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Abstract

ENHANCED VISCOELASTIC MODELING OF HOT MIX ASPHALT

Tito P. Nyamuhokya, PhD

The University of Texas at Arlington, 2015

Supervising Professor: Stefan A. Romanoschi

The primary objective of this research is to investigate the relationships
between Compressive (CDM) and Tensile Dynamic Moduli (TDM) of Hot Mix
Asphalt (HMA) and develop a material model that predicts tensile dynamic
modulus from known compressive dynamic modulus. Moreover, the research
develops an enhanced visco-hyper-elastic Finite element model that incorporates
both CDM and computed TDM to predict the structural response of a perpetual

pavement structure subjected to wheel loading.

In the laboratory, the Compressive and Tensile Dynamic Modulus parallel
to the direction of compaction and Tensile dynamic modulus perpendicular to the
direction of compaction were determined at different temperature and frequencies.
The results of the experiments were used to develop relationships between

Compressive and Tensile dynamic modulus at 10°C, 20°C, 30°C, 35°C and all

v



temperature combined. The research found that the data correlation at each
temperature levels increased with temperature from fair to good (R* = 0.5-0.85)
whereas the correlation at all temperature combined was strong (R* = 0.91). The
model corresponding to the highest R* was evaluated for accuracy and rationality.
This research incorporated both Compressive and computed Tensile Dynamic
Moduli (based on the best model) into a visco-hyper-elastic FE model to predict
strain responses of the Kansas US75 perpetual pavement sections.

This research developed mathematical models that may be used by
engineers and researchers to estimate tensile dynamic modulus from known
compressive dynamic modulus. In addition, the research demonstrated that the
enhanced visco-hyper-elastic finite element model that incorporates both

Compressive and Tensile moduli can predict HMA pavement responses.
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Chapter 1
Introduction
1.1 Introduction
In a simple form, asphalt concrete can be characterized as linear elastic
material (Burmister D.M., 1943). The linear elastic behavior may be a close
representation of asphalt concrete layers behavior at low temperature and high
loading frequency where stresses and strains are low (Liao Y. 2007, Burmister
D.M., 1943). However, when stresses and strains are relatively high, asphalt

materials exhibits both viscous and elastic behavior (viscoelastic behavior).

The first application of viscoelastic properties to asphalt pavement was in
1960s by Sector and Monismith. However, the extensive application of
viscoelastic models begun in late 1990s when mechanistic pavement design
methods emerged. Since then the viscoelastic constitutive models have been
frequently used to model mechanistic response of asphaltic pavements. The model
closely represents the temperature-time dependency nature of asphalt concrete

(Wang H., 2011).

When analyzing viscoelastic materials, laboratory measured dynamic
modulus parameters are typically used to define the temperature-time dependency
behavior of the materials. The protocol for determining dynamic modulus was

originally developed by Coffman and Pagen at Ohio State University in the



1960’s. The protocol was adopted by ASTM test in the early 1970s and AASHTO
later on. According to the protocol, the dynamic modulus is defined as the ratio of
the amplitude of the sinusoidal stress at any given time and the loading frequency
and the amplitude of the sinusoidal strain at the same time and frequency. The test
may be applied in compression or tension (Charles E. Dougan 2003). However,
most of the results obtained over the past 45 to 50 years are based on compression

tests.

In this research, the relationship between Compressive and Tensile
dynamic modulus of HMA is investigated. Typically, the compressive dynamic
modulus is performed under uniaxial cyclic loading tests whereas the tensile
dynamic modulus is determined through indirect tensile tests such as IDT
(indirect tension test) (Kim et. al. 2004, King et. al. 2005). However, for better
comparison, this research measures both the Compressive and Tensile dynamic
moduli under direct uniaxial loading and derives the relationships between them
to enhance a Finite element viscoelastic model of HMA. The applicability of the
model to HMA was validated using field responses from the Kansas US 75

perpetual pavement project.

