*TEMP 8 240.03 30.00 4.877 1947 Yes
ASIZE*BGRAD*TEMP 8 251.87 31.48 5117 1.947 Yes
AVOID*TEMP 4 315.80 78.95 12832 2.380 Yes
ASRCE*AVOID*TEMP 12 364.71 30.39 4940 1.761 Yes
ASIZE*AVOID*TEMP 8 290.29 36.29 5.898 1.947 Yes
BGRAD*AVOID*TEMP 4 390.01 97.50 15.847 2.380 Yes
FREQ 5 37.92 758 1233 2222 No
TEMP*FREQ 20 205.62 10.28 1671 1.580 Yes
ERROR 1115 6860.11 6.15

TOTAL 1259 14443.6
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Since the above ANOVA tests were performed based on the unbalanced data
set, the results may have bias, so they should not be immediately used. In this case, the
above ANOVA tests were repeated on two other data sets: (1) balanced data subset that
included all the |E*| test data except those for JET mixtures; and (2) balanced data
subset that included only the test data for JET mixtures. The results of the ANOVA tests
on the balanced data subsets were compared to the results presented in Tables 5.5 and
5.6. The comparisons showed that the significance of the single fixed effects and two-
way interactions were similar for the unbalanced and balanced subsets. Therefore, it
was decided that the ANOVA results presented in Tables 5.5 and 5.6 be used to draw
the conclusions on the effects of the mixture properties and test parameters on the |E*|

test variability, as presented in the following sections.

Effects of Mixture Properties. With 95-percent confidence, the effects of
aggregate properties, such as aggregate source, aggregate size, and air voids, on both
coefficients of variation were significant, as shown in Tables 5.5 and 5.6. The effects of
the mixture properties on the test variability are shown in Figures 5.11 through 5.13.

Based on Figures 5.11 and 5.12, the observation was that the aggregate
properties significantly affected the coefficient of variation. The larger the maximum
nominal aggregate size, the higher the coefficient of variation (the test variability). The
differences between the coefficients of variation for 12.5 mm and 37.5 mm mixtures
were about two percent for the mean “within” coefficients of variation, and about 0.4

percent for the mean “between” coefficients of variation.
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Figure 5.13. Effect of Air Voids on Coefficient of Variation

159




Figure 5.13 showed that the higher the air voids of the test specimens, the higher
the coefficients of variation, especially the “within” values. This was reasonable
because with higher air voids in a test specimen, it was more difficult to distribute the

voids equally in the sample, which resulted in higher test variability.

Effects of Test Parameters. As illustrated in Tables 5.5 and 5.6, the effects of
test temperature and frequency were significant with 95-percent confidence. The effects
of test parameters are plotted in Figures 5.14 and 5.15.

It was observed that the test variability was higher at higher temperatures or
higher frequencies. At high temperatures, the dynamic modulus of an HMA mixture
was dependent on the aggregate structure, and at low temperatures, the dynamic
modulus was dependent on the binder stiffness. In term of specimen repeatability, the
aggregate structure was not as consistent as the asphalt binder. Therefore, the test
variability should be higher at higher test temperatures. The variation ranges of
coefficient of variation for both temperature and frequency sweeps were about 1.5

percent for “within” values, and about 0.6 percent for “between” values.
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Overall Test Variability. The overall coefficients of variation are presented in
Table 5.7. Comparing to other studies, the variability of the test results obtained in this
project was the lowest. However, it was noted that other studies used different testing
program that had two replicate specimens instrumented with two LVVDTS per specimen,
comparing to three replicates instrumented with four LVDTSs used in this project.

The confidence interval of the average response was then calculated using
Equation 5.27. The 95-percent confidence interval for the dynamic modulus obtained in
this project was +£13.56 percent, which was less than the required value of +15 percent,

as specified in AASHTO TP 62-03 (74).

+R=12,, CYﬁ + C\_/b2 (5.27)
1 J
where:
Za» = standard normal deviate for selected level of significance
CVyw = "“within” specimen coefficient of variation
CVy, = "“between” specimen coefficient of variation

i = number of LVDTSs per specimen
] = number of specimens
In summary, the analysis of variability presented in this project showed that the
variability of the dynamic modulus values obtained in this project was lower than those
in other studies. In addition, the 95-percent confidence interval of the test results was
less than the required value specified in AASHTO TP 62-03 (74). It was recommended
that the dynamic modulus values reported in this study be used for level 1 dynamic

modulus inputs of HMA in the M-E Design Guide.
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Table 5.7. Analysis of Test Variability

Study Coefficient of Coefficient of
Variation for |E*| Variation for ¢
(%) (%)
Within Between Within Between

Witczak (73) 26.2 15.2 11.0 8.7
Pellinen (75) 39.0 13.0 17.0 10.0
Bonaquist (71) 13.0
This Study 18.7 7.5 8.5 7.4
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5.3 Development of Master Curve for Dynamic Modulus

As described in the previous section, the dynamic modulus of an asphalt mixture
was measured at five different temperatures and at six different frequencies (for each
temperature level). The dynamic modulus data collected at different test temperatures
can be shifted relative to the frequency to form a single master curve at a reference
temperature, usually 21C (70F) for HMA. The master curve describes the loading rate
(frequency) and temperature dependent properties of asphalt concrete under linear
viscoelastic conditions. By shifting the test data to a reference temperature, the dynamic
modulus of the HMA in question could be determined at a broaden range without
performing a complex testing program. In addition, the master curves can be used to
compare stiffness of the HMA mixtures across the test temperatures and frequencies.

The shift factor for a given temperature, a(T), is a constant to which the test
frequency at that temperature must be divided to get a reduced frequency, f;, for the

master curve, as shown in Equation 5.28 (57).

i or log(f,)=1log f —loga(T) (5.28)

T a)

The temperature to which all data are shifted is the reference temperature, Tg. At
the reference temperature, the shift factor a(T) = 1.

Several mathematical models are used to fit the shifted data, such as a
generalized power law for low to intermediate temperatures, and polynomial and
sigmoidal functions for higher temperatures (74). In this analysis, the method of using a
sigmoidal function for developing the master curve was selected. This method was
developed at the University of Maryland (75). The master curve was developed by

fitting a sigmoidal function to the measured dynamic modulus test data using a non-
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linear regression analysis procedure. The shift factors were solved simultaneously with

the coefficients of the sigmoidal function presented in Equation 5.29.

log(E )= 5+1+eﬁ+°9'f (5.29)
where:
|[E*| = predicted dynamic modulus
o = minimum value of |E*|
a = span between maximum and minimum value of |E*|
S, v = parameters describing the shape of the sigmoidal function
fr = reduced frequency at T,

Various computer programs are available to fit the model to the test data. In this
analysis, the numerical optimization add-in routine (Solver) contained in a Microsoft
Excel® spreadsheet was used. The Solver is based on the Generalized Reduced
Gradient (GRG2) algorithm developed by Lasdon et al. (103) for optimizing nonlinear
problems. In order to determine the best fit of a function, the Solver uses iterative
numerical methods. The results are calculated using the function in the optimum cell
with trial values from the adjustable cells. The outputs and their rates of change are
observed as inputs are varied to guide the selection of new trial values. The
optimization stops when the tolerance meets the criterion. The disadvantage of this
process is that it is highly dependent on the initial starting point. If a process is started in
an infeasible design space, it is likely that no feasible solutions can be found (103).

Figure 5.16 presents a spreadsheet used to develop the master curve, and Figure
5.17 presents an example of master curve developed from the data presented in Figure

5.16.
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Master Curve Development using Sigmoidal Function
Reference Temperature F: 70

o @ 3) (4) (5) (6) ) (8) (9 (10
Temp f(Hz) Em (psi) Em (ksi) Log(f) Log(fr) Epr log(Epr)log(Em) SE

14 25| 4181393 41814 13979 5.8228| 40015 36022 3621 3.65E-04

14 10 3890223 38902  1.0000  5.4249  3,8725  3.5880 3590 3.94E-06

14 5 3767379  3767.4 06990 51239 37619 35754  3.576  4.09E-07

14 1 3431486 34315 0.0000 44249 34582 35389 3535 1.3E-05

14 0.5 3271928 32719 -0.3010 41230 33064 35194 3515 2.08E-05

14| 01| 2890897  2890.9| -1.0000 3.4249 2,906.2  3.4633  3.461 5.27E-06

38| 25 3421029| 3421  1.3979| 4.2262| 33595 35263 3534 6.21E-05

38 10 3136501 31365 10000 3.8283 31451 34976  3.496  1.42E-06

2017720 29177 0.6990 35273  2,968.8 34726 3465 5.68E-05

2500231 25002  0.0000 2.8283 25186 34012 3398 101E-05

2281282 22813 -0.3010 25273 23114 33639  3.358 3.25E-05

1852598 18526  -1.0000  1.8283 18184  3.2507  3.268  6.54E-05

1478005 1478 13979  1.3979] 1520.6f  3.1820  3.170, 1.52E-04

1188869 11889  1.0000 100000 1,259.7.  3.1003  3.075 6.32E-04

70 5 1040951 1041 06990 0.6990 10764  3.0320  3.017 2.10E-04

710365 7104 00000  0.0000 7112 28520  2.852 261E-07

502882 5929 -0.3010 -0.3010 5833 27659 2773  5.03E-05

: 378551 3786  -1.0000 -1.0000 3543 25493 2578 8.33E-04

100] 25| 518253 5183 13979 -05722 4835 26844 2715 9.13E-04

100 10 372716 3727 10000 -0.9701 3622 25590 2571 153E-04

100 5 286532 2865  0.6990 -1.2712  288.8 24605 2457 1.16E-05

162481 1625  0.0000 -1.9701 1681 22255 2211 2.16E-04

127925 1279 -0.3010 -2.2712 1330 21240 2107 2.94E-04

: 77715 777 -1.0000  -2.9701 785 18949  1.890  2.01E-05

130 25 147473 1475 13979 -2.2310  137.2] 21375 2169 9.79E-04

130 10 99236 99.2  1.0000 -2.6289  101.2 20051 1997  7.39E-05

130 5 77618 776 0.6990 -2.9299 80.8 19077  1.890 3.17E-04

47183 472 00000 -3.6289 496 16954 1674  4.63E-04

: 5 39810 39.8  -0.3010 -3.9299 409 16116 1600  1.38E-04

130| 0.1 29492 295 -1.0000 -4.6289 274 14376| 1470  1.04E-03

SSE = o0.007126
Shift Factors: Regression Coefficients:
log[a(14)] = -3.6 delta = 0.8298
log[a(40)] = -2.0 alpha = 2.8427
log[a(100)] = 2.8 beta = -0.9020
log[a(130)] = 4.4 gama = 0.4761

Figure 5.16. An Example of Master Curve Development Spreadsheet
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Figure 5.17. Master Curve Developed from Test Data Shown in Figure 3
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The spreadsheet in Figure 5.16 was setup using the following steps:

Columns (1) and (2) are the test temperatures and frequencies

Column (3) is the dynamic modulus calculated in the previous section
e Column (4) = Column (3) / 1000
e Column (5) = log[Column (2)]
e Use Equation 5.28 to setup Column (6), and log[a(T)] in Equation 5.28 is
listed in the “Shift Factors” section shown in Figure 5.16
e Use Equation 5.29 to setup column (8), and the parameters in Equation 5.29
are listed in the “Regression Coefficients” section shown in Figure 5.16
e Column (7) = 1001 @)
e Column (9) = log[Column(4)]
e Column (10) = [Column (8) — Column (9)]?
e SSE is the sum of Column (10)
To fit the model to the test data, Microsoft Excel™ Solver is used to minimize
the sum of square error (SSE) by changing the “Shift Factors” and “Regression
Coefficients”. Several applications of the Solver algorithm are necessary to fully

develop the master curve.

5.4 Presentation of Dynamic Modulus Test Results

This section was designed to present the dynamic modulus test results for all
typical mixtures used in Arkansas in the form specified in AASHTO TP 62-03 (74).
The information reported includes dynamic modulus values determined at each

combination of temperature and frequency, their subsequent master curve, shift factors,
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and regression coefficients, as shown in Figures 5.18 through 5.38. For all master
curves in those figures, the lack-of-fit statistic S¢/Sy was less than 0.035, and the
correlation coefficient R? was 0.999. Each figure presents the test results of one mixture.
The dynamic modulus values of the specimens compacted at design air voids are
presented in the first table in each figure, and the |E*| values of those compacted at 7
percent air voids are in the second table. The dynamic modulus values were then used to
construct the subsequent master curves. The shift factors and regression coefficients
used in the master curve development are presented in the last two tables. The mixture
presented in each figure was named as follows:

Aggregate Source-Aggregate Size-Binder Grade

where:
Aggregate source =MCA, GMQ, ARK, or JET
Aggregate size =12.5, 25, or 37.5 mm
Binder grade = PG70-22 or PG76-22

One of master curve applications is to compare the dynamic modulus of
different mixtures across testing temperatures and frequencies. Based on Figures 5.18
through 5.38, it was observed that the dynamic modulus values of lower air void level
specimens were higher than those of higher air void level specimens at the same test
temperature and frequency.

The dynamic modulus test results showed that the dynamic modulus of HMA
was dependent on both loading rate and test temperature. Mixtures were stiffer at low
temperature and high frequency, and the |E*| values were lowest at the combination of

highest temperature and lowest frequency (i.e., at 54C (130F) and 0.1 Hz).
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz S5 Hz 10 Hz 25 Hz
14F 2372.73  2807.88  2984.48  3353.73] 3553.74f  3786.28
40F 1503.64 1949.30 2070.78 2554.90 2786.08 3051.94
70F 378.79 623.58 756.59 1132.81 1336.69 1600.71
100F 75.67 122.80 157.68 293.08 386.10 534.99
130F 26.70 35.80 42.25 71.06 93.24 141.41

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2331.75 2710.14 2861.46 3216.00 3319.34 3495.41
40F 1257.74 1624.13 1746.48 2119.63 2270.65 2471.50
70F 349.82 522.49 597.80 1032.32 1124.07 1289.08
100F 65.21 105.89 133.69 245.93 321.95 451.95
130F 24.58 32.79 38.56 63.80 83.28 125.53

10000
—— 4.5%AV
o |5 T%AV
1000 -
I z 5
100 =

Shift Factors:

0 50

100

Temperature, F

150

-4.00

-2.00

0.00 2.00

Air Voids (%)
Parameter 4.5 7
log[a(14)] -3.47 -4.21
log[a(40)] -2.12 -2.09
log[a(100)] 1.96 2.03
log[a(130)] 3.64 3.68

4.00 6

Log Reduced Frequency, Hz

.00

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
o 0.8956 0.7945
o 2.7371 2.7873
B -0.9716 | -0.9627
Y 0.5321 0.5002

Figure 5.18. Dynamic Modulus Test Result for MCA-12.5mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2408.42 2856.99 3041.81 3449.33 3633.98 3908.38
40F 1556.13 2029.56 2191.77, 2637.59 2836.93 3080.40
70F 336.41 558.68 683.96 1050.27 1229.72 1509.84
100F 74.30 120.38 153.57 287.41 372.46 539.05
130F 30.77 40.72 47.95 79.16 103.83 156.20

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 1835.77 2185.92 2336.96 2669.61 2776.7 3038.62
40F 1298.90 1670.79 1771.18 2230.07 2429.92 2691.75
70F 270.58 430.58 520.74 780.28 924.71 1114.98
100F 72.99 113.63 141.69 249.06 318.81 432.42
130F 30.29 40.13 47.03 76.35 98.34 141.85

10000
—— A%AV
h —a— T%AV
1000
b ° .
100 | 3 | ‘
0 50 100 150
Temperature, F
10 ] ‘ ‘ ‘ ‘ ‘ |
6.00 -400 -200 0.00 2.00 4.00 6.00
Log Reduced Frequency, Hz
Shift Factors: Regression Coefficients:
Air Voids (%) Air Voids (%)
Parameter 4 7 Parameter 4 7
log[a(14)] -3.63 -3.55 d 0.9904 | 0.9041
log[a(40)] -2.32 -2.62 o 2.6463 | 2.6755
log[a(100)] 1.83 1.74 B -0.8363 | -0.7435
log[a(130)] 3.35 3.29 Y 0.5463 | 0.4890

Figure 5.19. Dynamic Modulus Test Result for MCA-12.5mm-PG76-22
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Air Voids: 4.5 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3024.88 3433.97 3658.32 4094.42 4284.89 4547.18
40F 1820.65 2417.03 2634.80 3306.25 3472.09 3824.55
70F 402.51 680.75 834.70 1285.16 1540.99 1878.99
100F 87.59 133.92 167.58 312.54 407.42 568.06
130F 35.81 47.18 55.10 88.68 114.10 170.40

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2612.73 3129.35 3207.25 3545.21 3742.41 3966.54
40F 1742.91 2170.44 2468.47 2890.16 3063.67 3311.37
70F 346.86 590.35 733.78 1141.73 1332.22 1567.53
100F 80.00 120.72 150.25 277.54 368.99 490.69
130F 30.93 39.79 45.88 72.90 93.44 144.72

10000
—e— 4. 5%AV
24 —8— 7%AV
1000
— <= | ]
i1} ‘g, .
100 B

10
-6.00

Shift Factors:

0 50

100

Temperature, F

150

-4.00

-2.00

0.00 2.00

Air Voids (%)
Parameter 4.5 7
log[a(14)] -3.61 -3.78
log[a(40)] -2.29 -2.50
log[a(100)] 1.97 1.95
log[a(130)] 3.51 3.60

4.00

Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 1.1280 1.0670
o 2.5870 2.5796
B -0.8201 | -0.8281
Y 0.5548 | 0.5492

Figure 5.20. Dynamic Modulus Test Result for MCA-25mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz S5 Hz 10 Hz 25 Hz
14F 2955.05 3501.90 3557.58 4037.74 4209.63 4482.53
40F 2003.86 2456.56 2711.39 3291.17 3491.26 3986.09
70F 362.75 620.65 769.16 1195.58 1484.80 1724.12
100F 85.53 134.92 172.34 327.80 409.53 577.81
130F 32.90 42.72 49.66 82.08 108.14 167.36

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2486.76)  2910.56] 3128.67]  3490.91] 3599.73]  3853.98
40F 1453.34 1881.35 2044.48 2494.21 2710.91 2943.04
70F 248.32 420.52 523.13 840.10 1010.98 1242.81
100F 72.19 108.91 136.22 247.66 326.92 476.55
130F 27.95 34.82 39.48 60.67 76.72 115.70

10000
—— 4%AV
i —a— T%AV
1000
g = .
L 2 -
S

100

Shift Factors:

Temperature, F

50

100 150

-2.00

0.00

2.00

4.00

Log Reduced Frequency, Hz

Air Voids (%)
Parameter 4 7
log[a(14)] -3.75 -4.19
log[a(40)] -2.56 -2.55
log[a(100)] 1.81 1.63
log[a(130)] 3.42 3.43

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 1.0485 1.0611
o 2.6584 | 2.5670
B -0.8088 | -0.6021
Y 0.5497 | 0.5476

Figure 5.21. Dynamic Modulus Test Result for MCA-25mm-PG76-22
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Air Voids: 4.5 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3314.71 3875.89 4088.09 4514.09 4596.81 4812.61
40F 1696.98 2175.01 2411.65 2954.21 3260.16 3546.82
70F 422.19 712.58 898.09 1412.35 1705.47 2091.09
100F 98.36 149.30 186.88 346.46 470.61 702.62
130F 40.20 49.79 56.28 86.21 111.19 177.91

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2683.37 3072.97 3259.98 3569.46 3628.59 3845.35
40F 1569.42 2046.37 2270.41 2770.00 3001.09 3233.66
70F 304.61 531.62 672.24 1091.80 1323.13 1654.17
100F 68.87 96.79 117.51 209.92 278.66 430.37
130F 32.54 39.07, 43.34 63.72 81.43 126.42

10000
—e— 4.5%AV
b | 5 7%av
1000
- <= ]
f 2 -
100 2 ‘
0 50 100 150
EM Temperature, F
10 T T T T T !
6.00 -4.00 -2.00 0.00 2.00 4.00 6.00

Shift Factors:

Air Voids (%)
Parameter 4.5 7
log[a(14)] -3.93 -3.75
log[a(40)] -1.84 -2.25
log[a(100)] 1.84 2.04
log[a(130)] 3.52 3.57

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 1.2765 1.2596
o 2.4245 2.3588
B -0.8157 | -0.6921
Y 0.6145 | 0.6339

Figure 5.22. Dynamic Modulus Test Result for MCA-37.5mm-PG70-22
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Air Voids: 4 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3788.75 4407.57 4598.99 5097.63 5319.6 5558.12
40F 2181.84 2788.64 3068.09 3671.47 3908.88 4269.37,
70F 427.98 731.26 911.23 1432.32 1699.41 2087.76
100F 105.78 165.58 211.28 405.41 552.19 847.40
130F 44.79 59.38 69.57 117.50 156.30 248.72

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3478.19 3771.23 4339.62 5075.15 5295.5 5520.05
40F 1851.33 2296.39 2565.89 3009.16 3276.63 3542.01
70F 321.17 558.28 699.47 1117.25 1369.02 1710.43
100F 84.89 127.83 159.14 298.50 395.59 596.64
130F 38.83 48.77 55.46 86.06 111.70 182.14

10000
—o— 4%AV
—a— T%AV
1000
= = ]
L ol .
100 - 3

Shift Factors:

Temperature, F

-2.00 0.00 2.00 4.00
Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%) Air Voids (%)
Parameter 4 7 Parameter 4 7
log[a(14)] -4.12 -4.31 ) 1.1938 1.1329
log[a(40)] -2.30 -2.30 o 2.5695 2.6365
log[a(100)] 1.65 1.74 B -0.7888 | -0.6150
log[a(130)] 3.07 3.24 Y 0.5920 | 0.5421

Figure 5.23. Dynamic Modulus Test Result for MCA-37.5mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz S5 Hz 10 Hz 25 Hz
14F 2890.9 3271.93 3431.49 3767.38 3890.22 4181.39
40F 1852.60 2281.28 2500.23 2917.72 3136.50 3421.03
70F 378.55 592.88 710.37 1040.95 1188.87 1478.00
100F 77.71 127.92 162.48 286.53 372.71 518.25
130F 29.49 39.81 47.18 77.62 99.24 147.47

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2427.06|  2769.52  2890.38  3125.45 3239.5|  3376.53
40F 1605.25 2046.64 2230.27 2626.67 2775.10 3004.52
70F 327.51 519.79 622.58 922.65 1076.93 1310.02
100F 66.71 107.03 134.38 237.02 305.03 418.09
130F 25.10 33.37 39.08 62.92 80.38 118.24

10000
—— 4.5%AV
ot | 5 7%AV
1000 -
2 £ [
z S0l .
S

100

Shift Factors:

Temperature, F

-2.00

0.00

2.00

4.00

Log Reduced Frequency, Hz

Air Voids (%)
Parameter 4.5 7
log[a(14)] -4.43 -4.21
log[a(40)] -2.83 -2.88
log[a(100)] 1.97 2.05
log[a(130)] 3.63 3.75

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 0.8292 | 0.8543
o 2.8433 2.7416
B -0.9022 | -0.8891
Y 0.4761 | 0.4929

Figure 5.24. Dynamic Modulus Test Result for GMQ-12.5mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2387.08 2709.14 2847.22 3108.15 3223.28 3498.44
40F 1290.44 1661.21 1808.78 2206.26 2401.97 2623.02
70F 376.84 575.35 684.52 986.10 1140.74 1360.35
100F 91.30 149.33 188.80 330.20 419.08 565.08
130F 40.11 57.41 70.22 119.46 156.26 230.58

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2158.11 2503.92 2634.25 2887.12 3013.19 3262.39
40F 1195.13 1537.53 1695.67| 2047.07 2193.83 2428.69
70F 278.29 433.06 518.83 781.70 909.22 1099.20
100F 65.99 104.54 130.88 228.42 289.84 394.56
130F 33.05 46.40 56.21 94.38 123.42 180.66

10000
—— 4%AV
h —5— T%AV
1000 |
B Fol .t
100 | 3

Temperature, F

0.00 2.00

10 : ‘ ‘

6.00 -4.00 -2.00
Shift Factors:

Air Voids (%)

Parameter 4 7
log[a(14)] -4.14 -4.38
log[a(40)] -2.15 -2.48
log[a(100)] 1.80 1.90
log[a(130)] 3.08 3.02

4.00

Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 0.7885 | 0.7191
o 2.8058 2.8587
B -0.9979 | -0.8475
Y 0.4760 | 0.4582

Figure 5.25. Dynamic Modulus Test Result for GMQ-12.5mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3785.02)  4236.09)  4383.75| 4905.14  4958.67] 5219.78
40F 2179.32  2566.78  2913.82]  3437.50f 3640.80|  3896.21
70F 498.85 793.06 948.23  1400.12f  1640.49  1946.30
100F 96.69 163.20 210.75 399.09 525.54 797.42
130F 37.14 51.65 62.23 107.52 143.77 219.72

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3291.54  3680.89  3771.76| 4186.33 4376.86  4488.92
40F 2032.38  2492.31] 2726.48 3097.69  3355.38  3592.05
70F 444.58 694.68 830.78  1210.85  1405.78  1702.34
100F 87.13 142.06 178.82 321.64 411.11 580.91,
130F 36.97, 51.04 60.91 101.99 133.69 201.54

10000
—e—4.5%AV
ottt R | o gy
1000 |
100 = ‘ ‘
0 50 100 150
Temperature, F
10 | ‘ ‘ ‘ ‘ ‘ |
600 -400 200 000 200  4.00 6.00

Shift Factors:

Air Voids (%)
Parameter 4.5 7
log[a(14)] -4.65 -4.63
log[a(40)] -2.37 -2.71
log[a(100)] 1.85 2.04
log[a(130)] 3.36 3.45

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
o 0.9353 | 0.8931
o 2.7968 | 2.7985
B -1.0039 | -0.9699
Y 0.5292 | 0.4897

Figure 5.26. Dynamic Modulus Test Result for GMQ-25mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3181.44 3584.14 3721.82 3972.14 4230.60 4486.00
40F 1498.39 1972.41 2154.65 2672.46 2913.40 3215.73
70F 390.43 617.98 749.20 1124.09 1317.36 1572.26
100F 92.64 147.88 186.14 332.36 432.60 590.31]
130F 41.29 56.22 67.30 111.87 145.86 216.01

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2392.80  2788.26 2934.12 3170.200  3409.26/  3582.90
40F 1030.91 1348.09 1481.33 1812.13 1937.81 2198.25
70F 281.87 443.72 538.47 819.46 965.10 1191.19
100F 77.87 123.05 154.52 276.09 358.01] 501.51]
130F 32.21 43.37| 51.16 83.57 107.58 156.81

10000
—— 4%AV
.2 | —— T%AV
1000
3
5 o=

100 A

Temperature, F

Shift Factors:

-4.00

-2.00

0.00

2.00

4.00

Log Reduced Frequency, Hz

Air Voids (%)
Parameter 4 7
log[a(14)] -4.56 -4.71
log[a(40)] -2.16 -1.93
log[a(100)] 1.83 1.66
log[a(130)] 3.20 3.20

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 0.9780 | 0.8758
o 2.7106 2.7098
B -0.8494 | -0.7850
Y 0.4985 | 0.4873

Figure 5.27. Dynamic Modulus Test Result for GMQ-25mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz S5 Hz 10 Hz 25 Hz
14F 3211.52 3622.01 3743.58 4291.95 4551.61 4976.59
40F 2066.76 2571.76 2766.18 3338.22 3642.27 3323.58
70F 580.53 956.84 1151.62 1693.69 1990.17 2384.65
100F 107.63 179.49 228.69 432.69 572.62 845.10
130F 34.74 47.34 56.83 97.15 129.71 231.37,

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2830.17 3373.56 3599.86 3965.74 4030.50 4223.05
40F 1819.10 2350.64 2540.11 2987.00 3180.73 3181.63
70F 509.81 846.59 1069.52 1566.06 1863.94 2174.04
100F 74.05 119.12 151.77 288.38 386.27 571.25
130F 29.68 37.94 43.95 71.48 92.89 149.93

10000
—e— 4.5%AV
aract R | o Jony
1000 |
< £
100 -

Shift Factors:

0 50

100

Temperature, F

150

-2.00

0.00 2.00

Air Voids (%)
Parameter 4.5 7
log[a(14)] -3.46 -3.41
log[a(40)] -1.92 -1.86
log[a(100)] 1.96 2.29
log[a(130)] 3.60 3.88

4.00

Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 1.0245 1.1116
o 2.6694 | 25318
B -1.1841 | -1.1325
Y 0.5852 | 0.6184

Figure 5.28. Dynamic Modulus Test Result for GMQ-37.5mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3927.88  4322.07]  4487.96| 484351  4890.43  5153.19
40F 239159  2660.67] 2978.29  3544.07f 3707.89  3998.99
70F 711.70,  1081.41  1297.55  1815.69] 2114.40f 2463.78
100F 160.91 270.10 341.46 594.89 766.84 987.03
130F 53.28 77.45 95.48 168.44 223.08 334.71

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 2645.01  2950.07| 3060.22]  3475.69  3592.55  4017.74
40F 2281.64)  2638.05| 2876.48 < 3423.13  3255.37]  3965.22
70F 544.29 820.99 968.53  1359.22]  1581.94  1779.02
100F 135.73 205.52 257.75 428.53 529.42 700.05
130F 51.61 72.71 88.27 152.52 198.79 296.84
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Shift Factors:

Air Voids (%)
Parameter 4 7
log[a(14)] -4.46 -3.43
log[a(40)] -2.11 -3.00
log[a(100)] 1.89 2.00
log[a(130)] 3.45 3.39

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 0.9732 | 0.8047
o 2.7586 | 2.8841
B -1.2468 | -1.1349
Y 0.5108 | 0.4452

Figure 5.29. Dynamic Modulus Test Result for GMQ-37.5mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2672.89  3138.01) 3325.35 3671.70] 3858.61  4145.23
40F 1573.50,  2050.55 2181.59| 2700.44]  2889.42  3239.76
70F 305.01 513.40 631.68 970.44 114188  1395.43
100F 58.35 95.77 123.73 233.57 313.05 448.87
130F 24.44 33.81 40.53 68.59 90.03 139.57

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 2102.57]  2449.021  2587.44] 289542  3065.64  3219.58
40F 1226.71)  1579.54  1724.900 2095.87 2262.16  2446.68
70F 242.87 409.70 506.80 785.42 925.25  1139.56
100F 55.52 92.51] 119.40 224.86 298.58 419.69
130F 21.69 29.20 34.54 58.85 77.41] 117.66
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—e— 4.5%AV
s & LT | T%NAV
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Shift Factors:

Air Voids (%)
Parameter 4.5 7
log[a(14)] -4.12 -4.07
log[a(40)] -2.48 -2.39
log[a(100)] 1.94 1.73
log[a(130)] 3.36 3.29

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
o 0.7750 0.7845
o 2.8908 2.7644
B -0.8475 | -0.8210
Y 0.5113 0.5338

Figure 5.30. Dynamic Modulus Test Result for ARK-12.5mm-PG70-22
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Air Voids: 4 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 05Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2757.06 3145.26 3332.71 3707.93 3875.63 4035.88
40F 2125.77, 2617.31] 2868.29 3312.00 3581.25 3955.13
70F 471.54 728.53 865.19 1246.31 1431.36 1678.70
100F 109.50 184.79 235.76 426.61 529.49 702.52
130F 44.39 66.20 82.12 146.78 193.98 280.37

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 05Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2261.72 2606.61 2778.21 3056.11 3172.76 3329.86
40F 1442.11 1795.07 1975.94 2360.54 2557.11] 2770.09
70F 351.51 551.73 660.85 964.97 1117.90 1349.56
100F 82.80 135.58 170.24 296.02 373.15 495.33
130F 35.28 51.70 63.28 109.67, 143.84 207.67
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== By 1.\
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Temperature, F
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0.00 2.00

4.00

6.00

Log Reduced Frequency, Hz

Shift Factors: Regression Coefficients:

Air Voids (%) Air Voids (%)
Parameter 4 7 Parameter 4 7
log[a(14)] -3.67 -3.97 ) 0.6855 | 0.7063
log[a(40)] -2.92 -2.49 o 3.0186 | 2.8954
log[a(100)] 1.78 1.88 B -1.0791 | -0.9985
log[a(130)] 3.08 3.14 Y 0.4614 | 0.4651

Figure 5.31. Dynamic Modulus Test Result for ARK-12.5mm-PG76-22
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Air Voids: 4.5 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3070.43 3572.38 3730.56 4139.33 4292.99 4480.82
40F 1712.02 2159.76 2380.42 2820.69 3037.98 3326.18
70F 525.29 831.30 1005.22 1440.48 1634.99 2007.83
100F 102.16 174.31 223.30 420.45 539.98 736.30
130F 36.02 51.19 62.40 110.10 146.19 219.75

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 2963.54 3485.65 3694.58 4127.62 4247.35 4556.59
40F 1376.81 1769.36 1950.58 2334.51 2477.41 2737.71
70F 327.48 554.31 680.46 1033.04 1230.78 1465.96
100F 66.41 110.79 142.75 269.55 365.31 529.95
130F 22.45 30.34 35.94] 59.71 77.68 119.08
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Shift Factors:

Air Voids (%)
Parameter 4.5 7
log[a(14)] -3.95 -4.72
log[a(40)] -1.88 -2.00
log[a(100)] 1.94 1.88
log[a(130)] 3.49 3.66

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 0.8797 | 0.7523
o 2.8042 2.9190
B -1.1350 | -0.9046
Y 0.5213 | 0.5023

Figure 5.32. Dynamic Modulus Test Result for ARK-25mm-PG70-22
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Air Voids: 4 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3947.19 4547.38 4739.67 5213.55 5465.02 5768.46
40F 2302.80 2815.34 2980.34 3642.60 3746.13 4198.18
70F 500.53 801.74 959.98 1399.06 1625.62 1908.46
100F 110.59 190.67 245.70 445.56 579.78 766.02
130F 4411 65.62 81.20 147.00 198.35 301.88

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3076.38 3600.05 3724.15 4197.99 4379.10 4592.93
40F 1662.27 2051.04 2186.24 2630.84 2809.75 3125.75
70F 351.06 563.16 676.69 1012.10 1171.71 1433.88
100F 99.64] 163.71 207.08 373.19 475.08 646.39
130F 42.12 60.24] 73.19 127.80 169.87 246.36
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Shift Factors:

Air Voids (%)
Parameter 4 7
log[a(14)] -4.78 -4.88
log[a(40)] -2.58 -2.49
log[a(100)] 1.80 1.58
log[a(130)] 3.10 2.90

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 0.5666 | 0.6903
o 3.2387 | 3.0185
B -1.0742 | -0.8917
Y 0.4445 | 0.4491

Figure 5.33. Dynamic Modulus Test Result for ARK-25mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3425.25 3879.8 4043.86 4463.74 4591.38 4888.31
40F 1722.32 2170.40 2338.76 2812.25 3047.13 3367.01
70F 315.86 527.80 645.64 989.83 1178.43 1419.48
100F 67.82 108.66 138.88 265.40 355.82 537.48
130F 26.00 33.23 38.32 62.43 82.02 131.53

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2742.02 3219.92 3430.62 3856.04 3996.06 4441.54
40F 1145.08 1494.51 1673.60 2036.84 2206.99 2475.72
70F 223.49 385.05 481.65 760.77 915.88 1123.85
100F 53.03 79.44 98.70 180.34 239.13 355.72
130F 25.70 31.35 34.90 51.65 65.06 100.68
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D | g 7%AV
1000
2 &
—_ E ] L]
i) 2 .
100 | ‘ ‘
0 50 100 150
Temperature, F
10 § ‘ ‘ ‘ ‘ ‘ |
-6.00 -4.00 -2.00 0.00 2.00 4.00 6.00

Shift Factors:

Air Voids (%)

Parameter 4.5 7
log[a(14)] -5.12 -4.90
log[a(40)] -2.51 -2.17

log[a(100)] 1.81 1.94

log[a(130)] 3.51 3.55

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 0.8623 | 0.9604
o 2.8387 2.7000
B -0.7789 | -0.5561
Y 0.5126 | 0.5054

Figure 5.34. Dynamic Modulus Test Result for ARK-37.5mm-PG70-22
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Air Voids: 4 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3491.46 3856.81 4033.22 4364.61 4456.94 4703.35
40F 1762.41 2223.52 2364.00 2753.04 2963.39 3218.80
70F 401.08 636.32 765.27 1126.97 1295.70 1554.42
100F 100.49 164.70 210.18 381.32 495.66 680.25
130F 40.41] 54.50 64.39 107.80 141.49 215.27

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 3125.16 3504 3633.19 3988.72 4202.11 4404.07
40F 1583.65 1946.05 2052.19 2488.25 2669.13 2874.88
70F 340.22 545.40 658.99 982.97, 1148.95 1407.69
100F 80.94] 131.30 164.69 301.82 397.88 557.71
130F 35.20 47.22 55.43 92.43 121.83 194.04
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Air Voids (%)
Parameter 4 7
log[a(14)] -5.43 -5.23
log[a(40)] -2.45 -2.40
log[a(100)] 1.70 1.78
log[a(130)] 3.24 3.20

4.00

Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4 7
) 0.9264 | 0.8514
o 2.7539 | 2.8031
B -0.8974 | -0.8580
Y 0.4938 | 0.4893

Figure 5.35. Dynamic Modulus Test Result for ARK-37.5mm-PG76-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
14F 3215.29  3704.89  3912.97| 4343.79] 4534.73  4798.10
40F 1479.56| 195198  2185.25  2713.74  2989.8§  3381.08
70F 315.39 545.81 676.05 1052.74]  1248.78  1549.56
100F 59.61 94.82 120.32 226.82 303.20 443.17,
130F 29.47 40.77 49.00 84.62 113.70 179.37

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
14F 2517.74)  2937.65 3104.72]  3511.12)  3740.15  4024.39
40F 1177.35 1574.93 1752.28 2171.24 2419.17 2709.17
70F 262.96 432.29 531.33 828.14 98242  1226.12
100F 57.48 90.38 113.02 202.86 263.59 373.83
130F 25.87 35.63 42.42 71.06 92.75 140.44
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Shift Factors:

Air Voids (%)
Parameter 4.5 7
log[a(14)] -4.42 -4.31
log[a(40)] -2.16 -2.21
log[a(100)] 2.03 1.97
log[a(130)] 3.15 3.27

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 0.8130 | 0.7187
o 2.9133 2.9568
B -0.8065 | -0.7510
Y 0.5085 | 0.4659

Figure 5.36. Dynamic Modulus Test Result for JET-12.5mm-PG70-22
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Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
14F 2611.91]  3125.86) 3331.09] 3738.100 3888.97  4222.86
40F 1232.60,  1617.50f 1824.53]  2283.74/  2605.59  3055.12
70F 331.94 587.89 726.80  1162.46/  1370.63| 1694.48
100F 65.05 107.50 138.95 269.21 361.55 545.76
130F 27.97 38.37 45.92 79.23 106.57 169.14

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 1770.45 2139.21  2313.39] 2740.55  2809.18  3268.83
40F 1076.57|  1435.800 1601.66  2063.34  2268.39  2534.13
70F 301.17 476.45 580.53 900.02) 1067.42]  1315.25
100F 82.79 134.11 168.39 296.62 378.31 527.11
130F 30.23 41.99 50.44 86.71 114.84 179.40
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Shift Factors:

Air Voids (%)

Parameter 4.5 7
log[a(14)] -3.58 -3.08
log[a(40)] -1.62 -1.93

log[a(100)] 1.88 1.63

log[a(130)] 3.22 3.14

Log Reduced Frequency, Hz

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 0.9329 | 0.7890
o 2.7265 2.8224
B -0.8889 | -0.8622
Y 0.5744 | 0.4937

Figure 5.37. Dynamic Modulus Test Result for JET-25mm-PG70-22

189




Air Voids: 4.5 percent

Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 3791.24 4397.62 4611.4 5133.60 5305.21 5637.99
40F 1668.87 2207.03 2407.73 3022.12 3296.95 3681.02
70F 300.19 537.81 679.10 1133.44 1398.24 1778.35
100F 66.15 97.12 120.28 223.67 303.70 483.34
130F 27.44 32.95 36.43 52.89 66.32 100.45

Air Voids: 7 percent
Dynamic Modulus (ksi)

Temp 0.1 Hz 0.5 Hz 1 Hz 5Hz 10 Hz 25 Hz
14F 2921.22 3414.6 3646.94 3949.19 4130.71 4395.46
40F 1224.58 1658.33 1791.92 2237.73 2368.88 2693.72
70F 217.86 390.77 494.61 833.54 1023.91 1347.66
100F 47.31] 67.12 81.99 147.20 200.04 312.35
130F 23.01 27.53 30.34 43.71 54.78 83.85
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1000 -
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Air Voids (%)

Parameter 4.5 7
log[a(14)] -4.62 -4.81
log[a(40)] -2.12 -2.11
log[a(100)] 1.96 2.10
log[a(130)] 3.81 3.70

4.00

Log Reduced Frequency, Hz

6.00

Regression Coefficients:

Air Voids (%)
Parameter 4.5 7
) 1.1378 1.0577
o 2.6236 2.5886
B -0.6074 | -0.5506
Y 0.5765 | 0.5733

Figure 5.38. Dynamic Modulus Test Result for JET-37.5mm-PG70-22
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The mixtures used in this project were evaluated further by comparing the
corresponding dynamic modulus values determined at high temperature (54C (130F)),
intermediate temperature (21C (70F)), low temperature (-10C (14F)), and at
intermediate frequency (10Hz) for all of the above test temperatures.

Figures 5.39 through 5.41 present the dynamic modulus values of all mixtures
used in this study measured at 54C (130F), 21C (70F), and —10C (14F), respectively. In
all figures, the variability of the dynamic modulus values of the specimens prepared at
design air void levels are similar to those prepared at seven percent air voids.

Based on Figure 5.39, the effects of binder grade on HMA stiffness are more
significant than those of aggregate source and size at high temperature. At high
temperature, the mixtures used binder grade PG 76-22 seemed to be stiffer than the
others. Those mixtures used binder grade PG 76-22 could prevent the pavement from
rutting better than the others. At intermediate and low temperatures, the mixtures with
greater nominal aggregate size and stiffer binder are generally stiffer, as shown in
Figure 5.40 and 5.41. The effects of mixture volumetric properties are further studied in
the next chapter.

Figures 5.42 though 5.45 compare the shift factors, log a(T), obtained during the
master curve development. These figures show that the shift factors vary with the HMA
mixtures and test temperatures. The shift factors were the most varied at low and high
temperatures (i.e, -10C (14F), 4C (40F), and 54C (130F). Figure 5.46 present the
average shift factors. The average values can be used as initial shift factors to develop

the master curve as presented in Figure 5.16.
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Figure 5.39. Dynamic Modulus Determined at 130F and 10 Hz
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Figure 5.40. Dynamic Modulus Determined at 70F and 10 Hz
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Figure 5.41. Dynamic Modulus Determined at 14F and 10 Hz
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Figure 5.42. Shift Factors for Dynamic Modulus at 14F
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Figure 5.43. Shift Factors for Dynamic Modulus at 40F
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Figure 5.44. Shift Factors for Dynamic Modulus at 100F
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Figure 5.45. Shift Factors for Dynamic Modulus at 130F
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Figure 5.46. Average Shift Factors
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5.5 Summary

This chapter first presented the methodology to determine the dynamic modulus
and phase angle based on the raw data acquired from the testing process. There are
several methods available to calculate the dynamic modulus and phase angle. The curve
fitting technique was chosen in this study because it is easy to accomplish using a
spreadsheet.

After the test results were obtained, the variability of the results was analyzed. It
was concluded that there were no patterned errors due to the LVDT measurements
through all combinations of testing temperature and frequency. The variability of the
dynamic modulus test was evaluated by performing the ANOVA tests on the “within”
and “between” coefficients of variation.

With 95-percent confidence, all of the single fixed effects except the binder
grade were significant. However, the interactions between the binder grade and
temperature were significant. The observations based on the ANOVA tests were: (1) the
greater the maximum nominal aggregate size, the higher the coefficient of variation (the
test variability); (2) the higher the air voids of the test specimens, the higher the
coefficient of variation; and (3) the test variability was higher at higher temperatures or
higher frequencies.

The analysis of variability showed that the variability of the test results obtained
in this study was lower than those in other studies, and it was in compliance with the
requirements specified in AASHTO TP 62-03 (74).

Since the stiffness of HMA mixtures is dependent on temperature and loading

rate, the use of the master curve to determine the dynamic modulus in a broaden range
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of temperature and frequency without having a complex testing program is very useful.
The master curve development method introduced in this chapter solved the shift factors
simultaneously with the coefficient of the sigmoidal function. The use of the numerical
optimization (Solver) to construct the master curve was also presented in detail.

Finally, the dynamic modulus values were then presented in the same form
required in the M-E Design Guide. The subsequent master curves were also developed,
and the associate shift factors and regression coefficients were reported. It was observed
that the shift factors varied with the HMA mixtures and test temperatures. The shift
factors were the most varied at low and high temperatures.

It was concluded that the dynamic modulus values obtained in this study be used

with confidence for level 1 dynamic modulus inputs of HMA in the M-E Design Guide.