1.2 Problem statement
The dynamic modulus used for the characterization of HMA pavements is

typically determined from Compressive dynamic modulus test. Currently,



engineers and researchers use the Compressive dynamic modulus to characterize
both compressive and tensile behavior of Hot Mix Asphalt (HMA) with an
assumption that HMA behave the same in compression and tension (Kim et al.
2005). Nevertheless, previous research suggested that the Compressive and
Tensile strength of HMA are different. A few of these studies showed the
difference exists also for the HMA dynamic modulus. This research expects the
difference to be more pronounced for tensile dynamic modulus performed on
samples extracted perpendicular to the pavement direction of compaction. The
difference in stiffness between aggregates and mastic (mix of fine particles and
asphalt binder) may be a major reason for this phenomenon. During HMA
compaction, aggregates reorient and lock to offer to HMA, additional stiffness in
the direction of compaction (compressive direction) than the parallel or
perpendicular (tension direction) direction. The stiffness in parallel and
perpendicular to the direction of compaction depends significantly on the HMA
mastic (mix of asphalt and fines) stiffness, which is several orders of magnitude

less than aggregates stiffness.

Since HMA behave differently in compression and tension, this research
believe the material may be characterized better if both compression and tension
stiffness of the material are considered. Therefore, a viscoelastic constitutive

material model that combines compressive and tensile behaviors is needed.
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1.3 Objectives

The main objectives of research are:

Determine cyclic dynamic moduli of HMA in compression and tension,
parallel and perpendicular to the direction of compaction.

Determine a relationship between compressive and tensile dynamic
moduli.

Develop a viscoelastic material model for asphalt concrete that incorporate
the behavior in tension and compression.

Validate the model by computing strains at the bottom of asphalt concrete

layer subjected to moving loads and compare them with measured strains.



Chapter 2
Background
2.1 Flexible pavements

More than 93 percent of the 2.6 million miles of paved roads and
highways in the United States are flexible pavements. This represents about 63
percent of all roads (paved and unpaved) (HAPI, 2014). These pavements are
sometimes called blacktop pavements to refer to the existence of black hot mix
asphalt (HMA) on the surface layer of the pavement. But to most people,
especially in civil engineering community they are known as asphalt or flexible
pavements.

As the name implies, flexible pavements are pavements designed to flex
without failure under applied traffic loads. Typically the pavements are
constructed with strong layers at the top surface to resist the effects of direct
contact with traffic and other environmental forces. The materials towards
subgrade (foundation) are relatively of inferior quality and cheaper compared to
the surface layer, to reflect the diminishing loads magnitude at the bottom of the

pavement structure (Figure 2-1).
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Figure 2-1 A typical asphalt pavement structure

In terms of structural construction of the layers, asphalt pavements may be
categorized into two major types: conventional asphalt concrete and full-depth
asphalt pavements. The conventional asphalt concrete pavement consists of an
asphaltic surface layer on top of granular base and sub-base laying on natural or
compacted sub-grade. Full-depth asphalt pavement on the other hand, consists of
a thick layer of asphalt concrete subdivided into layers (surface, intermediate and
base) of different mix designs to limit the occurrence of distresses only to the top
layer .
2.1.1 Conventional Asphalt Concrete pavement structural layers

In order to control traffic and environmental effects at reasonable costs,
conventional asphalt concrete pavements are generally designed to comprise

layers of carefully selected materials with the following functions:



o Surface course

This is the contact layer between vehicles wheels and the pavement and
normally is the most expensive layer because of its high quality materials. The
layer is made up of mixture of selected aggregated and bituminous materials
properly compacted to reach the desirable density. The layer provides
characteristics such as friction, smoothness, rut resistance and noise control. In
additional, this layer prevents ingress of water to the underlying materials. If the
layer is too thick, it may be subdivided into wearing and binder course and its
function may extend to distribution of loads over a larger area. During
construction, a paver is typically used to uniformly spread the HMA over a

prepared base (Figure 2-2).

Figure 2-2 Flexible pavement wearing course construction (courtesy of

RODTEC)



o Base course

The base course is the layer found directly under the surface course layer
of flexible pavement. The base course must consist of strong aggregate and
enough thickness for it to fulfill the following functions: uniformly distribute the
applied traffic load to the sub-base and/or subgrade below, withstand the stresses
produced in the base itself and resist the vertical pressures that tend to produce
consolidation and result in distortion of the surface course. Additionally, the
materials for the base layer may be stabilized with bitumen or Portland cement to
improve resistance to volume changes due to frost action and moisture movement
within the layer. Figure 2-3 shows a pavement constructed up to a base course

level.