197



CHAPTER 6: PREDICTION OF DYNAMIC MODULUS
6.1 Dynamic Modulus Prediction

The dynamic (complex) modulus |E*| is one of the fundamental inputs in the M-
E Design Guide (1) and is a promising candidate for the Simple Performance Test
recommended by NCHRP Project 9-19 (60).

The M-E Design Guide incorporates the hierarchical method that includes three
levels for specifying pavement design inputs. Level 1 inputs provide the highest level of
accuracy and would typically be used for designing heavily trafficked pavements. Level
2 inputs provide an intermediate level of accuracy and could be used when inputs are
not available for level 1 characterization. Level 3 inputs provide the lowest level of
accuracy and are intended for designing low volume roads.

Level 1 inputs for HMA material characterization in the M-E Design Guide
require the dynamic modulus |E*| tested in the laboratory. Level 1 inputs were presented
in the previous chapter. Level 2 inputs are based on a prediction model combined with
the laboratory measured binder properties. Level 3 inputs predict the dynamic modulus
using the same predictive model with the default binder properties determined by the
binder grade. Level 2 and 3 dynamic modulus inputs are documented in this chapter.

The dynamic modulus test is relatively complex and expensive to perform.
Therefore, many efforts have been spent to develop prediction models to calculate the
dynamic modulus from mixture properties. Two predictive equations that are claimed
the most comprehensive today are Witczak’s predictive equation developed by Witczak

et al. (2) and Hirsch model developed by Christensen et al. (81). The Witczak’s
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predictive model was incorporated in the M-E Design Guide to estimate the dynamic
modulus for Level 2 and 3 inputs.
This chapter presents the evaluation of the aforesaid predictive models by

comparing the predicted dynamic modulus values to those measured in the laboratory.

6.2 Evaluation Methodologies

To recommend the abovementioned models for the future applications, bias and
precision of the models were evaluated in this study. Bias is defined as the difference
between the mean predicted and the mean observed. Bias is a systematic difference that
occurs between the observed and predicted values. Precision is a measure of how close
the observed and predicted values are to each other. Precision is influenced by errors
and other factors unexplained by the model. The concepts of bias and precision are
illustrated in four scenarios in Figure 6.1. In a calibration process, the bias is eliminated
by minimizing the sum of errors, and the precision is improved by minimizing the sum
of square of errors.

In this study, in order to evaluate the performance of the predictive equation in
determining the dynamic moduli of typical mixtures used in Arkansas, the accuracy of
the predicted dynamic modulus values was assessed using goodness-of-fit statistics. The
statistical parameters include lack of fit statistic, Se/Sy (the standard error of

estimate/standard deviation), and correlation coefficient, R%.

199



Predicted

Predicted

Low Bias <
High Precision -/,

+—Data

Observed = Predicted

»

»

Observed

High Bias
High Precision

Observed = Predicted

»

»

Observed

Predicted

Predicted

Low Bias
Low Precision

Data

Observed = Predicted

»

»

Observed

High Bias
Low Precision

Data

Observed = Predicted

Observed
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The lack of fit statistic, S¢/Sy, is @ measure of the improvement in the accuracy of
prediction due to the prediction equation. When the ratio is small, e.g. near zero, more
variation in the dynamic modulus values about their mean can be explained by the
predictive equation. Thus, the smaller the value, the better the prediction (105).

The correlation coefficient, R?, is a measure of model accuracy. The higher the
value, e.g. near 100 percent, the better the prediction. The correlation coefficient is a
better measure for linear models with a large sample size. However, for non-linear
equations, such as the predictive models for the dynamic modulus, the lack of fit
statistic, Se/Sy, is a more rational measure of prediction reliability (105).

For the lack-of-fit statistic, the standard error of estimate, S, is calculated using
Equation 6.1, and the standard deviation, Sy, is computed using Equation 6.2. The

correlation coefficient, R?, is determined using Equation 6.3.

S, = M (6.1)

Sy = W (6.2)
2
R? =1—(”_k)(iJ (6.3)
(25,
where
Se = standard error of estimate
Sy = standard deviation
R? = correlation coefficient
y = measured dynamic modulus
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y = predicted dynamic modulus

y = mean value of tested dynamic modulus

n = sample size

k = number of independent variables in the model

Based on the lack-of-fit statistic and correlation coefficient, the performance of
the prediction model in question can be ranked using the subjective criteria established
in NCHRP Project 9-19 Task C (60). The subjective criteria are presented in Table 6.1.

The measured and predicted dynamic modulus values were also compared by
matching the two values in a normal scale graph. If the matching points are fairly
distributed around the equality line, the predicted model should have a good correlation
to the measured data.

Another evaluation method is to compare the master curves of the measured and
predicted dynamic modulus values at a reference temperature. Depending on how close
the master curves are to each other, the dynamic modulus predictions can be assessed.

In addition to the accuracy evaluation, the prediction errors are evaluated by
analyzing the graphs of errors versus mixture properties, test parameters, and predicted
|E*| values.

In order to recommend the prediction models for the future applications, in
addition to the accuracy and error requirements, the uses of the dynamic modulus
predictions in the M-E Design Guide should predict reasonable pavement performance
that is favorably compared to the pavement performance predictions using the
corresponding level 1 |E*| inputs. Therefore, the |E*| predictions are also evaluated

using the pavement performance analyses.
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Table 6.1. Criteria for Goodness-of-Fit Statistical Parameters

Criteria R? Se/Sy

Excellent >0.90 <0.35
Good 0.70-0.89 0.36 - 0.55
Fair 0.40-0.69 0.56 -0.75
Poor 0.20-0.39 0.76 - 0.89

Very Poor <0.19 >0.90
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6.3 The Witczak Prediction Model

The Witczak’s prediction model is an empirical regression model developed
based on 2750 laboratory measurements of the dynamic modulus tested over the last 30
years. The model was discussed in detail in section 3.10.1. The Witczak model for
predicting the dynamic modulus of HMA, which is incorporated in the M-E Design

Guide, is presented in Equation 6.4 (1).

log E = —1.249937 + 0.02932,p,,, — 0.001767 pZ,

VbOeff
—0.002841p, —0.058097V, —0.802208) ——
beff +Va

, 3871977 -0.0021p, +0.003958 5 —0.000017 pj; +0.005470 3, (6.4

1+ e(—0.603313—0.313351log(f }-0.393532l0g(77))
where:
E = dynamic modulus, 10° psi
n = bitumen viscosity, 10° Poise
f = loading frequency, Hz
Va = air void content, %

Vet = effective bitumen content, % by volume

p3s = cumulative % retained on the 19-mm sieve
p3s =cumulative % retained on the 9.5-mm sieve
o = cumulative % retained on the 4.76-mm sieve

P00 = % passing the 0.075-mm sieve
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Equation 6.4 was calibrated in log space, and its statistical summary is as
follows (2):
e R%=0.941in log space (0.886 in arithmetic space)

e S¢/Sy=0.244 in log space (0.338 in arithmetic space)

6.3.1 Input Data for Witczak’s Predictive Model

The Witczak predictive model requires binder and mixture inputs to estimate the
dynamic modulus. In the model, the frequency is an independent input, but the
temperature is included in the viscosity term (7). The viscosity of the asphalt binder at a
given temperature can be estimated using Equation 6.5 (53). This equation was

reviewed in detail in section 3.2.2.

loglogn = A+VTS log Ty (6.5)
where:
n = viscosity, cP
TR = temperature, Rankine
(Tr = Tg + 460, Tg = temperature, Fahrenheit)
A = regression intercept

VTS  =regression slope of Viscosity-Temperature Susceptibility
The A and VTS parameters in Equation 6.5 are a function of binder type. The A
and VTS parameters can be determined for level 2 |E*| inputs using the data from
different test methods, such as penetration, Brookfield viscosity, and dynamic shear
rheometer (DSR). In this study, the A and VTS parameters for level 2 |E*| inputs were

determined using the DSR results. A detailed procedure for determining the A and VTS
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parameters were presented later in this section. For level 3 |E*| inputs, the A and VTS
parameters are the default rolling thin film oven (RTFO) aged values based on the
binder grades recommended in the M-E Design Guide (1).

The DSR test properties for determining the A and VTS parameters for level 2
|E*| inputs, including the complex shear modulus and phase angle of the original
binders, are presented in Tables 6.2 and 6.3. The DSR test results were converted to the
viscosity using Equation 6.6. The corresponding estimated viscosity values are

presented in Tables 6.2 and 6.3.

% 4.8628
y = %{ﬁj (6.6)
where:
n = viscosity, Pa-s
G*  =complex shear modulus of binder, Pa
o = phase angle, degree

Equation 6.4 requires the viscosity of the binder after being short-term aged in
RTFO, which accounts for mixing and compaction effects in the field. The effect of
short-term aging on the viscosity presented in Tables 6.2 and 6.3 was accounted using

the Global Aging System model for RTFO aging, as presented in Equation 6.7 (106).
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Table 6.2. Dynamic Shear Rheometer Test Results for Original PG 70-22

PHASE Viscosity
Temperature  Complex Modulus ANGLE

(Deg C) (Pa) (Deg) (Pa-s)
20 2.03E+06 57.0 4.77E+05
35 1.96E+05 73.8 2.38E+04
50 1.58E+04 77.3 1.78E+03
65 1.45E+03 80.3 1.55E+02

Table 6.3. Dynamic Shear Rheometer Test Results for Original PG 76-22

Temperature  Complex Modulus  Phase Angle  Viscosity

(Deg C) (Pa) (Deg) (Pa-s)
20 1.60E+06 55.3 4.14E+05
35 1.60E+05 67.3 2.37TE+04
50 2.02E+04 67.1 3.02E+03
65 3.77E+03 68.3 5.38E+02
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loglog(77,_ ) = a, + &, log10g(77.rig ) (6.7)
a, = 0.054405+ 0.004082 x code

a, = 0.972035 + 0.010886 x code

where:

M=o = mixing/compaction viscosity, cP (1000 cP =1 Pa-s)
Norig = original viscosity, cP
code = dependent on hardening ratio, as presented in Table 6.4

However, the aging condition (hardening ratio) for the binder used to fabricate
the |E*| test specimens was unknown. Therefore, for level 2 inputs, it was decided that
three asphalt binder aging conditions were evaluated: (1) original binder; (2) RTFO
aged using Equation 6.7 with the code value of 0; and RTFO aged using Equation 6.7
with the code value of -1.

After the viscosity of the RTFO aged binders was calculated using Equation 6.7
based on the original binder data presented in Tables 6.2 and 6.3, the RTFO aged binder
viscosity was used to determine the parameters A and VTS using Equation 6.5. The A
and VTS parameters for predicting level 2 |E*| inputs are presented in Table 6.5. For
level 3 inputs, the default RTFO aged parameters recommended in the M-E Design
Guide were used, as presented in Table 6.5. The viscosity of the binders at the
temperatures of interest was estimated using Equation 6.5 and the A and VTS parameters

in Table 6.5.
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Table 6.4. Recommended Code Values

Mix/Lay-Down Hardening | Expected Hardening Ratio Code Value
Resistence Values
Excellent to Good HR < 1.030 -1
Average 1.030 < HR < 1.075 0
Fair 1.075<HR £ 1.100 1
Poor HR > 1.100 2
Table 6.5. A and VTS Parameters Used in this Study
Parameter Input Level Aging PG 70-22 PG 76-22
A 2 Original 10.706 8.682
2 RTFO (code =0) 10.461 8.493
2 RTFO (code =-1) | 10.340 8.395
3 RTFO default 10.299 9.715
(1-37A)
VTS 2 Original -3.586 -2.846
2 RTFO (code = 0) -3.486 -2.767
2 RTFO (code =-1) -3.447 -2.736
3 RTFO default -3.426 -3.208
(1-37A)
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Figures 6.2 and 6.3 presents the viscosity of binder grades PG70-22 and PG76-
22 estimated at the dynamic modulus test temperatures of -10, 4, 21, 38, and 54C (14,
40, 70, 100, and 130F). For both binder grades, the viscosity estimated using the default
A and VTS parameters was the highest and close to that estimated using the RTFO (code
= 0) aged parameters. The original viscosity was the lowest, and the RTFO (code = -1)
aged viscosity was intermediate.

Other input data for Equation 6.4 were mixture properties obtained from the
HMA mix designs used in this study. The effective binder content (V) was
determined using Equation 2.3. The mixture properties for the Witczak predictive

model are summarized in Table 6.6.

6.3.2 Evaluation of the Witczak Prediction Model

The dynamic modulus values were estimated at five temperature levels,
including -10, 4, 21, 38, and 54C (14, 40, 70, 100, and 130F), and at six frequency
levels for each temperature level, including 25, 10, 5, 1, 0.5, and 0.1 Hz. The
temperature and frequency levels at which the dynamic modulus values were estimated
using the Witczak predictive model were corresponding to those the dynamic modulus
values were measured in the laboratory.

One set of mixture properties, as presented in Table 6.6 and four sets of A and
VTS parameters, as presented in Table 6.5, were used to estimate the dynamic modulus
values. For each combination of mixture and binder properties, 1,260 dynamic modulus
values were estimated. The estimated dynamic modulus values for level 2 and 3 inputs

were then evaluated following the evaluation methodologies presented in section 6.2.
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Table 6.6. Mixture Properties for Witczak’s Predictive Model

Mix ID Agg. Binder | Va |Vbeff| R34 | R38 | R4 |P200

(%) | (%) | (%) | (%) | (%) | (%)

MCA_12.5 70_4.5|Limestone|PG70-22| 4.8 | 101 | O 20 | 49 | 4.2
MCA_12.5 70 7.0 |Limestone|PG70-22| 7.3 | 9.8 0 20 | 49 | 4.2
MCA 12.5 76 4.0 |Limestone|PG76-22| 3.7 |111| 0 | 25 | 57 | 4.0
MCA_12.5 76_7.0 |Limestone|PG76-22| 6.6 | 10.7 | O 25 57 | 4.0
MCA_25 70_4.5 |Limestone|PG70-22| 4.2 | 87 | 15 | 36 66 | 3.6
MCA_25 70_7.0 |Limestone|PG70-22| 7.0 | 85 | 15 | 36 66 | 3.6
MCA_25 76_4.0 |Limestone|PG76-22| 4.0 | 9.9 | 15 | 37 68 | 3.3
MCA 25 76_7.0 |Limestone|PG76-22| 7.2 | 96 | 15 | 37 | 68 | 3.3
MCA_37.5_70_4.5|Limestone|PG70-22| 4.7 | 7.3 | 26 52 69 | 3.1
MCA_37.5_70_7.0 |Limestone|PG70-22| 7.1 | 7.1 | 26 52 69 | 3.1
MCA_37.5_76_4.0 |Limestone|PG76-22| 3.6 | 7.9 | 27 53 69 | 3.1
MCA_37.5_76_7.0 |Limestone|PG76-22| 7.1 | 7.6 | 27 53 69 | 3.1
GMQ 12,5 70 45| Granite |PG70-22| 49 | 99 | 0 | 20 | 44 | 4.2
GMQ_12.5 70_7.0| Granite [PG70-22| 7.3 | 9.6 0 20 | 44 | 4.2
GMQ_12.5 76_4.0| Granite |PG76-22| 4.2 |11.7| O 14 | 38 | 39
GMQ_125 76 _7.0| Granite |PG76-22| 7.1 |11.3| O 14 | 38 | 3.9
GMQ 25 70 4.5 | Granite |PG70-22| 42 | 89 | 14 | 49 | 71 | 3.1
GMQ_25 70_7.0 | Granite |[PG70-22| 7.0 | 86 | 14 | 49 71 | 3.1
GMQ_25 76_4.0 | Granite [PG76-22| 3.8 | 9.8 | 13 54 | 72 | 3.2
GMQ_25 76_7.0 | Granite [PG76-22| 6.8 | 95 | 13 54 | 72 | 3.2
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Table 6.6. Mixture Properties for Witczak’s Predictive Model (Cont.)

Mix ID Agg. Binder | Va |Vbeff| R34 | R38 | R4 |P200

(%) | (%) | (%) | (%) | (%) | (%)

GMQ 375 70_4.5| Granite |PG70-22| 43 | 7.7 | 29 | 41 54 | 3.8
GMQ_37.5 70 _7.0| Granite |PG70-22| 6.6 | 7.5 | 29 | 41 54 | 3.8
GMQ 37.5 76 4.0| Granite |PG76-22| 3.8 | 7.7 | 29 | 41 | 54 | 3.8
GMQ_37.5_76_7.0| Granite [PG76-22| 69 | 74 | 29 | 41 54 | 3.8
ARK 125 70_4.5 |Sandstone |PG70-22| 4.3 | 108 | O 15 | 45 | 57
ARK 125 70 _7.0 |Sandstone |PG70-22| 6.8 | 105 | O 15 | 45 | 57
ARK_12.5 76_4.0 | Sandstone |PG76-22| 3.8 | 104 | O 14 | 45 | 57
ARK_12.5 76_7.0 |Sandstone |PG76-22| 7.3 | 100| O | 14 | 45 | 57
ARK 25 70 _4.5 |Sandstone|PG70-22| 4.3 | 85 | 18 | 40 60 | 4.7
ARK 25 70 _7.0 |Sandstone|PG70-22| 7.0 | 83 | 18 | 40 60 | 4.7
ARK_25 76_4.0 |Sandstone|PG76-22| 4.0 | 85 | 21 | 42 64 | 4.3
ARK_25 76_7.0 |Sandstone|PG76-22| 6.9 | 8.2 | 21 | 42 64 | 4.3
ARK 375 70 4.5 |Sandstone |PG70-22| 48 | 80 | 30 | 54 | 74 | 5.0
ARK 37.5_70_7.0 |Sandstone |PG70-22| 7.0 | 7.8 | 30 | 54 74 | 5.0
ARK 375 _76_4.0 |Sandstone |PG76-22| 4.3 | 7.6 | 28 | 54 74 | 4.3
ARK_37.5_76_7.0 | Sandstone |PG76-22| 6.9 | 7.3 | 28 | 54 74 | 4.3
JET 125 70 45 | Gravel |PG70-22| 4.4 |10.6| 0 | 14 | 44 | 35
JET_ 125 70 7.0 | Gravel |PG70-22| 6.8 |103| O 14 | 44 | 35
JET 25 70 4.5 Gravel |PG70-22| 45 | 9.0 | 10 | 46 63 | 3.2
JET_25 70 7.0 Gravel |PG70-22| 7.4 | 87 | 10 | 46 63 | 3.2
JET_ 375 70 45 | Gravel |PG70-22| 46 | 84 | 31 52 69 | 3.0
JET 375 70 7.0 | Gravel |PG70-22| 7.0 | 82 | 31 | 52 | 69 | 3.0
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Accuracy Analyses. The goodness-of-fit statistics in arithmetic space for four
combinations of binder parameters and mixture properties were determined to evaluate
the dynamic modulus predictions, as presented in Table 6.7. The rankings in Table 6.7
were made based upon the evaluation criteria presented in Table 6.1. In general, the
predicted dynamic modulus values agreed quite well with the measured dynamic
modulus values. Measured vs. predicted dynamic modulus values are summarized in
Figures 6.4 through 6.7. Figure 6.8 illustrates the effects of the binder viscosity inputs
on the |E*| predictions using the Witczak predictive equation. Level 2 inputs using the
RTFO binder viscosity with the code value of 0 had the best agreement with level 1
measured |E*| values. It was decided that for level 2 inputs, only RTFO binder viscosity
with the code of zero was used later in this analysis.

In addition, the evaluation was performed by comparing level 2 and 3 |E*|
predictions to level 1 measured |E*| values for individual HMA mixture. The goodness-
of-fit statistics were determined for each mixture used in this study. The results were
compiled and illustrated in Figures 6.9 and 6.10.

As presented in Figure 6.9, the |E*| predictions using level 2 inputs were rated
excellent for 64 percent of the mixtures used in this study, good for 31 percent, and fair
for 5 percent. As presented in Figure 6.10 for level 3 inputs, the excellent |[E*|
predictions were 62 percent, good 19 percent, and fair 19 percent of the mixtures used
in this study. It showed that level 2 dynamic modulus inputs were slightly better than

level 3.
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Table 6.7. Comparisons of Level 2 and 3 Inputs to Level 1 Input

Statistic Level 2 vs Level 1 Level 3vs Level 1
Original RTFO-Aged | RTFO-Aged RTFO-Aged
(Code =0) (Code =-1) Default
SelSy 0.379 0.318 0.332 0.334
R? 0.857 0.900 0.891 0.889
Ranking Good Excellent Excellent Excellent
Measured vs Predicted (Original)
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Figure 6.4. Measured vs Level 2 Predicted |E*| Based on Original Binder

215




Measured vs Predicted (RTFO (code = 0))
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Figure 6.6. Measured vs Level 2 Predicted |E*| Based on RTFO (code = -1) Binder
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Figure 6.10. Distribution of Level 3 |E*| Prediction Accuracy for All Mixtures
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To illustrate the differences between the dynamic modulus predictions ranked at
different levels in Table 6.7, level 2 dynamic modulus predictions for two mixtures
ranked excellent (high) and fair (low) are presented in Figures 6.11 and 6.12. Figures
6.13 and 6.14 illustrate the excellent (high) and fair (low) dynamic modulus predictions
for Level 3 inputs. It was very clear that the excellent-ranked predictions were much

accurate than those ranked fair.

Error Analyses. The next step was the evaluation of the errors of the dynamic
modulus predictions to detect any bias (systematic errors) in the predictions. Since the
dynamic modulus values varied greatly across the temperatures and frequencies, the

errors were calculated in percent using Equation 6.8.

error = | E*lmeasured _| E*|predicted %100 (68)
| E* |measured
where:
error = errors, percent
|E*measured = measured dynamic modulus, psi
|E*|oredicted = predicted dynamic modulus, psi

Figures 6.15 and 6.16 present the distribution of |E*| prediction errors and plot
of prediction errors vs. predicted |E*| for level 2 inputs. The prediction error range was
between —160 percent and +50 percent, and the mean prediction error was —15.55
percent. Figure 6.16 shows that the bias in prediction existed, and the prediction errors

were larger at higher temperatures.

219



Predicted |[E*|, 10"5 psi

Predicted |[E*|, 1075 psi

Jet-12.5mm-PG70-22-7.0

80
Se/Sy = 0.13
%0 R®=0.99
40 - ~
= Equality
20 -
y = 0.9451x
0 o T T T
0 20 40 60 80
Measured |E*|, 1075 psi
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Figure 6.12. Fair |E*| Predictions for Level 2 Input
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Figure 6.14. Fair |E*| Predictions for Level 3 Input
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Figure 6.15. Distribution of |E*| Prediction Errors for Level 2 Input
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Figure 6.16. Plot of Errors vs Predicted |E*| for Level 2 Inputs
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The prediction errors were investigated further by plotting level 2 |E*| prediction
errors against the mixture properties and test parameters, as shown in Figures 6.17
through 6.21. It was observed that level 2 |E*| predictions lost the accuracy for larger
aggregate sizes, lower binder grade and higher test temperatures.

The prediction errors of level 3 inputs were similar to those of level 2, as
illustrated in Figures 6.22 through 6.28. The prediction error range was between —180
percent and +30 percent, and the mean prediction error was —26.57 percent.

The above error analyses showed that the Witczak prediction model had
potential systematic errors in predicting dynamic modulus across the aggregate size and
test temperatures. In addition, level 2 dynamic modulus inputs were slightly more
accurate than level 3.

Overall, the Witczak prediction equation can reasonably estimate the dynamic
modulus. The statistics (R* and Se/Sy) obtained in this study, as presented in Table 6.7,
compared favorably with those reported by Witczak et al. (1) (R* = 0.886 and SelSy =
0.338 in arithmetic space). The evaluation results confirmed the good agreement
between predictions and measurements, and they agreed with the results reported by
other authors, including Pellinen (75, 107), Dongre et al. (84), and Birgisson (108).
However, prediction bias was existed. The prediction errors were higher for larger
aggregate sizes and at higher temperatures. The prediction errors at higher temperatures
were expected to influence rutting prediction in the M-E Design Guide. The same

conclusions on bias of the Witczak prediction model were reported by Schwartz (107).
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Figure 6.18. Level 2 |E*| Prediction Errors vs. Air Voids
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Figure 6.19. Level 2 |E*| Prediction Errors vs. Binder Grade
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Figure 6.20. Level 2 |E*| Prediction Errors vs. Test Temperature
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Figure 6.22. Distribution of |E*| Prediction Errors for Level 3 Inputs
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Figure 6.24. Level 3 |E*| Prediction Errors vs. Aggregate Size
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Figure 6.26. Level 3 |E*| Prediction Errors vs. Air Voids
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It was questioned whether the above accuracy and bias could be accepted for
design applications, and this question could be only answered by analyzing their effects

on predicted pavement performance, as presented in the following section.

6.3.3 Effects of |E*| Predictions on Predicted Pavement Performance

The 2002 design software version 0.700 as part of the M-E Design Guide was
used to investigate the effects of level 2 and 3 |E*| predictions on predicted pavement
performance. The software was employed to design a new pavement consisting of 6
inches of asphalt concrete (AC) over 18 inches of crushed stone built on AASHTO A-7-
5 subgrade. The pavement was expected to have average daily traffic of 2500 and last
20 years of service. In order to investigate the differences between the pavement
performance predictions using level 1, 2 and 3 |E*| inputs for all mixtures used in this
study, all of the performance predictions were determined based on the same design
conditions except the |E*| inputs.

The maximum errors for predicted longitudinal cracking and alligator cracking
using the measured and predicted |E*| inputs was 55 percent and 25 percent,
respectively, and those for predicted AC layer rutting and total rutting at the pavement
surface was 26 percent and 14 percent, accordingly. The errors in predicting pavement
rutting were considered reasonable. The effects of the dynamic modulus prediction
errors (up to 180 percent) at high temperatures on predicted rutting was not very

significant in this case.
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Due to tremendous amount of predicted pavement performance data, only
performance data of five mixtures listed in Table 6.8 was presented later in this study.
These HMA mixtures were chosen so that they represented all levels of the |[E*|
prediction accuracy and their performance results represented the impact of the |E*|
predictions on predicted pavement performance. Three mixtures were chosen to
represent excellent, good and fair predictions. The other two mixtures represented the
accuracy boundaries between excellent, good and fair levels.

The data required for level 1, 2 and 3 dynamic modulus inputs in the M-E design
software are summarized for the five mixtures in Tables 6.9 through 6.13. For each
mixture presented in the aforesaid tables, level 1 dynamic modulus inputs required the
measured |E*| for the HMA mixture and the measured G* for the binder, and level 2
|E*| inputs required the mixture volumetric properties and the measured G* for the
binder. Level 3 |E*| inputs required only the mixture volumetric properties.

Predicted pavement performance based on the input data for the five mixtures,
including longitudinal cracking, alligator cracking, AC layer rutting, and total rutting at
the pavement surface, was presented in Tables 6.14 though 6.17. The results included
the pavement performance predictions after 5, 10, 15 and 20 years in service.

Using the data presented in Tables 6.14 through 6.17, the pavement performance
predictions based on level 2 and 3 |[E*| inputs were plotted against those based on level
1 |E*| inputs, as shown in Figures 6.29 through 6.32. It was observed that the predicted
distresses based on level 2 and 3 |E*| inputs were not distinguishable in this study. All
of the data points except for those of longitudinal cracking plotted in the aforesaid

figures were relatively close to the equality line.
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Table 6.8. Selected Mixtures Used in Predicted Performance Analysis

ID | Aggregate | Size Binder |E*| Notes
Source (mm) Grade | Prediction
1 | ARK 12.5 70-22 Excellent Se/Sy =0.18
R?=0.98
2 MCA 25 70-22 Excellent- | S¢/Sy=0.34
Good 2 _
Boundary R7=093
3 JET 25 70-22 Good Se/Sy=0.41
R?=0.89
4 GMQ 375 70-22 Good - Se/Sy =0.56
Fair 2 _
Boundary R*=080
5 GMQ 375 76-22 Fair Se/Sy=0.70
R?=0.68
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Table 6.9. Data for Level 1, 2 and 3 |E*| Inputs for ARK-12.5mm-PG70-22

Measured |[E*|:

Temp. Mixture |E*| (psi)
(F) 0.1 Hz 1Hz 10 Hz 25 Hz
10 2,102,570 | 2,587,440 | 3,065,640 | 3,219,580
40 1,226,710 | 1,724,900 | 2,262,160 | 2,446,680
70 242,870 506,800 | 925,250 |1,139,560
100 55,520 119,400 | 298,580 | 419,690
130 21,690 34,540 77,410 | 117,660
Measured G* for RTFO-Aged PG 70-22
Temp. G* Delta
(F) (Pa) (deg)
50 (10C) 61,300,000 43.74
68 (20C) 2,880,000 53.61
158 (70C) 2,536 82.85
Mix Design Properties
Binder Grade PG 70-22
Air Voids (%) 6.8
Effective Binder Content (%) 10.5
Cumulative % Retained on 3/4" Sieve 0
Cumulative % Retained on 3/8" Sieve 15
Cumulative % Retained on #4 Sieve 45
% Passing #200 Sieve 5.7
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Table 6.10. Data for Level 1, 2 and 3 |E*| Inputs for MCA-25mm-PG70-22

Measured |[E*|:

Temp. Mixture |E*| (psi)
(F) 0.1 Hz 1Hz 10 Hz 25 Hz
10 2,612,730 | 3,207,250 | 3,742,410 | 3,966,540
40 1,742,910 2,468,470 | 3,063,670 | 3,311,370
70 346,860 733,780 | 1,332,220 | 1,567,530
100 80,000 150,250 | 368,990 | 490,690
130 30,930 45,880 93,440 | 144,720

Measured G* for RTFO-Aged PG 70-22
Temp. G* Delta
(F) (Pa) (deg)
50 (10C) 61,300,000 43.74
68 (20C) 2,880,000 53.61
158 (70C) 2,536 82.85

Mix Design Properties

Binder Grade PG 70-22
Air Voids (%) 7.0
Effective Binder Content (%) 8.5
Cumulative % Retained on 3/4" Sieve 15
Cumulative % Retained on 3/8" Sieve 36
Cumulative % Retained on #4 Sieve 66
% Passing #200 Sieve 3.6
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Table 6.11. Data for Level 1, 2 and 3 |E*| Inputs for JET-25mm-PG70-22

Measured |[E*|:

Temp. Mixture |E*| (psi)
(F) 0.1 Hz 1Hz 10 Hz 25 Hz
10 1,770,450 2,313,390 | 2,809,180 | 3,268,830
40 1,076,570 1,601,660 | 2,268,390 | 2,534,130
70 301,170 580,530 | 1,067,420 | 1,315,250
100 82,790 168,390 | 378,310 | 527,110
130 30,230 50,440 114,840 | 179,400

Measured G* for RTFO-Aged PG 70-22
Temp. G* Delta
(F) (Pa) (deg)
50 (10C) 61,300,000 43.74
68 (20C) 2,880,000 53.61
158 (70C) 2,536 82.85

Mix Design Properties

Binder Grade PG 70-22
Air Voids (%) 7.4
Effective Binder Content (%) 8.7
Cumulative % Retained on 3/4" Sieve 10
Cumulative % Retained on 3/8" Sieve 46
Cumulative % Retained on #4 Sieve 63
% Passing #200 Sieve 3.2
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Table 6.12. Data for Level 1, 2 and 3 |[E*| Inputs for GMQ-37.5mm-PG70-22

Measured |[E*|:

Temp. Mixture |E*| (psi)
(F) 0.1 Hz 1Hz 10 Hz 25 Hz
10 2,830,170 | 3,599,860 | 4,030,500 | 4,223,050
40 1,819,100 | 2,540,110 | 3,180,730 | 3,181,630
70 509,810 1,069,520 | 1,863,940 | 2,174,040
100 74,050 151,770 | 386,270 | 571,250
130 29,680 43,950 92,890 | 149,930
Measured G* for RTFO-Aged PG 70-22
Temp. G* Delta
(F) (Pa) (deg)
50 (10C) 61,300,000 43.74
68 (20C) 2,880,000 53.61
158 (70C) 2,536 82.85
Mix Design Properties
Binder Grade PG 70-22
Air Voids (%) 6.6
Effective Binder Content (%) 75
Cumulative % Retained on 3/4" Sieve 29
Cumulative % Retained on 3/8" Sieve 41
Cumulative % Retained on #4 Sieve 54
% Passing #200 Sieve 3.8
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Table 6.13. Data for Level 1, 2 and 3 |E*| Inputs for GMQ-37.5mm-PG76-22

Measured |[E*|:

Temp. Mixture |E*| (psi)
(F) 0.1 Hz 1Hz 10 Hz 25 Hz
10 2,645,010 | 3,060,220 | 3,592,550 (4,017,740
40 2,281,640 | 2,876,480 | 3,255,370 | 3,965,220
70 544,290 968,530 | 1,581,940 |1,779,020
100 135,730 257,750 | 529,420 | 700,050
130 51,610 88,270 198,790 | 296,840

Measured G* for RTFO-Aged PG 76-22
Temp. G* Delta
(F) (Pa) (deg)
50 (10C) 13,200,000 43.57
68 (20C) 2,680,000 52.77
169 (76C) 2,698 64.59

Mix Design Properties

Binder Grade PG 76-22
Air Voids (%) 6.9
Effective Binder Content (%) 7.4
Cumulative % Retained on 3/4" Sieve 29
Cumulative % Retained on 3/8" Sieve 41
Cumulative % Retained on #4 Sieve 54
% Passing #200 Sieve 3.8
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Table 6.14. Predicted Longitudinal Cracking

Service |Longitudinal Cracking (m/km)
Mixture Year Level 1 | Level 2 | Level 3
ARK _12.5 70-22 5 11 14 14
10 34 44 44
15 72 90 91
20 125 157 157
MCA_25 70-22 5 22 35 34
10 69 106 106
15 141 212 212
20 241 350 352
JET 25 70-22 5 34 40 40
10 106 123 123
15 212 242 242
20 350 398 400
GMQ_37.5_70-22 5 22 30 30
10 68 94 92
15 139 189 186
20 237 316 311
GMQ _37.5_76-22 5 24 40 32
10 76 121 100
15 155 241 203
20 261 394 339
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Table 6.15. Predicted Alligator Cracking

Service Alligator Cracking (%)
Mixture Year Level 1 | Level 2 | Level 3

ARK _12.5 70-22 5 1.46 1.55 1.51
10 3.37 3.59 3.50

15 5.74 6.11 5.96

20 8.57 9.15 8.93

MCA_25 70-22 5 2.32 2.98 2.89
10 5.30 6.75 6.57

15 8.88 11.20 10.90

20 13.10 16.30 16.00

JET 25 70-22 5 2.73 3.37 3.27
10 6.26 7.60 7.40

15 10.40 12.60 12.20

20 15.30 18.10 17.80

GMQ_37.5_70-22 5 2.33 2.46 2.36
10 5.33 5.61 541

15 8.93 9.41 9.09

20 13.10 13.80 13.40

GMQ _37.5_76-22 5 2.16 2.72 2.38
10 5.01 6.18 5.44

15 8.44 10.30 9.11

20 12.40 15.10 13.40
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Table 6.16. Predicted AC Layer Rutting

Service AC Layer Rutting (mm)
Mixture Year Level 1 | Level 2 | Level 3

ARK _12.5 70-22 5 5.79 5.46 521
10 8.36 7.80 7.44

15 10.54 9.91 9.42

20 12.65 11.99 11.38

MCA_25 70-22 5 4.62 5.21 4.95
10 6.63 7.47 7.09

15 8.38 9.53 9.02

20 10.03 11.51 10.95

JET 25 70-22 5 4.06 5.38 5.13
10 5.92 7.72 7.32

15 7.49 9.83 9.32

20 9.02 11.86 11.28

GMQ_37.5_70-22 5 4.04 3.51 3.33
10 5.77 5.13 4.85

15 7.26 6.53 6.20

20 8.69 7.85 7.47

GMQ _37.5_76-22 5 2.57 2.90 2.69
10 3.76 4.22 3.86

15 4,78 5.44 4.88

20 5.74 6.55 5.87
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Table 6.17. Predicted Total Rutting

Service Total Rutting (mm)
Mixture Year Level 1 | Level2 | Level 3

ARK _12.5 70-22 5 12.65 12.37 12.09
10 16.15 15.65 15.27

15 19.00 18.42 17.88

20 21.62 21.01 20.35

MCA 25 70-22 5 11.25 12.07 11.79
10 14.17 15.27 14.86

15 16.54 17.96 17.42

20 18.69 20.45 19.86

JET_25 70-22 5 10.74 12.27 11.96
10 13.49 15.52 15.11

15 15.72 18.29 17.73

20 17.75 20.85 20.22

GMQ_37.5_70-22 5 10.52 10.01 9.78
10 13.13 12.50 12.19

15 15.24 14.50 14.15

20 17.17 16.33 15.93

GMQ _37.5_76-22 5 8.84 9.32 9.04
10 10.90 11.53 11.07

15 12.50 13.31 12.67

20 13.94 14.96 14.15
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In summary, based on the analyses of pavement performance predicted using the
measured and predicted dynamic modulus values, the differences between level 2 and 3
predicted distresses were not significant, so it was recommended that level 3 |E*| inputs
be used instead of level 2 for simplicity. The pavement distresses predicted using the
predicted |E*| inputs were relatively close to those using the measured |E*| inputs. At
this moment, it was not sure which design level could better predict performance of the
pavement in service because the distress prediction models incorporated in the M-E
software were calibrated using the default values. Therefore, it was recommended that
level 3 |E*| inputs be used for initial implementation of the M-E Design Guide.
However, it was recommended that the effects of the dynamic modulus predictions on
predicted pavement performance be re-evaluated when the performance data of

pavements in service is available.

6.3.4 Sensitivity Analysis

As recommended in the previous section, level 3 |E*| inputs would be used in
the early stages of the M-E Design Guide implementation. However, the mixtures used
in this study would not cover all HMA mixtures available in Arkansas. Many HMA
mixtures used in the future would not be the same as those studied in this project. To
help designers decide whether those mixtures can be used in the design with reasonable
effects on predicted pavement performance, a sensitivity analysis was performed in this
research. In this study, the changes of the predicted dynamic modulus values caused by

the changes of each variable in the Witczak prediction model were evaluated.
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The ranges of input parameters for the Witczak predictive model evaluated in
this sensitivity analysis were determined based on the data presented in Table 6.6. Three
levels of each independent variable, maximum, minimum, and mean, as presented in
Table 6.18, were used for the sensitivity analysis. The mean frequency of 10 Hz was
selected because it is a reasonable value for traffic speeds, and the mean temperature of
21C (70F) was chosen since it is the reference temperature for the master curve
development in the M-E Design Guide.

The dynamic modulus values were first determined at 10, 21, and 54C (14, 70,
and 130) using the Witczak prediction model based on the mean values of the input
parameters presented in Table 6.18. Each parameter, which was assumed to be
independent to other parameters, was then varied, and the corresponding dynamic
modulus values were determined at the three temperatures while other parameters were
kept constant.

Since the range of the dynamic modulus values determined in this analysis was
largely varied, the percent change in |E*| for a given change in a variable was
determined using Equation 6.9 to evaluate the sensitivity of the estimated |E*| values to

the change of the variable.

*
pc = 21E" 1 100 (6.9)
| E*|
where:
PC = percent change in |[E*|, percent

A|E*| = change in |[E*| for a change in a variable

‘Eﬂ = estimated |E*| using mean values in Table 6.18
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Table 6.18. Input Parameters for Sensitivity Analysis

Parameter Unit Minimum  Mean Maximum
Va percent 3.6 5.5 7.4
Vbeff percent 7.1 94 11.7
R34 percent 0 16 31
R38 percent 14 34 54
R4 percent 38 56 74
P200 percent 3.0 4.4 5.7
Frequency Hz 25 10 0.1
Binder 70-22 76-22
A 10.299 10.007 9.715
VTS -3.426 -3.317 -3.208
Temperature F 14 70 130
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Sensitivity to Test Parameters. Frequency and temperature are test parameters
that significantly affect the dynamic modulus magnitude. While frequency is a direct
input for the Witczak prediction model, temperature influences the dynamic modulus
through the viscosity term 7, which is a function of temperature and binder properties.

The effects of test temperature and frequency on the dynamic modulus are
presented in Figures 6.33 and 6.34, respectively. The dynamic modulus decreased
sharply with increasing test temperature. The effect was more significant at lower
temperatures, and it was lesser when the temperature reached about 21C (70F). Unlike
test temperature, increasing test frequency increased the dynamic modulus. The
dynamic modulus increased sharply at low frequencies, and it slightly increased with
increasing test frequency higher than 5 Hz.

Figure 6.35 compares the influence of temperature on the dynamic modulus
values estimated at 10 Hz and the effect of frequency on |E*| predicted at 21C (70F). It
was obvious that test temperature dominantly influenced the dynamic modulus
magnitude through its range. Increasing test temperature from the lowest [-10C (14F)]
to the highest [54C (130F)] caused 367 percent change in |E*|, while increasing
frequency from the minimum (0.1 Hz) to the maximum (25 Hz) caused only 83 percent
change in |[E*|.

To evaluate the rationality of the Witczak model in predicting |[E*|, the dynamic
modulus values measured in the laboratory were used to develop dynamic modulus
versus temperature and frequency graphs. Typical measured |[E*| versus temperature and

frequency graphs are presented in Figures 6.36 and 6.37.
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The effect of frequency on predicted and measured dynamic modulus, as
presented in Figures 6.34 and 6.37, was similar to each other. However, comparing
Figure 6.36 to Figure 6.33, it was observed that the Witczak prediction model predicted
the effect of temperature on |E*| differently compared to that found on the measured
|[E*|. In Figure 6.36, the influence of temperature was more pronounced at intermediate
temperatures and lesser at lower and higher temperatures. However, in Figure 6.33, the
effect was more significant at lower and intermediate temperatures and lesser at higher

temperatures.

Sensitivity to Mixture Properties. As described above, the effect of the
mixture properties, such as air voids, effective binder content, gradation, and binder
properties, was evaluated at three temperatures, including -10, 21, and 54C (14, 70, and
130). The influence of mixture properties on |E*| at the three temperatures was
presented in Figures 6.38 through 6.40. Based on these figures, the observations are as
follows:

e Estimated |E*| decreased with increasing air voids or effective binder volume.
The effect of air voids on predicted |[E*| is reasonable because the lower
compacted density, the less stiff HMA mixture. However, the effect of effective
binder volume is not clear.

e For gradation properties, predicted |E*| increased with increasing cumulative
percent retained on % in. and 3/8 in. sieves. These effects are expected because

the coarser mixtures, the stiffer HMA mixtures.
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e Increasing cumulative percent retained on No. 4 sieve caused a decrease in
estimated |E*|. In addition, predicted |E*| slightly increased with increasing
percent passing No. 200 sieve.

e The effect of A and VTS parameters on predicted |E*| was not significant at —
10C (14F), but it was more pronounced as temperature increased. In general, the
higher binder viscosity (or higher binder PG), the stiffer HMA mixtures.

Figure 6.41 presents the change in predicted |E*| caused by the expected
variation of each mixture parameter. For this analysis, increasing cumulative percent
retained on No. 4 sieve from the minimum value to the maximum value caused the
greatest change in predicted |[E*|. It was observed that all mixture parameters
significantly affect predicted |E*|, but the effect varies at different temperature levels.

Figure 6.42 presents the change in predicted |E*| caused by a unit change in each
parameter. Air voids and effective binder volume had the most significant effects on
predicted |E*|. Increasing air voids or effective binder volume by one percent caused 5.3
or 4.7 percent change in predicted |E*|, respectively. Among gradation properties,
percent passing No. 200 sieve was the most sensitive.

In this study, among mixture properties, air voids were the most sensitive
parameter to predicted |[E*|. However, if it varied through its range (variation), it caused
only 20.2 percent change in predicted |E*|. Percent retained on No. 4 sieve was the
second less sensitive parameter, as presented in Figure 6.42, but its variation caused up
to 40.5 percent change in estimated |E*|. Therefore, the influence of a mix parameter on
predicted |E*| should be determined based on the combination of the parameter

variation range and sensitivity. This issue was also addressed by Schwartz (107).
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Percent Change of |E*| vs. Mix Parameters
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Figure 6.41. Change in Estimated |E*| Caused by Variation of Mix Parameters
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An interesting observation in Figure 6.41 was that the change in predicted |E*|
of a given mixture, determined using Equation 6.9, caused by the change in air voids
was the same for all temperatures at a given frequency (10Hz). This observation was
investigated using measured dynamic modulus values. Figure 6.43 plots the change in
measured |E*| for five different mixtures determined using Equation 6.9 caused by the
change in air voids. It was observed that the change in measured |E*| caused by the
change in air voids was not the same for all temperatures, and it was actually vastly
varied. It is obvious that the Witczak prediction model is not able to predict the effect of
the interaction between air voids and temperature. With this potential problem, the
Witczak prediction model may not accurately estimate the change in the dynamic
modulus values due to the variability of air voids in the field for a given mixture.