Figure 2-3 Asphalt pavement base construction (Photo by NCAT)



o Subbase course
Subbase course is one of the structural layers of flexible pavement laying

between the subgrade and the base course. Subbase course is important when
frost action and unstable clay soils exists at the depth where the pavement is going
to be placed. The layer is constructed using weaker materials than in base and
surface course to respond to lower stresses that develop at this depth under the
passing wheel loads. Granular materials are preferred for this layer because they
improve drainage (Figure 2-4). The subbase’s primary function is to offer support
to the base course. However, with stabilized or well-compacted granular
materials, the layer can also offer the following:

e Minimize the intrusion of fines into the pavement structure.

e Improve drainage.

e Minimize frost action damage

e Provide a working platform for construction of the upper layers.

Figure 2-4 Asphalt pavement granular sub-base course



o Subgrade course

This is a well compacted natural soil that constitutes the foundation of the
pavement system. Since load stresses decrease with depth, subgrade layer is
always subjected to lower stresses than the surface, base, and subbase courses. In
addition, it is typical to build the subbase, base, and wearing surface layers with a
combined thickness enough to reduce the stresses occurring in the subgrade to
values that will not cause excessive distortion or displacement of the subgrade soil
layer. Typical equipment used for the construction of this layer includes graders
and roller compactors. For compaction of soft subgrade soil, sheep foot roller is

preferred (Figure 2-5).

Figure 2-5 Subgrade Construction

2.1.2 Perpetual Pavements
Asphaltic pavements designed to endure the present and forecasted high

traffic volumes for many years (more than 50 years) without structural failure are
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known as perpetual pavements. The superior performance of this pavement
structure depends on performance of materials and thicknesses to minimize
pavement strains under applied loads. The pavements are constructed directly on
top of stabilized subgrade soil, replacing the conventional granular base/ subbase
with high quality HMA layers. The bottom layer of the pavement is flexible to
resist tensile strains caused by traffic, and thus stops potential distresses (i.e.

bottom up cracks) underneath the pavement (Figure 2-6).
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Figure 2-6 Typical Perpetual pavement structure

2.1.2.1 Origin of Perpetual Pavements
Among the early evidence of perpetual pavements are the two sections of

[-40 in downtown Oklahoma City. The sections were built in 1967 and still are

11



performing as intended. The pavement that include these sections carries average
daily traffic (ADT) of over 100,000 vehicles with approximately 30 percent
heavy trucks. The total thickness of the pavement was 14 inch of well-selected
asphaltic materials in three layers: surface, intermediate and base layer. The total
thickness of the layers is great enough to eliminate fatigue cracking and rutting at
base and intermediate layers (MAPA, 2012, APA, 2014). As such, the pavement
met the requirement for Perpetual Pavement design which was introduced three
decade later to respond to the ever increasing traffic volume and loads in the US
pavements.

The Perpetual Pavement concept was first introduced by Huddleston, et al.
(2001) in an Asphalt Pavement Alliance (APA) publication called “Perpetual
Pavements”. In this publication, Huddleston, et al. (2001) defined Perpetual
Pavement as:

An asphalt pavement designed and built to last longer than 50

years without requiring major structural rehabilitation or

reconstruction, and needing only periodic surface renewal in

response to distresses confined to the top of the pavement” (APA,

2010).
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2.1.2.2 Advantages of Perpetual Pavements

According to APA, the U.S Department of Transportation (DOT) and

other pavement engineering researchers, perpetual pavements offer the following

to the pavement industry.

High structural capacity. Well-designed asphaltic subsurface layers of
perpetual pavements are structurally stronger than the granular base and
sub base of the conventional asphalt pavements.

Low life-cycle cost. Because of the thicker HMA layers of the perpetual
pavements, the short term costs like construction surpass that of the
conventional HMA pavement by about 10 percent. Nevertheless, in a long
run, the perpetual pavement are considered cost effective as it needs only a
few maintenance for a very long life (Walubita L, 2010).

Less user-delay cost. Since maintenance is limited only to the surface
layer, the longer delays associated with the construction of sub-surface
structural will no longer exists and thus money and time will be saved
(MAPA, 2012).

Less environmental effects. The use of recycled and less materials over the
life span of perpetual pavements reduces the impact to the environment.
Also, the less maintenance activities throughout the pavement’s life

contribute in energy saving (APA, 2010).
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Competitive option to rigid pavements. Before perpetual pavements, the
pavements that were known to live for a long time under heavy loads were
rigid pavements. The superiority of the rigid pavements (in terms of
design life) remained so till APA officially introduced the concept of
perpetual pavements. Perpetual pavements not only competed in
performance but also cost wise. In 2004, Sargand S. reported that the
construction costs per mile of perpetual pavement were 8.5 percent lower
than that of the rigid pavement for the same performance (Sargand S.,
2004). The report is based on one Ohio Department of Transportation bid
for perpetual pavements construction that included rigid pavement for

comparison purposes.

2.1.2.3 Perpetual Pavement concept implementation

Two main approaches are recommended for the implementation of the

perpetual pavement concept. In the first approach, the bottom lift of the base layer
should have a softer binder grade and/or higher binder content to allow the layer
to stretch and accommodate excess strains that normally would cause bottom-up
cracks to conversional mixes. The second approach requires to increase the total
thickness and stiffness of the asphalt layers so that no fatigue damage would

develop at the bottom of the asphalt layer (Button J. W., 2001).

Monismith et al. (1970), Carpenter et al. (2003) and other researchers have

proven through laboratory experiments that if the asphalt concrete material is
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subjected to a minimum limiting strain, it will never fail under repeated loads.
The limiting strain concept, which is also called fatigue endurance limit (FEL), is
the major design criteria in the mechanistic-empirical design of Perpetual
Pavements. The thickness of the Perpetual PPavement structure is deemed to be
acceptable if meets the following set of criteria designed to limit structural rutting
(vertical strains) and bottom-up cracking (horizontal strains) to occur (Timm,
D.H. et. al. (2006) and Walubita L, (2010)).

e Horizontal strains at the bottom of the pavement must be kept below 70
micro-strains (or 100 micro-strains as suggested by some researchers) to
limit the existence of fatigue bottom up cracking

e Vertical compressive strains at the top subgrade must be kept at or below
200 micro-strains to limit structural rutting.

2.1.2.4 Perpetual Pavement layers structure

A well designed Perpetual Pavement may consist of the following structural
layers:
e Wearing Surface Layer
The mix design of this layer varies depending on the traffic conditions,
environment, local experience and economy to satisfy performance requirements
such as resistance to rutting and surface cracking to the upper pavement layer
(about 4 inches). Because of high vertical compressive stresses from truck tires, it

is advisable to use crushed aggregate for both medium and high traffic conditions,
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while a limited amount of gravel might be used in the mix for low volume roads.
For the same reason, a polymer modified asphalt should be used as the binder for
high-volume roads (Newcomb, D.E. and K.R. Hansen. 2006). If the pavement
project is located in a wet zone, Open-Graded Frictional Courses (OGFC) mix
may be selected to assure long term performance (Figure 2.7). The OGFC mix is
designed to have 18-22% air voids to drain water from the surface and therefore
improve wet-weather-friction. Fibers may also be included in the OGFC to

prevent asphalt drain down (Huber, G. 2000)

Figure 2.7 Close-up view of Perpetual Pavement wearing course with OGF mix

o Intermediate Layers

As was for the wearing course, this layer (especially the top four inches) is
also vulnerable to rutting due to high stresses from heavy traffic loading.
Therefore, the materials used for this layer must offer resistance to shear failure
(which equals to resistance to surface rutting) and have good stability and
durability (APA, 2010). Large nominal maximum aggregate size crushed stones
or gravel may be used to improve internal friction (to resist shear failure), whereas

improvement to stability may be achieved by adding appropriate high-temperature
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grading binder (Kandhal, P.S.;,1990). Small aggregates may also be used for this
layer as long as the stone-on-stone contact is maintained (APA, 2010).