The above sensitivity analysis showed that the maximum change in predicted
|E*| due to the change in the mixture volumetric properties except for binder parameters
(A and VTS) in this study was about 50 percent. To estimate how this change influences
predicted pavement performance, the M-E Design Guide software was used. A new
pavement was design using the same input data described in section 6.3.3 except for the
dynamic modulus. The dynamic modulus values estimated based on the mean
volumetric properties in Table 6.18 were first used. Then, the master curve of the
estimated dynamic modulus was shifted up and down by increasing all of the estimated
dynamic modulus values 50 percent and decreased them 50 percent and 100 percent.
Consequently, four sets of pavement performance predictions were obtained, and the
sensitivity of predicted performance to the dynamic modulus was presented in Figure

6.44.
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Percent Change in |E*| vs. Change in Air Voids
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Figure 6.43. Change in Measured |E*| Caused by Change in Air Voids
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It was noted that the M-E Design Guide software produced errors when the
dynamic modulus master curve was shifted up 100 percent, so the corresponding data
were not included in Figure 6.44. It was observed in Figure 6.44 that one percent
change in |E*| caused about one percent change in predicted fatigue cracking and AC
rutting. As presented in Figure 6.41, the volumetric properties can cause up to 50
percent change in the dynamic modulus values, and as a result, it can cause up to 50
percent change in predicted performance. This equals to a safety factor of 1.5.

In summary, the sensitivity analysis showed that the test temperature is the most
sensitive factor to the predicted dynamic modulus. Increasing test temperature from the
lowest [-10C (14F)] to the highest [54C (130F)] caused 367 percent change in |E*|.
Among volumetric properties, air void content is the most sensitive factor, but its
variation through its range just causes up to 20 percent change in the predicted |[E*|. In
contrast, percent retained on No. 4 sieve seems to be a moderately sensitive factor, but
its variation through its range can cause up to 50 percent change in the predicted |E*|.
As a result, it can cause up to 50 percent change in predicted fatigue cracking and AC
rutting, which equals to the safety factor of 1.5.

The sensitivity analysis shows that the Witczak model exhibits some errors in
predicting the dynamic modulus across test temperatures and does not account for the

interaction effects between air voids and test temperature.

6.4 Summary

The Witczak prediction model was evaluated in this chapter. The accuracy and

error of the model was assessed by comparing the measured |E*| and the corresponding
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predicted values. The Witczak model can reasonably predict the dynamic modulus of
HMA mixtures even though it still has some errors. Level 2 |E*| inputs can estimate the
dynamic modulus more accurate than level 3 |E*| inputs. However, the associated
performance predictions due to level 2 and 3 |E*| inputs were not distinguished in this
study. In addition, the variation of volumetric properties of the mixtures used in this
study can cause up to 50 percent change in predicted performance, and this change
equals to the safety factor of 1.5, which is less than the normally used safety factor of 2.
Therefore, it is recommended that level 3 |E*| inputs be used for initial implementation

of the M-E Design Guide.
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CHAPTER 7: INTERNAL GYRATION ANGLE STUDY

The Superpave gyratory compactor (SGC) is a key component of the Superpave
system. It is used to simulate the field compaction of HMA mixtures. The HMA
specimens are compacted in the SGCs using a combination of pressure and a gyratory
angle. The angle of gyration significantly influences the compaction effort. A current
standard (AASHTO T312) requires the gyration angles of all compactors to be
calibrated externally and/or internally. In many cases, the externally calibrated gyratory
compactors do not produce HMA specimens having similar densities. Unlike the
external angle calibration, the internal angle calibration can adjust different SGCs to
produce similar HMA mixture densities (3,4,98).

The internal angle calibration can be performed using the Dynamic Angle
Validation (DAV) kit with mix. However, many researchers suspected that the
magnitude of the internal angle was dependent upon stiffness (dynamic modulus) or
shear resistance of the mixture used in the calibration. If that is the case, the internal
angle calibration procedure for SGCs becomes mix-dependent calibration method, and
it is complicated. Therefore, the effect of HMA mixture stiffness on the internal
gyration angle measurements was studied in this chapter.

Even though the internal gyration angle calibration is an effective method, it is
still considered labor intensive and time consuming, and a simple calibration method
using a simulated loading device instead of a HMA mixture is desired. The other study
presented in this chapter is to investigate the potential of using the simulated loading

devices to calibrate the internal gyration angle of gyratory compactors.

260



7.1 Effect of Hot-Mix Asphalt Stiffness on Internal Gyration Angle Measurements
7.1.1 Internal Gyration Angles Measured by DAV with Mix

The internal gyration angles of the Pine and Troxler SGCs were measured using
the DAV with eight different HMA mixtures. The testing program was presented in
Section 4.2.1. In order to avoid data deviations caused by measurement errors, the test
data were screened for outlying observations. Since only three replicates were measured
for each test combination, the Dixon outlier test method was used (109).

Three replicate observations are denoted in order of increasing magnitude x; <
X2 < X3. The statistics recommended for testing low side and high side outliers are

presented in Equations 7.1 and 7.2, respectively.

Xy =X
h,, = 7.1
low X3 _ X1 ( )
X3 —Xp
Mg = 7.2
high X3 _ X1 ( )

If the aforesaid statistics are higher than the 5 percent critical value, which is
0.941 for n = 3, the corresponding measurements are considered outliers at the 5 percent
level of significance. The outlying observations were reviewed, and the outlying data
were replaced with new measurements as required.

Since the Pine gyratory compactor molds can handle the DAV with the mixture
for 115 mm specimen, the mean and standard deviation of the test data for the Pine

SGC were determined using Equations 7.3 and 7.4b.

_ DIAtop + DIAbottom
2

DIA

(7.3)
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(7.4a)

DIA,, + DI
Var(DIA)=Var£ Aop ; Ab"“‘)mJ

oo = 4/Var(DIA =%\/Var(Dmmp)+Var(D|Ab0tt0m) (7.4b)

where:
DIAtop = average top internal gyration angle
DI1Abotiom = average bottom internal gyration angle
Var(DIAwp) = variance of top internal gyration angles
Var(DIAottom) = Variance of bottom internal gyration angles
Unlike the Pine SGC molds, the Troxler SGC molds cannot handle the DAV and
the mix for full height sample, so the top and bottom internal gyration angles in
Equation 7.3 were not direct measurements but calculated values based on the
extrapolation method. The internal gyration angles for the 115 mm specimens were
estimated based on a linear model determined by the internal angles for short specimens
(1250 g of HMA mix) and tall samples (2450 g of mixture). The extrapolation can be

done using Equation 7.5.

DIA ;5 = DIA, +(DIA, - DlAs)M (7.5)
(h —hy)
where:
DIA11s = internal gyration angle of 115 mm specimen
DIA = internal gyration angle of short specimen
DIA; = internal gyration angle of tall specimen
hs = height of short specimen
hy = height of tall specimen
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The standard deviation for the calculated internal gyration angles of 115 mm

specimens can be determined using Equation 7.6a.

Var(DIA115)=Var{DIAS +(DIA - DI&)% (7.6a)

The AASHTO standard PP 48-03 allows the height of the test samples varies
within = 5mm. Therefore, the height of the test samples does not significantly affect the
internal gyration angle measurements if it varies within + 5mm around its mean, and

thus Equation 7.6a can be rewritten as follows:

Var(DlAlls)z{1—%TVar(D|AS){%%:S))TVar(DlAt) (7.6b)

If the height of the test specimens varies more than £ 5mm, the deviation of the
height of the short and tall specimens should be accounted in Equation 7.6a, and
Equation 7.6b would be in a more complicated form.

The results of the internal gyration angle Study 1, including the mean and
standard deviation, are presented in Appendix D. Figures 7.1 and 7.2 summarize the
average internal angle and standard deviation for each compactor and mixture. The
figures show that the Pine SGC was less influenced by the HMA mixture used in the
internal angle measurements. The ranges of the mean internal angles for the Pine and
Troxler SGCs were 1.16 through 1.18 and 1.03 through 1.09, respectively. The standard
deviation values for the internal angles of the Troxler SGC were much higher than those
of the Pine SGC, and this observation was expected because the variation of the Troxler
SGC test results included the errors due to the internal gyration angle test method and

the errors due to the linear extrapolation procedure.
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Figure 7.1. Internal Gyration Angles for Different HMA Mixtures
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Standard Deviation of Internal Angle (DAV with Mix)
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Figure 7.2. Standard Deviation of Internal Angles for Different Mixes
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7.1.2 Effect of Mix Stiffness on Internal Gyration Angle Measurements

In this study, two measurements were determined to investigate the affect of
HMA mixture stiffness on the internal gyration angle measurements: (1) the dynamic
(complex) modulus measured by the dynamic modulus test; and (2) the mixture

resistance to the compaction effort measured by the eccentricity of the gyratory force.

Dynamic (Complex) Modulus. The dynamic modulus values used in this study
include: (1) the dynamic modulus measured at 54C (130F) and 10 Hz; and (2) the
dynamic modulus estimated at the compaction temperature of 148C (302F) and 10 Hz
using the Witczak prediction equation. The frequency of 10Hz was chosen because it is
normally used to simulate traffic speed in the field. The dynamic modulus values of the
HMA mixtures used in the internal gyration angle study are presented in Table 7.1. The
internal gyration angles are plotted against the corresponding dynamic modulus values
in Figures 7.3 and 7.4. The figures show that the internal gyration angles were lower
when the stiffer mixtures were used. The effect of mixture stiffness on the internal
gyration angle measurement was different for the two SGCs used in this study. The
effect was more pronounced for the Troxler SGC and less for the Pine SGC. The
influence was observed for both the measured dynamic modulus at 54C and the
predicted dynamic modulus at 148C. However, since the number of HMA mixtures
tested in this study was not enough to gain good correlations, this observation must be

further investigated.
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Table 7.1. Dynamic Modulus of Mixtures for Internal Angle Study

Mixture Dynamic Modulus at 10 Hz (ksi)
54C (130F) 148C (300F)
MCA-12.5-70 83.3 5.3
MCA-12.5-76 98.3 6.1
MCA-25-70 934 5.3
MCA-25-76 76.7 5.9
ARK-12.5-70 77.4 5.7
ARK-12.5-76 143.8 6.7
ARK-25-70 7.7 6.0
ARK-25-76 169.9 7.1
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Internal Angle vs. E* at 54C
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Figure 7.3. Relationship between the Internal Angle and Mix Stiffness at 54C
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Eccentricity of Gyratory Force. The eccentricity of the gyratory force is
generated by tilting the SGC mold to a gyration angle, which can be calibrated by the
internal/external angle calibration method. The gyration angle varied depending upon
the relative stiffness between the mixture and the SGC frame. As a result, a change in
the gyration angle can cause a change in the eccentricity of the gyratory force. In other
words, stiffness of the mixture can cause a change in the eccentricity, resulting a change
in the gyration angle.

The eccentricities of the gyratory force were measured using the Pressure
Distribution Analyzer (PDA) with the eight different mixtures used in the aforesaid
DAV study. The detailed test results are presented in Appendix E. Figures 7.5 and 7.6
summarize the eccentricity and standard deviation values for each compactor and
mixture. Like the internal gyration angle values, the eccentricity values for the Pine
SGC are less variable than those for the Troxler SGC.

The internal gyration angles are plotted against the corresponding eccentricities
in Figure 7.7. The correlations between the internal gyration angles and the
eccentricities were very poor.

Based on the detailed test results presented in Appendix E, it was observed that
the gyratory force was varied when different samples were compacted. In order to
account for the compaction load variation, the tilting moment (a product of the
eccentricity and the gyratory force) of different HMA mixtures was determined and
presented in Figure 7.8. The tilting moments are plotted against the internal gyration
angles in Figure 7.9. Like the eccentricity, the tilting moment had a poor correlation

with the internal gyration angle.
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Standard Deviation of Eccentricity (PDA with Mix)
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Internal Angle vs. Eccentricity
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Figure 7.8. Tilting Moments for Different HMA Mixtures
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Internal Angle vs. Tilting Moment
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In summary, the effect of HMA mixture stiffness in term of the dynamic
modulus and eccentricity/tilting moment was investigated. It was observed that the
internal gyration angles had the tendency to be lower when stiffer (higher dynamic
modulus) mixtures were used. In addition, the correlations between the internal angle
and the eccentricity/tilting moment were very poor. Since the number of mixtures used
in this study was limited, it was recommended that the aforesaid observations be further

investigated.

7.2 Use of Simulated Loading Devices for Internal Angle Measurement

The internal gyration angle calibration using the DAV with mix is an effective
method. However, it is considered time consuming, labor intensive and mix dependent,
as presented in the aforesaid study. Therefore, a new calibration method using the
simulated loading devices is desired. Two simulated loading devices available in the
market are: (1) the Hot Mix Simulator (HMS) that needs to use with the DAV; and (2)
the Rapid Angle Measurement (RAM) that can be used without the DAV.

The following study was designed to investigate the use of the DAV with HMS
and the RAM to calibrate the internal gyration angle of SGCs. The internal gyration
angles of the Pine and Troxler SGCs were measured using the DAV with HMS and the
RAM.

In order to avoid data deviations caused by measurement errors, the test data
were screened for outlying observations. Since only three replicates were measured for
each test combination, the Dixon outlier test method, as presented in Section 7.1.1, was

used.
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The internal gyration angle results measured using the DAV with HMS and the
RAM are presented in Appendix F. The test results are summarized in Figures 7.10 and
7.11. The figures show that the lines for the Troxler SGC were steeper than those for the
Pine SGC. This means the Pine SGC frame is stiffer than that of the Troxler.

The eccentricities, which were occurred when the simulated loading devices
were gyrated in the SGCs, were measured using the PDA. The detailed test results are
presented in Appendix G, and the results are summarized in Figures 7.12 and 7.13. The
eccentricity test results were very similar for the Pine and Troxler SGCs.

The eccentricities of the RAM can be estimated using the radius of the raised
contact rings. For the 44 mm ring, the eccentricity is 22 mm, and it is 32 mm for the 64
mm ring. For the RAM, the measured and estimated eccentricities were similar.

The eccentricities of the DAV can be estimated using the moment balance
equations. Figure 7.14 shows how the DAV with HMS is loaded in SGCs. It is assumed
that (1) the top and bottom eccentricities are equal; (2) the top and bottom plates are
parallel during the compaction. Equation 7.7 is established by balancing the moments
for the top portion at point A, and Equation 7.8 is established by balancing the moments
for the bottom portion at point A.

(e—r)xF=LxP (7.7)
(e+r)xF=HxP (7.8)

Solve Equations 7.7 and 7.8 for the eccentricity (e).

r(1+||_'|j
e=—-—7-"2 (7.9)
1- b
H
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Internal Gyration Angle vs. Cone Angle
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Figure 7.10. Internal Gyration Angle Measured by DAV with HMS
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Eccentricity vs. Cone Angle
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Figure 7.12. Eccentricities Measured by PDA with HMS
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Figure 7.13. Eccentricities Measured by PDA with RAM
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Figure 7.14. Loading Schematic for DAV with HMS
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The eccentricities of the DAV with HMS estimated using Equation 7.9 are
compared to the eccentricities measured using the PDA, as presented in Figure 7.15.
The difference between the estimated and measured eccentricities was about 2 mm. The
difference was expected because (1) the top and bottom eccentricities were not equal;
and (2) the top and bottom plates were not properly parallel during compaction.

Since the use of the DAV with mix to calibrate the internal angle of gyration is
time consuming, labor intensive, and mix dependent, new calibration methods of using
the simulated loading devices are desired. The potential of using the simulated loading
devices instead of HMA mixtures in the calibration was investigated using the
following criteria:

e The internal angles of the simulated loading devices and the HMA mixture

should be within the tolerance of + 0.03°

e The eccentricities of the simulated loading devices and the HMA mixtures

should be similar.

The internal angles of gyration of the Pine and Troxler SGCs measured using
the DAV with HMS and the DAV with mix are plotted against the corresponding
eccentricities in Figure 7.16. Based on Figure 7.16, the observations are as follows:

e For the Pine SGC, the average internal gyration angle and eccentricity for

the DAV with mix were 1.17° and 29.4 mm, respectively. The internal angle
and eccentricity for the DAV with 21° HMS were 1.15° and 27.2 mm, and

those for the 24° HMS were 1.13° and 30 mm.
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Internal Angle vs. Eccentricity (DAV w/ HMS or Mix)
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e For the Troxler SGC, the average internal gyration angle and eccentricity for
the DAV with mix were 1.06° and 28.3 mm, respectively. The internal angle
and eccentricity for the DAV with the 21° HMS were 1.10° and 27 mm, and
those for the 24° HMS were 1.06° and 30 mm.

e An HMS device, whose eccentricity is 28 mm, can be used to calibrate both
SGCs. As shown in Figure 7.15, this device can have 22° cone angle. Figure
7.16 shows that the internal angle for the 22° HMS device, which has 28 mm
eccentricity, are 1.14° for the Pine SGC and 1.08° for the Troxler, which are
0.03° and 0.02° different from the average internal gyration angle values
measured using the DAV with mix. In addition, the differences in the
eccentricity are about 1 mm for the Pine and similar for the Troxler SGC.
This result is similar to what reported by Harman et al. (93).

Figure 7.17 present the internal gyration angle values measured using the DAV
with mix and the RAM. It was difficult to find a single size of the raised contact ring for
the RAM to meet the aforesaid criteria. However, a study by Easley (110) at the
University of Arkansas showed that the RAM with the 44 mm diameter raised contact
ring could be used to calibrate the internal gyration angles of five different SGCs,
including Pine 125X, Pine AFG1, Brovold B1, Troxler 4140A, and Troxler 4141, to

produce similar mixture densities.
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Internal Gyration Angle vs. Eccentricity
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7.3 Summary

This chapter presented the test results of the following studies:

The internal angles of gyration of the Pine and Troxler SGCs measured
using the DAV with eight different mixtures

e The eccentricities of the gyratory force of the Pine and Troxler measured

using the PDA with the aforesaid eight mixtures

e The internal angles of the two SGCs measured using the simulated loading

devices, including the DAV with HMS and the RAM

e The eccentricities of the gyratory force of the two SGCs measured using the

PDA and the simulated loading devices

The analyses of the test results showed that the internal angles of gyration had
the tendency to be lower in case of stiffer HMA mixtures. The correlations between the
internal angle and the eccentricity/tilting moment, which represents the mix resistance
to the compaction effort, were very poor. These observations need further verification
since the number of mixtures used in this study was limited.

The simulated loading devices can be used to calibrate the internal gyration
angles of gyratory compactors. In this study, the DAV with the 22° HMS can be used to
calibrate the internal gyration angles for the Pine and Troxler SGCs within 0.03° and
0.02° different from the values measured using the DAV with mix.

This study was not able to determine a single size of the raised contact ring for
the RAM to calibrate the two SGCs. However, a study by Easley (110) showed that the
44 mm diameter raised contact ring can be used for the RAM to calibrate five different

SGCs.
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CHAPTER 8: SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
8.1 Summary
8.1.1 Research Objectives

The objectives of this project were:

To develop a dynamic modulus database and determine the data variability

for level 1 |[E*| inputs in the M-E Design Guide;

e To evaluate the Witczak predictive equation for level 2 and 3 inputs in the
Guide;

e To identify the appropriate |E*| input level for initial implementation of the
Guide;

e To investigate the effects of HMA mixture stiffness on the associated
internal angles of gyration; and

e To evaluate the potential of using the simulated loading devices for the

calibration of SGCs.

8.1.2 Testing Programs

Two major testing programs were performed in this project. One testing
program involved in the dynamic modulus testing, and the other program dealt with the
internal gyration angle of SGCs. The testing program for the dynamic modulus used 21
HMA mixtures based on four aggregate sources, three aggregate sizes, and two binder
grades. Three replicates for each HMA mixture were prepared at optimum binder
content. After the mixtures were compacted to 150 mm diameter and 170 mm height at

two air void levels, the test specimens, 100 mm diameter and 150 mm height, were
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cored and end-cut from the compacted samples. The test specimens were inspected in
terms of geometric dimensions and air voids before the dynamic modulus testing.

The dynamic modulus test was performed at five temperatures, including -10,
4.4,21.1, 37.8, and 54.4C (14, 40, 70, 100, and 130F), and six frequencies, including
25,10, 5, 1, 0.5, 0.1 Hz, on each test specimen. The test was performed from low to
high temperatures and from high to low frequencies. The raw dynamic modulus test
data were acquired and stored for analyses.

The second testing program included:

e Determining the internal angles of gyration using the DAV with mix;

e Obtaining the internal angles of gyration using the simulated loading

devices, including the DAV with HMS and the RAM; and

e Determining the eccentricities of the gyratory force using the PDA with mix

or the PDA with the simulated loading devices.

The testing program for the internal angle of gyration used eight HMA mixtures
from two aggregate sources, two aggregate sizes, and two binder grades. Two SGCs,
including Pine 125X and Troxler 4141, were employed for this study. The Pine SGC
was calibrated to the internal gyration angle of 1.17°, which is within the internal angle
specification range of 1.16° + 0.03°, whereas the Troxler SGC had the internal gyration
angle of 1.06°.

Since the molds of the Pine SGC can handle the DAV and the mixture for a full
height (115 mm) specimen, three top and three bottom internal angles of gyration were
determined using the DAV placed on top or bottom of the full height specimens.

However, the molds for the Troxler SGC are not tall enough for the DAV and the
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mixture for a full height specimen, the top or bottom internal gyration angles for the full
height specimens were determined from the angles for two shorter specimens using the
linear extrapolation method. Three internal angles of gyration for each mixture and
SGC were the averages of the top and bottom internal gyration angles.

The internal angles of gyration for each SGC were also determined using the
simulated loading devices, including the DAV with HMS and the RAM. The top and
bottom internal angles of gyration were measured using the DAV with three HMS cone
angles, including 18, 21 and 24°, or using the RAM with two raised contact ring sizes,
including 44 and 64 mm diameter. The internal gyration angles were then the mean of
the top and bottom angles.

The eccentricities of the gyratory force were determined using the PDA with the
eight HMA mixtures used in the internal angle study. The top and bottom eccentricities
were measured with the PDA placed on top and bottom of the mixture. The top and
bottom eccentricities were also measured using the PDA with the simulated loading

devices. The average of the top and bottom eccentricities was used for further analyses.

8.1.3 Laboratory Dynamic Modulus Test Results and Analyses

The raw data acquired from the dynamic modulus testing, including recording
time, loading magnitude, and displacements of the LVDTSs, were used to determine the
dynamic moduli and phase angles of the mixture in question using the DYNMOD
program. The DYNMOD was developed in this project to fit the loading and

displacement curves to the test data based on the numerical optimization method. The
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dynamic modulus and phase angle were then determined based on the loading and
displacement data obtained from the curves.
After the dynamic modulus and phase angle values were determined, the
variability of the test results was analyzed. The variability analysis included:
e ANOVA tests to determine if the test results contained any errors caused by
the measurement device defects; and
e The variability of the test results in term of the coefficient of variation.
The dynamic modulus test results were also used for developing the subsequent
master curves for each HMA mixture. The master curves were constructed using a
spreadsheet developed in this project. The spreadsheet used the Solver function in
Microsoft Excel® to fit the master curve sigmoidal function to the associated test data.
Finally, the dynamic modulus database included:
e The dynamic modulus test results presented in the form specified for level 1
inputs in the Design Guide; and

e The master curves for each HMA mixture tested in this project.