The asphalt binder grade used for this layer may be selected using the
LTTBind software to determine the proper high and low service temperatures
(APA, 2010). In order to avoid rutting distresses, the upper requirement of the
binder temperature grade may be the same as of the surface layer. However, the
low temperature requirements may be one level below the surface temperature,
since the low temperature in this layer is normally less severe than the
temperature in the surface layer (Asphalt Institute,1996a).

o HMA Base Layer

This is a layer where potential bottom up fatigue cracking may develop
due to heavy vehicles repeated loading . For a pavement to be called “perpetual,”
must have a base layer that can overcome repeated traffic induced tensile strains
for a very long design life (i.e. more than 50 years). Since the early beginning of
this century, several studies aimed to characterize the mechanics of asphalt
materials that may be used for this layer. Some of these studies concluded that for
the HMA base to function as intended, it needs to be designed with mixes of high
binder content and less in place air void. The high binder content allows the layer
to be densely compacted, durable, resistant to moisture penetration and offers
high fatigue life by improving the stretching ability under repeated forces (Figure

2.8) (APA, 2010, Kassem et.al., 2008, Timm, D., 2004)
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Figure 2-8: Improving Fatigue life with addition asphalt content

Another way obtaining a well performing HMA base is by designing a
thick layer that reduces the strains at the bottom of the asphalt base layer (Figure
2-9). In order to lower the cost by using a few inches thinner base layers, some
researchers have suggests the use of a single mix for both base and intermediate

layers (APA, 2010, Corte, J-F. 2001).
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Figure 2-9: Reducing Tensile strains with thick pavement
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A research by Molenaar et. al. (2008) reported that a based layer
thickness reduction of about of 40% met the necessary design criteria when a
modified binder (6-7% SBS polymer) was used instead of a conventional,
unmodified binder.

o Subgrade

The strength and other characteristics of sub-grade soil layer has a great
role in the determination of the thickness of the perpetual pavement layers. A
weak subgrade requires thick pavement layers to reduce the effect the traffic loads
cause at its surface. However, too thick layers may become expensive and
impractical to construct. Therefore, the subgrade material must be stabilized to
improve its strength. The strengthened subgrade is not only reducing the
pavement thickness but is also acting as a stable platform for vehicles and
equipment during construction.

In light of the minimum stability requirements for virgin subgrade soil,
Von Quintus (2001) suggested a minimum subgrade soil resilient modulus of
25,000psi to be available for perpetual pavement construction. Illinois DOT
requires that the soil must have a minimum California Bearing Ratio (CBR) of at
about 8 to qualify for a Perpetual Pavement construction.

Nunn et al. (1997) proposed a more detailed criteria to improve the

subgrade soil. He proposed the use of varying thickness of granular capping and
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sub-base materials depending upon the CBR of the existing soil layer, as shown in
Table 2-1.

Table 2-1 Subgrade improvement proposed by Nunn et. al.

Foundation Soil | 2 2-5 >5
CBR

Subbase 150 150 225
thickness

Capping 350 600 N/A
thickness

2.2 Basic Mechanical Behavior of HMA Pavements
When a vehicle passes or stands on the surface of a HMA
pavement, it generate stresses to the surface and subsequent layers below. As the
stresses develop within the layers, they generate shear strains at the surface layer,
tensile strains at the bottom of the asphaltic layers and vertical stresses and strains
at the top of subgrade and other various layers (Pavement Interactive, 2008). The
magnitude of the generated strains and stresses depends upon the pavement
thickness and stiffness of the layers. Thick pavements with layers possessing high
modulus, high tensile strength and high shear strength are less susceptible to
damages due to the stresses generated by traffic loads.
2.2.1 HMA Modulus
Mathematically, the modulus of HMA may be defined as a ratio between
applied stresses over resulting strains. There are two types of tests commonly

used to determine the modulus of HMA: Resilient Modulus and Dynamic

20



Modulus. While resilient modulus tests apply the same load several thousand
times at the same frequency, dynamic modulus tests apply a load over a range of
frequencies (25Hz, 10Hz, SHz, 1Hz and 0.5Hz).
2.2.1.1 Resilient Modulus