8.1.4 Dynamic Modulus Prediction

The dynamic modulus test is relatively complex and expensive to perform, so it
is desirable to predict the dynamic modulus from the mixture volumetric properties. The
dynamic modulus can be estimated using the Witczak or Hirsch predictive equation.
The Witczak predictive equation is incorporated in the Design Guide as part of level 2

and 3 |[E*| inputs.
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The Witczak equation was evaluated using the dynamic modulus test results
obtained in this study. The accuracy of the equation was evaluated using the goodness-
of-fit statistics, including lack of fit statistic, S¢/Sy, and correlation coefficient, R% The
bias of the equation was assessed using the graphs of prediction errors versus mixture
properties, test parameters, and predicted |[E*| values. Finally, the effects of the |E*|
prediction errors on the pavement performance, such as rutting and fatigue cracking
were evaluated.

The mixtures used in this study would not cover all HMA mixtures available in
Arkansas, so many HMA mixtures used in the future would not be the same as those
studied in this project. To help designers decide whether those mixtures can be used in
the design with reasonable effects on predicted pavement performance, a sensitivity
analysis was performed in this research. In this study, the changes of the predicted
dynamic modulus values caused by the changes of each variable in the Witczak

prediction model were evaluated.

8.1.5 Internal Gyration Angle Study
The results obtained from the internal angle study program included:
e The internal gyration angles of the Pine and Troxler SGCs measured using
the DAV with mix;
e The eccentricities of the gyratory force of the Pine and Troxler measured
using the PDA with mix;
e The internal angles of the two SGCs measured using the simulated loading

devices, including the DAV with HMS and the RAM; and
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e The eccentricities of the gyratory force of the two SGCs measured using the
PDA and the simulated loading devices.

The aforesaid test data were screened for outlying observation using the Dixon
procedure. In order to investigate the effects of the mix stiffness in terms of the dynamic
modulus and eccentricity of the gyratory force on the internal gyration angle
measurements using the DAV with mix, the following test data were used:

e The internal gyration angles measured using the DAV with mix;

e The dynamic modulus values of the mixtures used in the internal gyration

angle study; and

e The eccentricities of the gyratory force measured using the PDA with mix.

The correlation between the internal angles and the mix stiffness was
determined using the simple linear regression. The potential of using the simulated
loading devices for the internal gyration angle calibration was evaluated using all of the
data listed at the beginning of this section. The evaluation criteria are as follows:

e The internal angles of the simulated loading devices and the HMA mixture

should be within the tolerance of + 0.03°

e The eccentricities of the simulated loading devices and the HMA mixtures
should be similar.
The conclusions based in the aforesaid analyses are presented in the following

section.
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8.2 Conclusions

The conclusions drawn from the analyses of the dynamic modulus test results

are as follows:

e Among different approaches recommended in the AASHTO TP 62-03 to
determine the peak stress and peak strain from the raw data acquired from
the dynamic modulus testing, the curve fitting technique using the numerical
optimization method was relatively easy to accomplish using a spreadsheet.
The DYNMOD program developed in this project using the curve fitting
technique was an excellent tool to calculate the dynamic modulus and phase
angle values from the raw test data.

e The statistical analyses of the LVDT measurements showed that the
differences between the LVDT responses were not significant. In addition,
the testing order of the replicates was randomized, so the testing order
should not be a sensitive factor in the test variability. Therefore, the dynamic
modulus test results obtained in this project have no defects caused by the
test measurement errors.

e The variability of the dynamic modulus test results was evaluated using the
coefficients of variation, which is capable of normalizing the test variability
across the test temperatures and frequencies. Two types of coefficient of
variation were determined: (1) the “within” coefficient of variation that
measured the variability between the individual LVDT measurements in a
specimen; and (2) the “between” coefficient of variation that measured the

variability between the average parameters of the replicates. The effects of

292



mixture properties and test parameters on the variability of the test results

are as follows:

o0 The “within” and “between” coefficients of variation were higher with
increasing nominal maximum aggregate size;

0 The “within” coefficients of variation were higher with increasing air
void content; and

0 The test variability was higher at higher temperatures or higher
frequencies. The differences between the lowest and highest coefficients
of variation for both temperature and frequency sweeps were about 1.5
percent for “within” values and about 0.6 percent for “between” values.

The variability of the test results obtained in this study were much lower

than those in other studies (73,75,84). However, it was noted that other

studies used a different testing program that featured two replicate

specimens instrumented with two LVVDTSs per specimen, compared to three

replicates instrumented with four LVDTSs used in this study.

The confidence interval of the dynamic modulus test results was calculated

based on the CVs. The average 95-percent confidence interval for the

dynamic modulus test results obtained in this study was +13.56 percent,

which was less than the required value of +15 percent, as specified in

AASHTO TP 62-03.

The dynamic modulus test results can be presented using the master curves.

The master curves can be used to determine the dynamic modulus in a

broaden range of frequency and temperature without performing a complex
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testing program. The master curves of the test data were constructed using a
spreadsheet developed in this project based on the sigmoidal function
developed at the University of Maryland (73), and the sigmoidal function fits
the test data very well.

e The final product of the laboratory dynamic modulus test program was the
dynamic modulus and phase angle values measured at five temperatures and
six frequencies and the subsequent master curves. The dynamic modulus
values were presented in the preset form for level 1 input of the M-E Design
Guide.

The laboratory dynamic modulus test results were used to evaluate the Witczak

predictive equation, and the analysis results are as follows:

e Overall, the predicted dynamic modulus values agreed quite well with the
laboratory measured dynamic modulus values. The evaluation statistics for
level 2 |E*| inputs were even better than the calibrated statistics (R* = 0.886
and S¢/Sy = 0.338 in arithmetic space), and those for level 3 |E*| inputs
compared favorably to the calibrated statistics.

e |t was observed that comparing to level 1 inputs, level 2 predicted dynamic
modulus values were more accurate than those of level 3, and the dynamic
modulus for HMA mixtures was slightly over predicted using level 3 inputs.

e Even though level 2 inputs seemed to predict the dynamic modulus values
better than level 3, further investigation showed that both input levels

overpredicted the dynamic modulus of the mixtures at high temperatures
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(compared to test results). These systematic errors (bias) may influence

predicted pavement performance.

The M-E Design Guide 2002 design software (version 0.007) was used to

investigate the effects of level 2 and 3 |E*| predictions on predicted pavement

performance, and the investigation results are as follows:

Based on the analyses of predicted pavement performance using the
measured and predicted dynamic modulus values, the differences between
level 2 and 3 predicted distresses were not significant.

The pavement distresses predicted using the predicted |[E*| inputs were

relatively close to those using the measured |E*| inputs.

Since many mixtures used in the future would not be the same as those studied

in this project, the sensitivity analysis of the inputs of the Witczak equation was

performed to help designers determine the effects of the mixture changes on predicted

pavement performance. The sensitivity analysis results are as follows:

The sensitivity analysis showed that the test temperature is the most
sensitive factor to the predicted dynamic modulus. Increasing test
temperature from the lowest [-10C (14F)] to the highest [54C (130F)] caused
367 percent change in |E*|.

Among volumetric properties, air void content is the most sensitive factor,
but its variation through its range just causes up to 20 percent change in the
predicted |E*|. In contrast, percent retained on No. 4 sieve seems to be a
moderately sensitive factor, but its variation through its range can cause up

to 50 percent change in the predicted |E*|. Therefore, the influence of a mix

295



parameter on predicted |E*| should be determined based on the combination
of the parameter variation range and sensitivity. This issue was also
addressed by Schwartz (107).

Based on the sensitivity analysis results, the Witczak model exhibits some
errors in predicting the dynamic modulus across test temperatures and does
not account for the interaction effects between air voids and test temperature.
This observation helps partially explain the prediction errors of the Witczak

model at high temperatures.

The conclusions based on the internal gyration angle study are as follows:

The internal angles of gyration had the tendency to be lower when stiffer
HMA mixtures, which have higher dynamic modulus, were used for the
internal gyration angle calibration.

The eccentricity of gyratory force and the tilting moment had very poor
correlations with the internal angle.

The DAV with the 22° HMS can be used to calibrate the internal gyration
angles for the Pine and Troxler SGCs. The internal gyration angles measured
using the DAV with the 22° HMS were within 0.03° from the values
measured using the DAV with mix.

This study was not able to find the raised contact ring for the RAM to equal
the internal angles measured using the RAM to the values measured using

the DAV with mix.
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8.3 Recommendations

Based on the aforesaid conclusions, the recommendations are as follows:

e A testing program featuring three replicate specimens instrumented with
four LVDTSs per specimen is recommended for the future dynamic modulus
testing.

e Based on the variability analyses of the dynamic modulus test results, it is
recommended that the dynamic modulus values obtained in this study be
used for level 1 |E*| inputs in the M-E Design Guide.

e Based on the evaluation of the Witczak predictive equation, level 3 |E*|
input can be used instead of level 1 and 2 |[E*| inputs for initial
implementation of the M-E Design Guide. However, the effects of the
dynamic modulus predictions on predicted pavement performance should be
re-evaluated when the performance data of in-service pavements become
available.

e Itis recommended that the design software add a new feature that allows the
users to input state/regional calibration factors for the Witczak predictive
model incorporated in level 3 predicted dynamic modulus inputs. This
feature would be useful for many states in which the Witzcak predictive
model requires some modifications to reasonably predict the dynamic
modulus of local HMA mixtures.

e The potential of using the DAV with the 22° HMS to calibrate the internal

angle of gyration should be further studied.
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e It is recognized that the dynamic modulus test results obtained in this project
were based on the laboratory compacted specimens. A new plant-mixed

specimen study is highly recommended.
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Introduction

The National Cooperative Highway Research Program (NCHRP) Project 9-19
recommends a “Simple Performance Test” be used with the Superpave volumetric
mixture design procedure and continues developing advanced material characterization
methods for Superpave distress predictive models.

The current Superpave volumetric Level 1 design was based upon volumetric
properties of the asphalt mixtures and did not include any test method to evaluate the
distress characteristics of the hot mix asphalt (HMA) mixture. Therefore, the current
volumetric mix design procedure is not sufficient to ensure mixture performance.

Based on the research results, the NCHRP 9-19 project team (1) recommends
three test parameters for further field validation for permanent deformation, including
the dynamic modulus, E*/Sing, determined from the triaxial dynamic modulus test at
high temperatures; the flow time, F;, determined from the triaxial static creep test; and
the flow number, F,, determined from the triaxial repeated load test. For fatigue
cracking, it is the dynamic modulus, E*, measured at low test temperatures. For low
temperature cracking, the team recommends the static creep compliance measured by
the indirect tensile creep test.

The purpose of this paper is to present the literature review on the triaxial static

creep test to determine the flow time, F, of the HMA mixtures.

Background

Theoretical Background

The static creep test, using either one cycle load/unload or simple loading, provides
information about the material response characteristics of bituminous mixtures. The
interpretation of the strain/time response obtained from a static creep test provides
significant parameters, which describe the instantaneous elastic/plastic and
viscoelastic/plastic components for evaluating the tested mixture’s rutting resistance
1,2).
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Strain-Time Response Curve
A load/unload cycle of a typical strain time response of a bituminous mixture, which is

obtained from a static creep test, is illustrated in Figure 1. The denotes in this figure are

as follows:
L,U represent superscripts denoting whether the strain response is in
the loading (L) phase or unloading (U) phase
ty, to represent variable times in the loading and unloading phases,

respectively
T, Tul represent the end of the loading cycle (T.) and the end of the
unloading cycle (TuL)
The various train components in Figure 1 are:

&= &° instantaneous recoverable (elastic strain)

gpL instantaneous non-recoverable plastic strain (negligible except at
high temperatures)
Se-(t) = & (- T) Whenty =t - T,
this is the time dependent viscoelastic (recoverable) strain
gvpL(tl) time dependent viscoplastic (non-recoverable) strain (negligible

except at high temperatures)
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Figure 1. Typical Strain —Time Response for Asphalt Mixture Under Static Creep
Test (1)

8an(TUL) non-recoverable time dependent strain at the end of one
load/unload cycle
=&+ gveU(tz -T)org= ge"(TL) - &n(Tu)
this is the resilient strain (recoverable) at the end of one

load/unload cycle
Modulus/Compliance Components
The following “modulus” values, which are the ratio of stress to strain, are defined

dependent upon the particular strain value used. The resilient modulus is:

Eq =2t (1)

E, =% )
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The creep or time dependent modulus is:

'

=0 ®3)
Where &, &, &(t) are the resilient, elastic, and total strain as shown in Figure 1.
The reciprocal of the modulus values is defined as the compliance:
D(t)=E()™ -2 4)
Oy
The use of compliance in viscoelastic-viscoplastic theory is advantageous
because it allows for the separation of the time-dependent and time-independent
components of the strain response. The total strain, £(t), can be expressed in term of its
recoverable and irrecoverable components or time-dependent and time-independent
components as follows:
slt)=¢, + £, + &y &y (5)
=04(D, + D, + D, (t)+ Dy, (t))
=04 * D(t)
The deviator stress in Equation (5) is determined using Equation (6).
o4 =0, — 03 (6)
where
o4 = deviator stress (psi)
o1 = axial stress (psi)
o3 = confining stress (psi)
For the unconfined static creep test, oy = o1 (o3 = 0), while for the
triaxial/confined condition, oy = o1 - o3. In Equation (6), the axial stress (o) is
determined as follows:
0= ™
where
P = axial load applied (Ib)
A = area of cross section of specimen (in?)
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Flow Time
A total strain-time relationship is measured in the laboratory using a static compressive
creep test under unconfined or confined conditions. As a result, a relationship between
the calculated total compliance and loading time is developed, as shown in Figure 2.
The total compliance in Figure 2 can be divided into three major zones:
e The primary zone - the portion in which the strain rate decreases with loading
time;
e The secondary zone — the portion in which the strain rate is constant with
loading time; and
e The tertiary zone — the portion in which the strain rate increases with loading

time.

D(t) * AV>O AV:O

Secondary /\Te riary

Flow Time when

Primary Shear Deformation Begins

o
Time
Figure 2. Typical Relationship Between the Calculated Compliance and Time (3)

Ideally, the large increase in compliance generally occurs at a constant volume
within the tertiary zone. The starting point of tertiary zone is defined as the flow time,
Fr. The flow time is the point at which the rate of change of compliance to loading time
in the relationship is minimum. Therefore, the flow time is also defined as the time at
which the shear deformation under constant volume begins. As reported, the flow time
is a significant parameter in evaluating an HMA mixture’s rutting resistance (1,2).
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Compliance Model

The following power model is used to represent the secondary (i.e., linear) phase of the

creep compliance curve, as shown in Figure 3.
D(t)=at"

or log D(t)=loga + mlog(t)

where
D(t) =total compliance at any time
t = loading time
a, m = material regression coefficients

The regression coefficients a and m are generally referred to as the compliance
parameters, which indicate the permanence deformation behavior of the material. The
larger the value of a, the larger the compliance value, D(t), the smaller the modulus
value, E(t), and the larger the permanent deformation. For a constant a-value, the larger

the value of m, the larger the permanent deformation.

log 1 D(t)=at™m

Intercept |

TPk

a

Slope

”

v

log Time

Figure 3. Compliance Model for Secondary Zone of the Log Compliance-Log Time

Plot (1)
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Total Compliance at Failure

Total compliance at failure (Dy) was defined by Hafez (2) as the total

compliance calculated at the flow time (Fr):

Dy =Dy + Dy FTml

where
Dy = total compliance at failure
Do = instantaneous elastic and plastic compliance (= De + Dy)
Fr = flow time (sec)

D;, m; = material regression coefficients

The total compliance at failure and the critical flow time are used to define the
safe zone for mix designs, as shown by the hatched area in Figure 4. The horizontal line
in Figure 4 represents the value of the total compliance (D) at failure at a given
reliability value, R, and the vertical line represents the critical flow time, Fr criticar. A Mix
that falls within the safe zone will be accepted (3) because (1) the actual flow time of an
acceptable mix is larger than the critical flow time; and (2) the total compliance at
failure for an acceptable mix occurs at reliability levels equal or larger than the target

reliability level for the total compliance at failure (target reliability = 50 percent if the

mean total compliance at failure is used as the horizontal limit time).

Increase Reliability

Time

C
P

Failure —~4—

~F,Line”

log D(t)

%
N\

Safe Zone

Mt

NSNS

=
-

t critical l:l actual

Figure 4. Criteria for the Creep Test Safe Zone (4)
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Static Creep Test Description

A detailed test method for static creep/flow time of HMA mixtures in compression is

presented in (1). The static creep test can be performed under unconfined or confined

conditions and using one load-unload cycle provide sufficient information to

determined the time independent and time dependent components of the material’s

response.

Specimen Preparation

The mixture is mixed and compacted to the 150 mm (6 in.) diameter by 170 mm (6.7

in.) high. A 100 mm (4 in.) diameter specimen is cored from the center of the gyratory

specimen. The ends of the cored specimen are sawed to obtain a 100 mm (4 in.)

diameter by 150 mm (6 in.) high. The geometric properties and air void content of the

final test specimen are checked for acceptance. The air voids of the test specimen

should not differ by more than 0.5 percent from the target air voids.

The number of replicates required depends on the measurement devices used in

the testing and the desired accuracy of the average flow time values. Table 1 presents a

guideline for selecting the number of replicates required for testing.

Table 1. Recommended Number of Specimens (1)

LVDTs per Specimen | Number of Estimated Standard Error of the Mean,
(Either Vertical or Specimen %, Per Mixture’s Nominal Aggregate
Horizontal, not Size
Conbined)

12.5 mm 19 mm 37.5 mm

2 2 7.6 9.5 18.8

2 3 6.2 7.7 15.3

3 2 6.7 8.9 17.4

3 3 55 7.3 14.2

4 2 6.2 8.6 16.6

4 3 5.0 7.0 13.6
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Test Procedure

The test specimen is placed in the environmental chamber and allowed to equilibrate to
the specified testing temperature. After temperature equilibrium is reached, the test is
performed using an electro-hydraulic machine, which is capable of applying static load
up to 25 kN (5,600 Ibs). Load is measured through the load cell, and the specimen’s
deformations are measured by axial and radial LVDTSs. Figure 5 shows a static creep
test setup for an unconfined condition, and Figure 6 shows a test setup for a confined
condition.

Figure 5. Static Creep Test Setup for Unconfined Condition (1)
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Figure 6. Static Creep Test Setup for Confined Condition (1)

The design stress level covers the range between 69 and 207 kPa (10 - 30 psi)
for the unconfined tests, and 483 to 966 kPa for the confined tests. Typical confinement
stresses range between 35 and 207 kPa (5 - 30 psi). The load is hold constant until
tertiary flow occurs or the total axial strain reached approximately 2% for unconfined
test and 4-5% for confined tests.

Actual test results and plots from a static creep test are presented in Figures 7
and 8. Figure 7 shows the total axial strain versus time on a log-log scale. The
compliance parameters a and m are estimated by drawing a straight line on the linear
portion of the curve. Figure 8 shows a plot of the rate of change in compliance versus
time on a log-log scale. The flow time is the time at which the curve in Figure 8 reaches

the minimum value.
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Figure 7. Total Axial Strain versus Time (1)
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Analyses and comparisons of mixture responses to permanent deformation
Researchers have studied the relationship between the static creep test parameters and
the performance deformation behavior of the asphalt material in the field. In one project
(5), the test parameters were compared to the Asphalt Pavement Analyzer (APA) and
Hamburg Wheel-Tracking Device (HWTD) results. The test parameters investigated
include the intercept (a), slope (m), compliance (D(t)) at short time and long time, and
flow time (F1).

Intercept Parameter (a)

The intercept for unconfined conditions showed rational relationships with the rut
depth, and the statistics obtained for linear models were rated fair to good. However, the
intercept for confined conditions had very poor measures of model accuracy, and it was
not related to the but-depth measurements (1).

Slope Parameter (m)

The slope parameters for both unconfined and confined conditions had positive and
rational relationship with the rut-depth. The goodness-of-fit statistics of the linear
models were rated fair to good (1).

Bhasin et al. (5) reported that among the test parameters investigated, including
dynamic modulus (E*), E*/sing, flow time (Fr), flow time slope (m), flow time
intercept (a), flow number (Fy), and flow number slope (b), the slope parameter of
static creep test provided the best correlations with the APA and HWTD rut depth.
Compliance D(t) at Short and Long Term
The compliance at short and long term for both unconfined and confined conditions had
a good relation with the rut depth. The measure of linear model accuracy was rated fair
to good (1).

Flow Time (F)

The flow time for both unconfined and confined conditions had a good correlation with
field rut depth measurements. The goodness-of-fit statistics obtained from the power
models were good to excellent. Figures 9 and 10 present two examples of rut depth
versus unconfined and confined flow time. The weighted average statistical measures
for the flow time (Fr) were R® = 0.91 and Se/Sy = 0.323 for unconfined conditions, and
R?=0.87 and Se/Sy = 0.388 for confined conditions (1).
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Overall, the flow time was rated the best among all static creep test parameters
to correlate with the rutting behavior in the field. The higher the flow time value, the

longer time to failure, the better the mixture performance.

ALF: Confined Static Creep Test - Flow Time
@ 130 °F (54.4 °C) (20 psi)
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Figure 9. Rut Depth versus Unconfined Flow Time (1)
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Figure 10. Rut Depth versus Confined Flow Time (1)

Flow Time (Fr) versus Flow Number (Fyn) and Dynamic Modulus (E*)

The flow time and flow number, obtained from a repeated permanent deformation load
test, showed a better correlation to the rutting behavior of the mixture than the dynamic
modulus (5). The flow time showed the best correlation to the mixture permanent
deformation in confined conditions. The static creep test for determining the flow time
requires simple equipment with static load capability and is inexpensive to operate.
However, the test does not simulate the field dynamic loading behavior.

The flow number also showed a good relation to mixture rutting behavior, and
the test loading conditions simulate the field dynamic phenomenon. However, the test is
more complicated to implement, especially for confining conditions that may be
required.