AASHTO 1993 Design Guide uses the Resilient Modulus of HMA in the
design of flexible pavement structures. The Modulus is used to estimate the
structural coefficient (a;) for the HMA. The structural layer coefficient is a
measure of relative ability of a unit thickness of a given material to function as a
structural component of the pavement. Figure 2-10 shows how Resilient Modulus
is converted into structural coefficient in accordance with AASHTO 1993 Design

Guide.
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Figure 2-10 Chart for estimating HMA layer coefficient based on HMA Resilient

Modulus
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The resilient modulus of HMA can be determined using a repeated-load
indirect tension test (Figure 2-11). Typically, three laboratory fabricated
specimens or field cores are recommended for the determination of the resilient
modulus of an asphalt mix. Each of the specimens is tested two times to produce

six measured resilient modulus values (ASTM D 7369-11).

Figure 2-11 HMA indirect tensile test (courtesy of CAIT)

According to ASTM D 7369-11, the repeated-load indirect tension
resilient modulus test of bituminous mixtures is conducted through repetitive
applications of compressive loads in a haversine waveform. The compressive load
is applied along a vertical diametral plane of a cylindrical specimen of asphalt

concrete. The resulting horizontal and vertical deformations of the specimen are
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measured. Values of resilient Poisson’s ratio are calculated using recoverable
vertical and horizontal deformations. The resilient modulus values are
subsequently calculated using the calculated Poisson’s ratio and the applied cyclic

load.
Mg = %(0.2329 F 0.780LL) e 2.1
h

where

Mg = instantaneous or total resilient modulus, psi,

dn = recoverable horizontal deformation, inches

Peyctic =Pmax — Peontact = cyclic load applied to specimen, lbs.,
Piax = maximum applied load, 1bs.

Peontact = contact load, 1bs.,

—1.0695—0.2339% . . R .
= = instantaneous or total Poisson’s ratio

ov
0.3074+0.7801ﬁ

Oy = recoverable vertical deformation, inches
2.2.1.2 Dynamic modulus

The Dynamic Modulus is the parameter used to characterize the behavior
of HMA in the Mechanistic Empirical Pavement Design Guide (MEPDQG) and
most advanced finite element software for modeling the viscoelastic behavior of
materials (AASHTO, 2004). Dynamic modulus is defined as any modulus that has
been obtained from repetitive non-static test loading. For asphalt viscoelastic

response, dynamic modulus, [E*|, (also known as complex modulus) may be
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computed based on a sinusoidal or haversine loading test performed under a
given frequency domain and temperature. The modulus is the ratio between the
maximum stresses and the maximum strain recorded in a cyclic uni-axial tension
or compression test. Due to the viscoelastic behavior of asphalt concrete, the
sinusoidal stress and strain do not occur at the same time (Yoder, E.J., and
Witczak, M.W., 1975). The time lag between the stress and strain cycles can be
converted into aphase angle (¢) and may be combined with the other test

parameters to determine dynamic modulus |E| of HMA (Figure 2-12).

omax max time
=D/w
Figure 2-12 Typical Dynamic modulus response curves
Due to the time lag between the stress and strain waves, the dynamic
modulus |E*|, is normally represented as Complex number, in exponential or
Cartesian form.
e Dynamic modulus in exponential form

IE*l _ 0'maxeimt

- Emaxel(@=®)

....................................................................... 2.2a

Where
Omax = peak stress

€max = peak strain
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w = angular velocity
¢ = phase angle
t = time
e  Dynamic modulus in Cartesian form
B = B IE 2.2b
Where
E* = complex modulus,
E’ = storage modulus (elastic component),
E” = modulus (viscous component),
The components of Equation 2-2b may also be presented in graphical form, as

shown in Figure 2-12.
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Figure 2-13 Graphical representation of a complex modulus
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2.2.2 Tensile strength

An HMA mix with high tensile strength can tolerate higher strains before
developing cracks. MEPDG uses the tensile strength to predict the low-
temperature cracking of flexible pavement. In laboratory, the tensile strength is
typically determined from diametral indirect tensile test (IDT) as was for the
resilient modulus test of HMA (Figure 2-12). However, the failure load and
dimensions of the specimen are the only parameters needed in this test for

calculating the tensile strength.

S¢= Tensile strength
P = Failure load
D = sample diameter
b = Sample thickness
2.2.3 Shear Strength

The shear strength of HMA is one of the properties that may be used to
predict the rutting susceptibility of HMA mixes. Researchers that worked on the
relationship between rutting and shear strength of HMA mixes have found that
mixes with less shear strength are more likely to develop rutting damage (K. Su et
al. 2009). Shear strength of HMA may be measured on SST machine (Superpave

Shear Tester). The SST is a servo hydraulic machine that can apply both axial and
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shear loads at constant temperatures using closed-loop control. The machine is
expensive. As a result, its use is not widespread. To characterize the rutting
potential of HMA mixes, simulative tests such as Humburg wheel rut test, are
used instead. The Humburg wheel rut test measures the rutting resistance of the
HMA by rolling a loaded wheel device repeatedly on top of a prepared HMA

specimen (Figure 2-14) (Brown, E. R. et. al., 2001D).

Figure 2-14 Hamburg Wheel rut tracking

2.3 Laboratory test set up methods for characterizing HMA behavior

In the laboratory, HMA tests may be performed in compressive, tensile or
compressive-tensile mode to determine the parameters for characterizing the
behavior of HMA. In this section, the relationship between the compressive and

tensile test set up and resulting behavior of HMA are discussed.
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While compressive tests are simple and more widely used, tensile tests
may offer results which best relate to the field performance of HMA, especially
concerning fatigue cracking. The tensile tests can be performed direct (axial tests)
or indirect (e.g. Indirect Tensile test (IDT)). The indirect tests are relatively easier
to perform and thus more used than axial tensile tests. The axial tensile tests on
the other hand are time consuming and difficult to perform. These tests require
samples to be uniform and strongly attached to the testing plates with glue. But
most of glues that offer strong bonds require hours or even days to achieve
maximum capacity. Because of these complexities, most researchers tend to
derive material characteristics from compressive tests in order to analyze both
compressive and tensile behavior of HMA. By doing so, the differences between
compressive and tensile properties of HMA are neglected.

Literature dated back to 1960’s has shown that compressive and tensile
behavior of HMA may be different. In early 1960’s Monismith et. al. and Harget
et. al. were among the first researchers to suggest that HMA compressive and
tensile behavior are different.

When analyzing the tensile and compressive strains developed during
bending creep test, Secor and Monismith (1965) observed that at temperatures
above 25°C, tensile strains were about two times the compressive strains. A few

years earlier, a research by Hargett and Johnsons (1961) observed higher
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difference between HMA compressive and tensile strengths. They reported HMA
tensile strength 10 times lower than the compressive strength.

Kallas (1970) used uniaxial loading in tension, compression and tension-
compression to determine the dynamic modulus. At low frequency (1 HZ) and
high temperatures (20°C and above) Kallas found that dynamic modulus in
tension was a half to two-third of the dynamic modulus in compression. This
investigation caught the attention of Witczak and Root (1974) who suggested that
HMA pavements may be best analyzed if using test results consistent with field
loading

Von Quintas et. al. (1982) conducted resilient modulus tests in
compression and indirect tension and found that the modulus in compression was
higher than that in tension. The difference was more pronounced at higher
temperatures. Lytton et al. (1993), performed uniaxial dynamic modulus in both
tension and compression under the same end condition (glued ends) and found at
a temperature of 25°C, tensile strains were about 10 times higher than
compressive strains.

Shatnawi et al. (1994) developed a device that fits into Superpave Shear
Tester to determine stiffness and repeated load behavior of asphalt concrete based
on repeated direct tension test. The research used the equipment to determine the
number of cycles to fail an HMA prism with dimensions of 200mm tall x 50 mm

x 63 mm. To accompany this test, the typical dynamic modulus test in
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compression mode at 20°C was also conducted for comparison and verification
purposes. The comparison results indicated that there was no difference between
compression and tension stiffness, at all frequencies.