A correlation analysis between the flow time and flow number showed that two
parameters are well correlated, and the relationship was Fy = 1.565*F with an R? of
0.81 (3).
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Summary

The static creep test, using either one cycle load/unload or simple loading,
provides significant parameters, including flow time, flow time slope, compliance. The
test can be implemented in unconfined and confined conditions. Overall, the flow time
showed the best correlation to the rut depth in the field over the other test parameters.
The goodness-of-fit statistics of the flow time were rated good to excellent for both
unconfined and confined conditions. The higher the flow time values, the better the
mixture performance.
The flow time and flow number showed a better correlation to rut depth than the
dynamic modulus. The flow time also well correlated to the flow number.
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP238C-02 Date: 06/03/2002
Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 3/4" 172" HDS Screenings
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 67 100 100 100 93
9.5-3/8" 38 80 100 100 80
4.75 - #4 6 13 97 100 51
2.36 - #8 4 2 78 74 37
1.18 - #16 4 2 50 51 25
0.6 - #30 3 2 28 35 16
0.3-#50 3 2 14 23 10
0.15 - #100 3 2 16 6
0.075 - #200 1.5 1.6 3 13 4.2
Cold Feed % 21 33 26 20

Mix Design Summary

Asphalt Content %: 5.8 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.403 VMA: 14.9
Asphalt Binder: PG 70-22 VMA Correction Factor: -2.7
Mixing Temperature: 335F Gsh: 2.532
Compaction Temperature: 300F Gse: 2.624
Gh: 1.016
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP238C-02 Date: 06/03/2002
Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 3/4" 1/2" HDS Screenings
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 68 100 100 100 90
9.5-3/8" 38 80 100 100 75
4.75 - #4 6 13 97 93 43
2.36 - #8 4 2 78 63 30
1.18 - #16 4 2 51 38 19
0.6 - #30 3 2 28 24 12
0.3-#50 3 2 12 15 7
0.15 - #100 3 2 4 12 5
0.075 - #200 1.7 1.9 1.8 11.8 4.0
Cold Feed % 32 28 18 22

Mix Design Summary

Asphalt Content %: 6.2 Air Voids (Va): 4
Max. Theor. Sp. Gr. (Gmm): 2.369 VMA: 14.9
Asphalt Binder: PG 76-22 VMA Correction Factor: -2.9
Mixing Temperature: 340F Gsh: 2.51
Compaction Temperature: 300F Gse: 2.595
Gb: 1.023
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP072A-99

Plant Name: McClinton Anchor

Date: 10/05/1999

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 94
19.0 - 3/4" 50.1 100 100 100 85
12.5-1/2" 12.3 100 100 100 74
9.5-3/8" 7.6 80 100 100 64
4.75-#4 2.1 12.9 97.3 99.9 34
2.36 - #8 2 2.2 7.7 71.9 22
1.18 - #16 19 2 50.5 475 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3-#50 15 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 5
0.075 - #200 1.2 1.6 1.8 10.6 3.6
Cold Feed % 30 42 5 23
Mix Design Summary
Asphalt Content %: 5.0 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.430 VMA: 13.3
Asphalt Binder: PG 70-22 Gsb: 2.540
Mixing Temperature: 340F Gse: 2.622
Compaction Temperature: 300F Gb: 1.016
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: SP075-98

Plant Name: McClinton Anchor

Date: 05/11/1998

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Flintrock West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 94
19.0 - 3/4" 50.1 100 100 100 85
12.5-1/2" 12.3 100 100 100 74
9.5-3/8" 7.6 80 100 100 63
4.75-#4 2.1 12.9 97.3 99.9 32
2.36 - #8 2 2.2 7.7 71.9 21
1.18 - #16 1.9 2 50.5 475 14
0.6 - #30 1.7 1.9 28.3 31.8 9
0.3-#50 15 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.3
Cold Feed % 30 44 6 20
Mix Design Summary
Asphalt Content %: 5.3 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.404 VMA: 139
Asphalt Binder: PG 76-22 Gsb: 2.538
Mixing Temperature: 340F Gse: 2.600
Compaction Temperature: 300F Gb: 1.023
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP030C-01

Plant Name: McClinton Anchor

Date: 02/01/2001

Location: Lowell

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Humbel West Fork
Sieve Size 1-1/2" 1/2" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
250-1" 79 100 100 100 89
19.0 - 3/4" 50.1 100 100 100 74
12.5-1/2" 12.3 100 100 100 54
9.5 -3/8" 7.6 80 100 100 48
475 - #4 2.1 12.9 97.3 99.9 31
2.36 - #8 2 2.2 7.7 71.9 22
1.18 - #16 1.9 2 50.5 47.5 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3-#50 1.5 1.8 11.5 21.1
0.15-#100 14 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.1
Cold Feed % 52 20 9 19 100
Mix Design Summary
Asphalt Content %: 4.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.457 VMA: 12
Asphalt Binder: PG 70-22 Gsh: 2.547
Mixing Temperature: 340F Gse: 2.624
Compaction Temperature: 300F Gb: 1.016
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Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: SP074-98 Date: 1998

Plant Name: McClinton Anchor Location: Lowell
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

MCA MCA MCA MCA Job Mix
Preston Sharps Humbel West Fork
Sieve Size 1-1/2" 172" HDS Screenings
37.5-1-1/2" 100 100 100 100 100
25.0-1" 79 100 100 100 89
19.0 - 3/4" 50.1 100 100 100 73
12.5-1/2" 12.3 100 100 100 53
9.5-3/8" 7.6 80 100 100 47
4.75 - #4 2.1 12.9 97.3 99.9 31
2.36 - #8 2 2.2 77.7 719 22
1.18 - #16 1.9 2 50.5 47.5 15
0.6 - #30 1.7 1.9 28.3 31.8 10
0.3 - #50 1.5 1.8 11.5 21.1
0.15 - #100 1.4 1.7 3.9 14.7 4
0.075 - #200 1.2 1.6 1.8 10.6 3.1
Cold Feed % 54 18 9 19 100

Mix Design Summary

Asphalt Content %: 4.2 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.442 VMA: 1138
Asphalt Binder: PG 76-22 Gsb: 2.548
Mixing Temperature: 340F Gse: 2.600
Compaction Temperature: 300F Gb: 1.023
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP248C-02 Date: 07/02/2002
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ AR Lime Job Mix
Granite Granite Granite Batesville
Sieve Size 3/4" 172" Ind. Sand Bag House
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 78 100 100 100 92
9.5-3/8" 62 88 100 100 80
4.75 - #4 38 58 84 100 56
2.36 - #8 23 38 53 100 36
1.18 - #16 15 26 34 100 24
0.6 - #30 10 18 22 100 17
0.3-#50 6 12 12 100 11
0.15 - #100 4 8 6 95 7
0.075 - #200 2.3 4.7 3 78 4.2
Cold Feed % 38 43 18 1 100

Mix Design Summary

Asphalt Content %: 5.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.436 VMA: 15.1
Asphalt Binder: PG 70-22 Gsh: 2.601
Mixing Temperature: 330F Gse: 2.638
Compaction Temperature: 300F Gb: 1.028
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP097-99

Plant Name: Cranford

Date: 05/06/1999

Location: Sweet Home

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ AR Lime | Job Mix
Granite Granite Granite Batesville
Sieve Size 3/4" 172" Ind. Sand Bag House
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 85.7 100 100 100 95
9.5-3/8" 71 92.5 100 100 86
4.75 - #4 45.1 64.1 89.7 100 62
2.36 - #8 29.9 42.1 60.7 100 41
1.18 - #16 18.8 27.3 38.7 100 27
0.6 - #30 12.4 18.3 24.4 100 18
0.3-#50 7.3 11.4 13.8 100 11
0.15 - #100 4.8 6.8 7.4 95.2 7
0.075 - #200 2.6 3.8 2.9 78.1 3.9
Cold Feed % 48 42 9 1 100
Mix Design Summary
Asphalt Content %: 5.6 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.420 VMA: 159
Asphalt Binder: PG 76-22 Gsh: 2.602
Mixing Temperature: 340F Gse: 2.631
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: HM304-03

Plant Name: Cranford

Date: 08/14/2003

Location: North Little Rock

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size 11/2" 3/4" 172" Donna Fill
37.5-1-1/2" 100 100 100 100 100
25.0-1" 96 100 100 100 98
19.0 - 3/4" 73 100 100 100 86
125-1/2" 40 86 100 100 64
9.5-3/8" 26 71 88 100 51
4.75 - #4 6 45 58 100 29
2.36 - #8 3 30 38 100 21
1.18 - #16 2 19 26 99 16
0.6 - #30 2 12 18 90 13
0.3 - #50 1 12 81 9
0.15-#100 1 5 8 43 6
0.075 - #200 0.7 2.6 4.7 22 3.1
Cold Feed % 53 32 8 7 100
Mix Design Summary
Asphalt Content %: 4.4 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.472 VMA: 134
Asphalt Binder: PG 70-22 Gsb: 2.602
Mixing Temperature: 340F Gse: 2.641
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: HM304-03

Plant Name: Cranford

Date: 08/14/2003

Location: North Little Rock

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size 11/4" 3/4" Ind. Sand Donna Fill
37.5-1-1/2" 100 100 100 100 100
25.0-1" 975 100 100 100 99
19.0 - 3/4" 68.2 100 100 100 87
12.5-1/2" 28.2 65.2 100 100 60
9.5-3/8" 20 30.6 100 100 46
4.75 - #4 3.3 2.4 89.7 100 28
2.36 - #8 2 0.8 60.7 99.9 21
1.18 - #16 2 0.5 36.7 99.4 16
0.6 - #30 2 0.5 24.4 90.1 13
0.3-#50 1 0.3 13.8 65 8
0.15 - #100 1 0.3 7.4 43 5
0.075 - #200 1 0.2 2.9 26.9 3.2
Cold Feed % 40 32 20 8 100

Mix Design Summary

Compaction Temperature:

Asphalt Content %: 4.5

Max. Theor. Sp. Gr. (Gmm):
Asphalt Binder:

Mixing Temperature:

2.458
PG 76-22
340F
300F

Air Voids (Va): 4.0

VMA:

13.8

Gsb: 2.613

Gse: 2.629
Gb: 1.033
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP313C-02 Date: 08/29/2002
Plant Name: Cranford Location: Little Rock
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size ASTM #4 3/4" Ind. Sand Donna Fill
50.0-2" 100 100 100 100 100
37.5-1-1/2" 93 100 100 100 98
25.0-1" 41 100 100 100 81
19.0 - 3/4" 12 100 100 100 71
12.5-1/2" 6 85 100 100 64
9.5-3/8" 2 75 100 100 59
475 - #4 1 49 86 100 46
2.36 - #8 0 31 57 100 33
1.18 - #16 0 21 37 100 24
0.6 - #30 0 12 22 93 17
0.3-#50 0 7 12 63 10
0.15 - #100 0 5 5 40 6
0.075 - #200 0 2.9 3.1 25.9 3.8
Cold Feed % 33 35 24 8 100

Mix Design Summary

Asphalt Content %: 3.7 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.487 VMA: 124
Asphalt Binder: PG 70-22 Gsh: 2.604
Mixing Temperature: 330F Gse: 2.630
Compaction Temperature: 300F Gbh: 1.031
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Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: HM021-03 Date: 01/31/2003
Plant Name: Cranford Location: Little Rock
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ GMQ GMQ GMQ Job Mix
Granite Granite Granite 3M Corp
Sieve Size ASTM #4 3/4" Ind. Sand Donna Fill
50.0- 2" 100 100 100 100 100
37.5-1-1/2" 93 100 100 100 98
25.0-1" 41 100 100 100 81
19.0 - 3/4" 12 100 100 100 71
12.5-1/2" 6 85 100 100 64
9.5-3/8" 2 75 100 100 59
475 - #4 1 49 86 100 46
2.36 - #8 0 31 57 100 33
1.18 - #16 0 21 37 100 24
0.6 - #30 0 12 22 93 17
0.3-#50 0 7 12 63 10
0.15 - #100 0 5 5 40 6
0.075 - #200 0 2.9 3.1 25.9 3.8
Cold Feed % 33 35 24 8 100

Mix Design Summary

Asphalt Content %: 3.6 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.486 VMA: 116
Asphalt Binder: PG 76-22 Gsh: 2.604
Mixing Temperature: 330F Gse: 2.625
Compaction Temperature: 300F Gbh: 1.031
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP099C-99 Date: 03/27/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix

Preston | Preston | Arkhola | Preston Preston | Preston

Sieve Size | 3/4"-#4 | 1/2"-Chp |3/8"-Grv | 1/4"-Scr | 1/4"-Wsh | BHFines
25.0-1" 100 100 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100 100 100
12.5-1/2" 64.5 100 100 100 100 100 93
9.5-3/8" 37.1 88.3 100 100 100 100 85
4.75 - #4 35 36.1 62.1 90.2 89.9 100 55
2.36 - #8 2.7 6.5 19.9 63.9 60.1 100 29
1.18 - #16 2.4 4.1 10.3 48.2 41.1 100 20
0.6 - #30 2.3 3.7 6.8 40.4 37.1 100 17
0.3-#50 2.3 3.6 5 35.2 25.6 99.9 14
0.15 - #100 2.1 3.2 3.7 25.1 15.2 99.6 10
0.075 - #200 1.1 2.1 2.2 14.7 7.2 97.1 5.7
Cold Feed % 20 20 24 14 21 1 100

Mix Design Summary

Asphalt Content %: 6.5 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.358 VMA: 154
Asphalt Binder: PG 70-22 Gsh: 2.486
Mixing Temperature: 340F Gse: 2.594
Compaction Temperature: 300F Gb: 1.021
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Mix Type: 12.5 mm HMA Surface Course (PG 76-22)

AHTD Lab No.: SP170C-00 Date: 07/10/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix

Preston | Preston | Arkhola | Preston Preston | Preston

Sieve Size | 3/4"-#4 | 1/2"-Chp |3/8"-Grv | 1/4"-Scr | 1/4"-Wsh | BHFines
25.0-1" 100 100 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100 100 100
12.5-1/2" 72.3 100 100 100 100 100 94
9.5-3/8" 41.3 88.3 100 100 100 100 86
4.75 - #4 2.7 36.1 62.1 90.2 89.9 100 55
2.36 - #8 1.7 6.5 19.9 63.9 60.1 100 29
1.18 - #16 1.6 4.1 10.3 48.2 41.1 100 20
0.6 - #30 15 3.7 6.8 40.4 31.7 100 16
0.3-#50 15 3.6 5 35.2 25.6 99.9 14

0.15 - #100 1.3 3.2 3.7 25.1 15.2 99.6 9

0.075 - #200 0.9 2.1 2.2 14.7 7.2 97.1 5.7
Cold Feed % 24 22 16 15 22 1 100

Mix Design Summary

Asphalt Content %: 6.0 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.368 VMA: 145
Asphalt Binder: PG 76-22 Gsh: 2.496
Mixing Temperature: 340F Gse: 2.581
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP257C-02

Plant Name: Arkhola

Date: 07/09/2002

Location: Van Buren

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK ARK Job
Preston | Preston | Preston | Arkhola | Preston | Preston | Preston | Mix
Sieve Size | 1-1/4" 3/4"  1/2"-Chp3/8"-Grv | 1/4"-Scr |1/4"-Wsh|BHFines
37.5-1-1/2" 100 100 100 100 100 100 100 100
25.0-1" 76.3 100 100 100 100 100 100 94
19.0 - 3/4" 25.8 100 100 100 100 100 100 82
125-1/2" 2.7 64.5 100 100 100 100 100 67
9.5-3/8" 2 37.1 88.3 100 100 100 100 59
4.75-#4 1.8 3.5 36.1 62.1 90.2 92 100 39
2.36 - #8 1.8 2.7 6.5 19.9 63.9 61 100 22
1.18 - #16 1.7 2.4 4.1 10.3 48.2 42 100 16
0.6 - #30 1.7 2.3 3.7 6.8 40.4 33 100 13
0.3 - #50 1.7 2.3 3.6 5 35.2 27 99.9 11
0.15-#100 1.6 2.1 3.2 3.7 25.1 16 99.6 8
0.075-#200| 0.8 1.1 2.1 2.2 14.7 7.4 96.4 4.7
Cold Feed % 25 23 10 13 10 18 1
Mix Design Summary
Asphalt Content %: 5.3 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.398 VMA: 131
Asphalt Binder: PG 70-22 Gsh: 2.492
Mixing Temperature: 335F Gse: 2.594
Compaction Temperature: 300F Gb: 1.021
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Mix Type: 25 mm HMA Binder Course (PG 76-22)

AHTD Lab No.: SP181C-00

Plant Name: Arkhola

Date: 07/25/2000

Location: Van Buren

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK ARK Job
Preston | Preston | Preston | Arkhola | Preston | Preston | Preston | Mix
Sieve Size | 1-1/4" 3/4"  |1/2"-Chp3/8"-Grv | 1/4"-Scr |1/4"-Wsh|BHFines
37.5-1-1/2" 100 100 100 100 100 100 100 100
25.0-1" 76.3 100 100 100 100 100 100 93
19.0 - 3/4" 25.8 100 100 100 100 100 100 79
125-1/2" 2.7 72.3 100 100 100 100 100 66
9.5-3/8" 2 41.3 86 100 100 100 100 58
4.75-#4 1.8 2.7 31.8 54.1 89.1 89.6 100 36
2.36 - #8 1.8 1.7 4.7 14.7 64 60.1 100 21
1.18 - #16 1.7 1.6 3.3 5.8 48.6 40.6 100 15
0.6 - #30 1.7 15 3 3.2 41.2 31.8 100 12
0.3 - #50 1.7 15 2.9 18 35.9 25.5 99.9 10
0.15-#100 1.6 1.3 2.5 1.2 25 14.9 99.6 7
0.075-#200| 0.8 0.9 1.6 0.7 14.3 7 96.4 4.3
Cold Feed % 28 23 10 10 10 18 1 100
Mix Design Summary
Asphalt Content %: 4.9 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.401 VMA: 127
Asphalt Binder: PG 76-22 Gsb: 2.505
Mixing Temperature: 340F Gse: 2.577
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP268C-02 Date: 06/28/2002
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK Job Mix
Preston | Preston | Preston | Preston Preston | Preston
Sieve Size 1-1/2" 3/4" 1/2"-Chp | 1/4"-Scr | 1/4"-Wsh | BHFines
37.5-1-1/2" 100 100 100 100 100 100 100
250-1" 52 100 100 100 100 100 82
19.0 - 3/4" 18 100 100 100 100 100 70
12.5-1/2" 2 73 100 100 100 100 56
9.5-3/8" 2 44 85 100 100 100 46
4.75 - #4 1 4 32 92 89 100 26
2.36 - #8 1 3 6 66 57 100 16
1.18 - #16 1 2 4 50 37 100 12
0.6 - #30 1 2 4 43 28 100 11
0.3 -#50 1 2 3 37 22 99.9 9
0.15-#100 1 2 3 26 13 99.6 7
0.075 - #200 0.8 13 1.8 14.5 6.6 97.4 5.0
Cold Feed % 37 28 13 10 10 2 100
Mix Design Summary
Asphalt Content %: 4.6 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.413 VMA: 124
Asphalt Binder: PG 70-22 Gsh: 2512
Mixing Temperature: 335F Gse: 2.578
Compaction Temperature: 300F Gb: 1.038

343




Mix Type: 37.5 mm HMA Base Course (PG 76-22)

AHTD Lab No.: SP182C-00 Date: 07/25/2000
Plant Name: Arkhola Location: Van Buren
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

ARK ARK ARK ARK ARK ARK | Job Mix
Preston | Preston | Preston | Preston Preston | Preston
Sieve Size 1-1/2" 3/4" 1/2"-Chp | 1/4"-Scr | 1/4"-Wsh | BHFines
37.5-1-1/2" 100 100 100 100 100 100 100
25.0-1" 66.9 100 100 100 100 100 88
19.0 - 3/4" 25.3 100 100 100 100 100 72
12.5-1/2" 2.2 72.3 100 100 100 100 56
9.5-3/8" 1.8 41.3 86 100 100 100 46
4.75 - #4 1.6 2.7 31.8 89.1 89.6 100 26
2.36 - #8 1.6 1.7 4.7 64 60.1 100 16
1.18 - #16 1.6 1.6 3.3 48.6 40.6 100 12
0.6 - #30 1.6 15 3 41.2 31.8 100 10
0.3-#50 15 15 2.9 35.9 25.5 99.9 9
0.15 - #100 1.4 1.3 2.5 25 14.9 99.6 7
0.075 - #200 1.2 0.9 1.6 14.3 7 97.1 4.3
Cold Feed % 37 28 12 12 10 1 100

Mix Design Summary

Asphalt Content %: 4.5 Air Voids (Va): 4.0
Max. Theor. Sp. Gr. (Gmm): 2.418 VMA: 117
Asphalt Binder: PG 76-22 Gsb: 2.507
Mixing Temperature: 340F Gse: 2.581
Compaction Temperature: 300F Gb: 1.033
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Mix Type: 12.5 mm HMA Surface Course (PG 70-22)

AHTD Lab No.: SP174C-01 Date: 06/06/2000
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

JET JET JET JET Job Mix
Gravel Gravel Gravel 3M Corp
Sieve Size C D Screenings | Donna Fill
25.0-1" 100 100 100 100 100
19.0 - 3/4" 100 100 100 100 100
12.5-1/2" 35.7 100 100 100 94
9.5-3/8" 9.2 92 100 100 86
4.75 - #4 1.6 39 98.3 100 56
2.36 - #8 1 12 71.2 99.9 34
1.18 - #16 0.7 5 42.8 95.6 23
0.6 - #30 0.4 2 25.1 90.1 17
0.3-#50 0.4 1 11 65 10
0.15 - #100 0.3 0.2 3.7 43 6
0.075 - #200 0.3 0.2 1.7 26.9 35
Cold Feed % 10 56 23 11 100

Mix Design Summary

Asphalt Content %: 5.5 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.407 VMA: 14.9
Asphalt Binder: PG 70-22 Gsh: 2.558
Mixing Temperature: 320F Gse: 2.609
Compaction Temperature: 295F Gb: 1.033
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Mix Type: 25 mm HMA Binder Course (PG 70-22)

AHTD Lab No.: SP101C-02 Date: 04/01/2002
Plant Name: Jet Asphalt Location: El Dorado
Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

JET JET JET JET JET Job Mix
Gravel Gravel Gravel Gravel 3M Corp
Sieve Size A C D Screenings | Donna Fill
37.5-1-1/2" 100 100 100 100 100 100
25.0-1" 92 100 100 100 100 97
19.0 - 3/4" 73.9 97.9 100 100 100 90
12.5-1/2" 27.1 385 99.4 100 100 66
9.5-3/8" 12.6 11.3 88.1 99.8 100 54
4.75 - #4 4.8 4.2 40.3 97.5 100 37
2.36 - #8 1.8 2.2 14.3 74.7 100 24
1.18 - #16 1.3 1.6 6 46.3 99.9 17
0.6 - #30 1.1 1.3 3.3 28.1 93.5 13
0.3-#50 1 1.2 2.1 13.5 63.2 8
0.15 - #100 0.9 1.1 1.5 5.5 40.2 5
0.075 - #200 0.8 1 1.3 3.3 26.9 3.2
Cold Feed % 38 10 29 16 7

Mix Design Summary

Asphalt Content %: 4.6 Air Voids (Va): 4.5
Max. Theor. Sp. Gr. (Gmm): 2.436 VMA: 13.0
Asphalt Binder: PG 70-22 Gsb: 2.565
Mixing Temperature: 325F Gse: 2.608
Compaction Temperature: 295F Gb: 1.028
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Mix Type: 37.5 mm HMA Base Course (PG 70-22)

AHTD Lab No.: SP102C-02

Plant Name: Jet Asphalt

Date: 04/01/2002

Location: El Dorado

Status: Verified at the Asphalt Lab (University of Arkansas)

Material Gradations (Percent Passing)

GMQ JET JET JET JET Job Mix
Granite Gravel Gravel Gravel 3M Corp
Sieve Size | ASTM #4 Cc D Screenings | Donna Fill

50.0 -2 100 100 100 100 100 100
37.5-1-1/2" 95 100 100 100 100 98
25.0-1" 35 100 100 100 100 77
19.0 - 3/4" 11 97.9 100 100 100 69
12.5-1/2" 2 38.5 99.4 100 100 56
9.5-3/8" 15 11.3 88.1 99.8 100 48
4.75 - #4 1.2 4.2 40.3 97.5 100 31
2.36 - #8 1 2.2 14.3 74.7 100 20
1.18 - #16 0.9 1.6 6.0 46.3 99.9 14
0.6 - #30 0.9 1.3 3.3 28.1 93.5 11

0.3-#50 0.9 1.2 2.1 135 63.2 7

0.15-#100 0.8 1.1 1.5 55 40.2 4
0.075 - #200 0.7 1.0 1.3 3.3 26.9 3.0
Cold Feed % 35 15 33 10 7 100

Mix Design Summary
Asphalt Content %: 4.2 Air Voids (Va): 4.5

Max. Theor. Sp. Gr. (Gmm): 2.461 VMA: 12.6
Asphalt Binder: PG 70-22 Gsh: 2.585
Mixing Temperature: 325F Gse: 2.621
Compaction Temperature: 295F Gb: 1.028
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APPENDIX C INTERNAL GYRATION ANGLE (DAV WITH MIX)
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
PINE | MCA | 125 | 70-22 1 117 116 1.194 | 1.150
125X 2 118 117 1.199 | 1.146
3 118 118 1.196 | 1.156
Ave. 1.196 | 1.151 | 1.174
Sdev 0.003 | 0.005 | 0.003
76-22 1 118 119 1197 | 1.141
2 119 119 1.201 | 1.143
3 118 118 1.200 | 1.153
Ave. 1.199 | 1.146 | 1.173
Sdev 0.002 | 0.006 | 0.003
25 70-22 1 119 119 1.194 | 1.156
2 120 121 1.195 | 1.159
3 120 120 1192 | 1.165
Ave. 1.194 | 1.160 | 1.177
Sdev 0.002 | 0.005 | 0.002
76-22 1 121 120 1184 | 1.134
2 121 120 1.182 | 1.140
3 121 120 1.187 | 1.146
Ave. 1.184 | 1.140 | 1.162
Sdev 0.003 | 0.006 | 0.003
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
PINE | ARK | 12.5| 70-22 1 119 120 1192 | 1.167
125X 2 119 120 1.201 | 1.168
3 120 120 1.201 | 1.173
Ave. 1198 | 1.169 | 1.184
Sdev 0.005 | 0.003 | 0.003
76-22 1 120 121 1190 | 1.161
2 120 120 1194 | 1.161
3 121 121 1.197 | 1.160
Ave. 1194 | 1.161 | 1.177
Sdev 0.004 | 0.001 | 0.002
25 70-22 1 120 119 1.190 | 1.151
2 121 120 1.191 | 1.158
3 119 119 1.194 | 1.156
Ave. 1.192 | 1.155 | 1.173
Sdev 0.002 | 0.004 | 0.002
76-22 1 121 122 1171 | 1.157
2 121 120 1.183 | 1.147
3 121 121 1.186 | 1.156
Ave. 1.180 | 1.153 | 1.167
Sdev 0.008 | 0.006 | 0.005
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Internal Angles (DAV with Mix)

SGC | Agg. | Size| Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | MCA | 12.5| 70-22 1 37 37 1.278 | 1.279
4141 2 37 37 1.273 | 1.286
3 37 37 1.278 | 1.283
Ave. 37 37 1.276 | 1.283
Sdev 0.003 | 0.004

1 68 67 1.188 | 1.190
2 69 67 1.196 | 1.193
3 68 67 1.198 | 1.197

Ave. 68 67 1.194 | 1.193
Sdev 0.005 | 0.004
Ave. | 115 115 1.068 | 1.051 | 1.060
Sdev 0.014 | 0.011 | 0.009

76-22 1 39 38 1.247 | 1.296
2 39 39 1.246 | 1.299
3 39 38 1.254 | 1.303
Ave. 39 38 1.249 | 1.299
Sdev 0.004 | 0.004
1 69 68 1.181 | 1.198
2 69 68 1.181 | 1.205
3 69 69 1.189 | 1.206

Ave. 69 68 1.184 | 1.203
Sdev 0.005 | 0.004
Ave. | 115 115 1.085 | 1.053 | 1.069
Sdev 0.013 | 0.012 | 0.009
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Internal Angles (DAV with Mix)

SGC | Agg. |Size| Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | MCA | 25 | 70-22 1 40 39 1.257 | 1.296
4141 2 39 39 1.247 | 1.307

3 39 39 1.252 | 1.303
Ave. 39 39 1.252 | 1.302

Sdev 0.005 | 0.006
1 71 71 1.183 | 1.199
2 71 71 1.178 | 1.212
3 70 70 1.178 | 1.213
Ave. 70 71 1.180 | 1.208
Sdev 0.003 | 0.008
Ave. | 115 115 1.075 | 1.074 | 1.074
Sdev 0.010 | 0.021 | 0.011
76-22 1 40 41 1.248 | 1.273

2 40 40 1.246 | 1.288
3 40 39 1.246 | 1.299

Ave. 40 40 1.247 | 1.287
Sdev 0.001 | 0.013
1 70 69 1.181 | 1.203
2 70 69 1.191 | 1.201
3 70 70 1.183 | 1.212
Ave. 70 69 1.185 | 1.205
Sdev 0.005 | 0.006
Ave. | 115 115 1.092 | 1.079 | 1.086
Sdev 0.013 | 0.025 | 0.014
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | ARK | 125| 70-22 1 37 38 1.264 | 1.292
4141 2 38 38 1.285 | 1.272

3 38 38 1.256 | 1.303
Ave. 38 38 1.268 | 1.289

Sdev 0.015 | 0.016
1 68 68 1.171 | 1.198
2 69 70 1.171 | 1.204
3 69 68 1.181 | 1.205
Ave. 69 68 1.174 | 1.202
Sdev 0.006 | 0.004
Ave. | 115 115 1.033 | 1.071 | 1.052
Sdev 0.027 | 0.026 | 0.019

76-22 1 39 38 1.268 | 1.290
2 39 39 1.278 | 1.285
3 38 38 1.269 | 1.297

Ave. 39 39 1.272 | 1.291
Sdev 0.006 | 0.006
1 69 69 1.169 | 1.188
2 69 68 1.163 | 1.195
3 69 70 1.166 | 1.196
Ave. 69 69 1.166 | 1.193
Sdev 0.003 | 0.004
Ave. | 115 115 1.007 | 1.046 | 1.027
Sdev 0.011 | 0.014 | 0.009
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Internal Angles (DAV with Mix)

SGC | Agg. | Size | Binder | Rep. Ht (mm) Angle (Deg) DIA
Top Bott Top Bott | (deg)
TROX | ARK | 25 | 70-22 1 38 38 1.245 | 1.288
4141 2 39 39 1.244 | 1.300
3 39 38 1.254 | 1.294
Ave. 39 38 1.248 | 1.294
Sdev 0.006 | 0.006
1 68 67 1.168 | 1.191
2 69 68 1.184 | 1.190
3 70 69 1.178 | 1.197
Ave. 69 68 1.177 | 1.193
Sdev 0.008 | 0.004
Ave. | 115 115 1.068 | 1.034 | 1.051
Sdev 0.022 | 0.014 | 0.013
76-22 1 41 39 1.250 | 1.295

2 39 39 1.247 | 1.298
3 39 39 1.249 | 1.303

Ave. 40 39 1.249 | 1.299
Sdev 0.002 | 0.004
1 70 69 1.170 | 1.191
2 69 70 1.166 | 1.196
3 71 71 1.177 | 1.195
Ave. 70 70 1171 | 1.194
Sdev 0.006 | 0.003
Ave. | 115 115 1.054 | 1.043 | 1.049
Sdev 0.014 | 0.009 | 0.008

Note: DAV = 71.78 mm, DAV Plate = 9.56 mm
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APPENDIX D ECCENTRICITY TEST RESULTS (PDA WITH MIX)
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Eccentricity (PDA with Mix)

SGC | Agg. | Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE | MCA |125|70-22 | 1 |10587|11095 28.54 | 27.40
125X 2 11072511004 29.15 | 28.08
3 11041310564 30.55 | 29.44
Ave. | 10575 | 10888 | 10731 | 29.41 | 28.31 | 28.86 | 310
Sdev| 156 | 284 | 162 [1.031]1.039 |0.732
76-22 | 1 10436 |10969 30.01 | 28.90
2 |10511 10572 30.16 | 29.04
3 [10320 | 10537 31.2330.18
Ave. | 10422 | 10692 | 10557 | 30.47 | 29.37 | 29.92 | 316
Sdev | 96 240 | 129 |0.665|0.702 | 0.484
25 |70-22| 1 ]10084 11536 28.87 | 27.74
2 10547111048 29.30 | 28.24
3 | 9822 | 10647 30.81 | 29.68
Ave. | 10151 | 1107710614 | 29.66 | 28.55 | 29.11 | 309
Sdev | 367 445 288 |1.019 ]1.007 | 0.716
76-22 | 1 |10778|11176 28.66 | 27.56
2 | 9915 | 10534 30.13 | 29.05
3 110284 | 10723 30.57 | 29.47
Ave. | 10326 | 10811 | 10568 | 29.79 | 28.69 | 29.24 | 309
Sdev| 433 | 330 | 272 [1.000 ] 1.004 |0.708
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Eccentricity (PDA with Mix)

SGC | Agg. | Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE | ARK | 125|70-22| 1 |10725)|11163 29.00 | 27.95
125X 2 | 9844 | 10698 30.15 | 29.07
3 9679 | 10415 31.28 | 30.15
Ave. | 10083 | 10759 | 10421 | 30.14 | 29.06 | 29.60 | 308
Sdev | 562 | 378 | 339 |1.140|1.100|0.792
76-22 | 1 |10547 11018 29.76 | 28.68
2 10191 | 10270 30.68 | 29.60
3 10253 | 10360 30.80 | 29.73
Ave. | 10330 | 10549 | 10440 | 30.41 | 29.34 | 29.88 | 312
Sdev | 190 | 408 | 225 |0.569|0.572 | 0.404
25 | 70-22 | 1 |10484|11174 29.44 | 28.37
2 11024911111 29.76 | 28.71
3 [10017 |10930 29.87 | 28.82
Ave. | 10250 | 11072 | 10661 | 29.69 | 28.63 | 29.16 | 311
Sdev | 234 127 133 ]0.223]0.235 | 0.162
76-22 | 1 |10938 11633 27.89 | 26.82
2 10089 | 10401 30.06 | 28.94
3 10422 | 10344 31.61 | 30.55
Ave. | 10483 | 10793 | 10638 | 29.85 | 28.77 | 29.31 | 312
Sdev | 428 | 729 | 422 |1.869|1.871]1.322
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Eccentricity (PDA with Mix)

SGC | Agg. |Size | Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX |[MCA|125|70-22| 1 |10694 11343 26.93 | 25.74
4141 2 10203 | 9719 29.99 | 28.76
3 | 9433 | 10004 30.32 | 29.09
Ave. | 10110 | 10355 | 10233 | 29.08 | 27.86 | 28.47 | 291
Sdev| 636 | 867 | 538 |1.869|1.846|1.314
76-22| 1 |10657 | 11512 27.40 ] 26.21
2 | 9838 | 10569 28.46 | 27.23
3 | 9661 | 9928 31.57 | 30.40
Ave. | 10052 | 10670 | 10361 | 29.14 | 27.95 | 28.55 | 296
Sdev| 531 797 479 |2.167|2.185|1.539
25 |70-22| 1 |10821|10938 26.80 | 25.63
2 1123411169 27.06 | 25.84
3 [10478 | 10885 27.20 | 25.96
Ave. | 10844 | 10997 | 10921 | 27.02 | 25.81 | 26.42 | 288
Sdev| 379 151 204 |0.203 ] 0.167 | 0.131
76-22| 1 | 9778 | 10066 30.68 | 29.47
2 | 9522 [10178 30.77 | 29.58
3 | 9704 | 10142 31.12 1 29.90
Ave. | 9668 | 10129 | 9898 | 30.86 | 29.65 | 30.25 | 299
Sdev| 132 57 72 10.232]0.223 | 0.161

358




Eccentricity (PDA with Mix)

SGC | Agg. |Size| Bind. | Rep. Load (N Ecc. (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX |[ARK |125|70-22| 1 |11317]11450 25.36 | 24.17
4141 2 1152811352 25.85 | 24.60
3 110856 | 10978 26.99 | 25.75
Ave. | 11234111260 | 11247 | 26.07 | 24.84 | 25.45 | 286
Sdev| 344 | 249 | 212 |0.836|0.817|0.585
76-22| 1 | 9583 | 10427 29.53 | 28.32
2 | 9144 | 10671 30.84 | 29.65
3 | 9739 | 10182 31.4230.20
Ave. | 9489 |10427 | 9958 | 30.60 | 29.39 | 29.99 | 299
Sdev| 309 | 245 | 197 |0.968|0.967 | 0.684
25 |70-22| 1 |11321[11468 27.03 | 25.81
2 | 9589 | 10440 29.93 | 28.76
3 | 9643 [ 10378 31.63 | 30.44
Ave. | 10184 | 10762 | 10473 | 29.53 | 28.34 | 28.93 | 303
Sdev| 985 612 580 |2.326 | 2.344 | 1.651
76-22| 1 11004211054 28.28 | 27.13
2 | 9517 [ 11094 29.63 | 28.40
3 | 9552 | 10871 29.94 | 28.78
Ave. | 9704 | 11006 | 10355 | 29.28 | 28.10 | 28.69 | 297
Sdev| 294 | 119 | 158 |0.883|0.864 | 0.618
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APPENDIX E INTERNAL ANGLE TEST RESULTS (HMS AND RAM)
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
PINE | DAV 106 18 Deg 1 | 1150 | 1.175 1.146
125X 2 | 1150 | 1.169 1.157
3 | 1150 | 1175 1.159
Ave. 1.173 1.154 1.164
Sdev 0.003 0.007 0.004
21 Deg 1 | 1150 | 1.169 1.121
2 | 1150 | 1.168 1.134
3 | 1150 ] 1.170 1.136
Ave. 1.169 1.130 1.150
Sdev 0.001 0.008 0.004
24 Deg 1 115.0 1.138 1.090
2 115.0 1.152 1.107
3 | 1150 | 1.153 1.106
Ave. 1.148 1.101 1.124
Sdev 0.008 0.010 0.006
DAV 110 18 Deg 1 1150 ] 1.160 1.141
2 | 1150 | 1.169 1.144
3 | 1150 | 1.174 1.147
Ave. 1.168 1.144 1.156
Sdev 0.007 0.003 0.004
21 Deg 1 | 1150 | 1.145 1.126
2 115.0 1.159 1.130
3 115.0 1.163 1.128
Ave. 1.156 1.128 1.142
Sdev 0.009 0.002 0.005
24 Deg 1 | 1150 | 1.145 1.098
2 | 1150 | 1.147 1.110
3 | 1150 | 1151 1.109
Ave. 1.148 1.106 1.127
Sdev 0.003 0.007 0.004

361




Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
PINE | RAM 29 44 mm 1 [1250 | 114 1.16
125X 2 | 1250 | 115 1.16
3 [1250 | 115 1.16
Ave. 1.147 1.160 1.153
Sdev 0.006 0.000 0.003
64 mm 1 125.0 1.06 1.12
2 | 1250 | 1.08 1.12
3 | 1250 | 1.07 1.13
Ave. 1.070 1.123 1.097
Sdev 0.010 0.006 0.006
RAM 12 44 mm 1 1250 | 112 1.16
2 | 1250 | 113 1.16
3 [1250 | 113 1.16
Ave. 1.127 1.160 1.143
Sdev 0.006 0.000 0.003
64 mm 1 125.0 1.06 1.13
2 125.0 1.07 1.13
3 |[1250 | 1.08 1.13
Ave. 1.070 1.130 1.100
Sdev 0.010 0.000 0.005
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep.| Ht Angle (Deg) DIA
(mm) | Top Bottom | (deg)
TROX | DAV 106 18 Deg 1 |115.0| 1.069 1.138
4141 2 | 1150 | 1.079 1.130
3 | 1150 | 1.062 1.168
Ave. 1.070 1.145 1.108
Sdev 0.009 0.020 0.011
21 Deg 1 |115.0| 1.046 1.121
2 | 1150 | 1.040 1.131
3 | 1150 | 1.040 1.134
Ave. 1.042 1.129 1.085
Sdev 0.003 0.007 0.004
24 Deg 1 115.0 | 0.992 1.112
2 115.0 | 0.987 1.119
3 |1150 | 1.007 1.120
Ave. 0.995 1.117 1.056
Sdev 0.010 0.004 0.006
DAV 110 18 Deg 1 |115.0| 1.083 1.173
2 |1150 | 1.080 1.182
3 |1150 | 1131 1.173
Ave. 1.098 1.176 1.137
Sdev 0.029 0.005 0.015
21 Deg 1 |115.0| 1.074 1.141
2 115.0 | 1.057 1.161
3 115.0 | 1.070 1.153
Ave. 1.067 1.152 1.109
Sdev 0.009 0.010 0.007
24 Deg 1 |115.0| 1.014 1.109
2 | 1150 1.023 1.116
3 | 1150 | 1.047 1.116
Ave. 1.028 1.114 1.071
Sdev 0.017 0.004 0.009
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Internal Angles (HMS with DAV and RAM)

SGC Device Angle/Dia | Rep. | Ht Angle (Deg) DIA
(mm) Top Bottom | (deg)
TROX | RAM 29 44 mm 1 |[1250| 114 1.11
4141 2 | 1250 117 1.14
3 | 1250 1.17 1.16
Ave. 1.160 1.137 1.148
Sdev 0.017 0.025 0.015
64 mm 1 125.0 1.15 0.99
2 | 1250 | 1.16 0.99
3 [ 1250 115 1.00
Ave. 1.153 0.993 1.073
Sdev 0.006 0.006 0.004
RAM 12 44 mm 1 ][125.0| 115 1.10
2 1250 1.16 1.10
3 1250 | 1.18 1.13
Ave. 1.163 1.110 1.137
Sdev 0.015 0.017 0.012
64 mm 1 125.0 1.12 1.00
2 125.0 1.14 1.01
3 125.0 1.12 1.05
Ave. 1.127 1.020 1.073
Sdev 0.012 0.026 0.014
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APPENDIX F ECCENTRICITY (PDA WITH HMS OR RAM)
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Eccentricities (PDA with HMS or RAM)

SGC| Device |Ang/Dia |Rep. Load (N) e (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
PINE| DAV 110 | 18 Deg 1 [10565|10230 22.22 | 27.98
125X 2 1052910220 22.15 | 27.38
3 [1052010300 22.12 | 27.88
Ave.|10538|10250( 10394 | 22.16 | 27.75 | 24.96 | 259
Sdev| 24 44 25 |0.051 | 0.321 | 0.163
21Deg | 1 |10355|10146 23.97 | 31.02
2 |10667 /10156 24.09 | 29.25
3 |10511|10166 24.03 | 30.88
Ave.|10511|10156| 10334 | 24.03 | 30.38 | 27.21 | 281
Sdev| 156 | 10 78 | 0.060 | 0.984 | 0.493
24Deg | 1 |10627]10230 27.76 | 32.09
2 [1060510210 27.91 | 32.07
3 [11146/10090 27.90 | 32.01
Ave.|10793|10177|10485 | 27.86 | 32.06 | 29.96 | 314
Sdev| 307 76 158 | 0.084 | 0.042 | 0.047
RAM 29 | 44 mm 1 |10680|10458 22.95 | 22.08
2 |10680 10467 22.97 | 22.10
3 [11214/10985 23.00 | 22.10
Ave.| 1085810637 | 10747 | 22.97 | 22.09 | 22.53 | 242
Sdev| 308 | 302 | 216 | 0.025 | 0.012 | 0.014
64 mm 1 ]10533]|10258 32.08 | 31.97
2 [10538|10222 32.16 | 31.97
3 |11062]10752 32.20 | 31.90
Ave.|10711]10410] 10561 | 32.15 | 31.95 | 32.05 | 338
Sdev| 304 | 296 | 212 | 0.061 | 0.040 | 0.037
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Eccentricities (PDA with HMS or RAM)

SGC | Device |Ang/Dia|Rep. Load (N) e (mm) T-Mo
Top | Bott | Ave. | Top | Bott | Ave. | (N-m)
TROX|DAV 110| 18Deg | 1 |10529|10947 22.12 | 27.88
4141 2 |10538/10974 22.08 | 27.98
3 ]10315]10578 22.32 | 27.95
Ave.|10461]10833| 10647 | 22.17 | 27.94 | 25.06 | 267
Sdev| 126 | 221 | 127 | 0.129 | 0.051 | 0.069
21 Deg | 1 ]10529|10947 23.64 | 30.98
2 |10538|10974 23.81 | 30.55
3 [11060(11508 23.70 | 30.67
Ave.|10709]11143| 10926 | 23.72 | 30.73 | 27.23 | 297
Sdev| 304 | 317 | 220 | 0.086 | 0.222 | 0.119
24Deg | 1 |10378)/10689 27.57 | 32.09
2 ]10315]10578 27.15 | 32.05
3 ]10864|11165 27.40 | 31.99
Ave.|10519|10811| 10665 | 27.37 | 32.04 | 29.71 | 317
Sdev| 300 | 312 | 216 |0.211 | 0.050 | 0.109
RAM?29 | 44mm | 1 |10885|10943 21.94 | 23.06
2 |10854(10863 21.97 | 23.08
3 ]11413]11448 22.00 | 23.00
Ave.|11050|11084| 11067 | 21.97 | 23.05 | 22.51 | 249
Sdev| 314 | 317 | 223 | 0.030 | 0.042 | 0.026
64mm | 1 ]10622|10524 31.62 | 32.13
2 (10542|10524 31.64 | 32.14
3 |11111]11051 31.70 | 32.10
Ave.|10759]10700| 10729 | 31.65 | 32.12 | 31.89 | 342
Sdev| 308 | 304 | 216 | 0.042 | 0.021 | 0.023
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