Another research that compares tension and compression properties of
HMA is by Romanoschi et al. (2006). The research compared stiffness of HMA
determined from flexural bending beam (indirect tensile) and dynamic modulus
tests (in compression) and found that HMA dynamic modulus is more than twice
the corresponding bending stiffness.

Wu et al. (2011) compared compressive and tensile properties of HMA
based on four mixes commonly used in Tennessee. The research found that, at
high temperature (40°C) and frequency between 0.1 Hz to 25Hz, the dynamic
modulus in tension was about half of the dynamic modulus in compression. At
low temperatures (10°C) the behavior flipped; the tensile dynamic modulus was
found to be about 20% more than the compressive dynamic modulus. The results
at low temperature differ from earlier studies where the same dynamic modulus is
suggested.

Ebrahimi et al. (2013) conducted a research to compare HMA dynamic
moduli derived from Indirect Tensile test (IDT) and uniaxial compression
dynamic modulus test. The research used mixes commonly used in New Zealand.

Five HMA mixes were tested at different temperatures and frequencies for both
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IDT and compressive dynamic modulus test. The research concluded that no
difference exist between compressive and tensile dynamic modulus.
2.4 Development of analysis theories for HMA responses

2.4.1 Elastic theories

The early elastic analysis theories of pavement structures were introduced
by Boussinesq (1885) and Burmister in 1943 and 1945. While Boussinesq’s
(1885) theory assumed the pavement as homogeneous infinite half space,
Burmister theories considered pavement to be comprised of two to three layers of
different characteristics (Elastic Modulus, Poisson’s ratio and thickness).
2.4.1.1 Boussinesq Theory

The analysis and design of asphalt pavements during the first half of the
20th century were based on Boussinesq theories. Under this theory, the pavement
structure is modelled as a semi-infinite half-space made of a linear elastic,
isotropic and uniform material (Chrishao Han. H. 1973, Huang, 2004). The
simplified model required material modulus of elasticity, Poisson’s ratio and
pressure load applied over a circular area to determine the stresses and strains in
the pavement structure. To simply the application of this theory, Foster and
Ahlvin (1954) created surface deflection and stress development charts based on

this theory (Huang 2004).
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2.4.1.2 Burmister Theory
As the road network expanded during the early 20th century, a need for a
design technique that closely considers the actual state of the pavement became
essential. In 1943 and 1945 Burmister developed solutions for a two-and three-
layer pavement system . The Burmister solution was difficult to use at first, but
with improved computer technology, the theory was extended to multilayer
pavement system (Huang 1967, Huang 2004). Pavement analysis programs such
as BISAR, KENLAYER, ELSYM, EVERSTRESS, WESLEA, and JULEA were
originally designed based on Burmister theories (Huang 1993, Chen Y. G, 2009).
Burmister assumes a pavement is a multi-layer structure with superior
materials on top of subgrade (Figure 2-15). Other assumptions to be satisfied by
Burmister theory are:
1. The materials/soils of each layer are homogeneous, isotropic and linear
elastic.
2. The layers are weightless
3. The top layers have finite thickness “h” and are infinite in horizontal
direction
4. The subgrade has infinite thickness
5. A uniform Pressure, q, is applied on the pavement surface over a circular

area of radius a.
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6. Continuity conditions of stress and displacements are satisfied across
interfaces, meaning that vertical stresses, shear stresses, vertical

displacement and radial displacement are the same at layers interfaces.

2a

A REEA

A
Layer 1 E, vy \ h1
A
Layer 2 E, v, h2
\ 4
Layern E, v, e
A4

Figure 2-15 A multi-layer system subjected to a circular load
2.4.2 Viscoelastic solutions
HMA is a viscoelastic material whose behavior depends on the time of
loading, so it is natural to apply the theory of viscoelasticity to the analysis of
Asphalt pavement layers. Viscoelastic materials (including asphalt mixes) are
those with viscous and elastic behavior. There are two ways of characterizing

viscoelastic materials: by using mechanical models or creep compliance curves.
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Both techniques rely on the following basic assumptions pioneered by physicists
such as Boltzman, Kelvin and Maxwel in the early twentieth century:

e for a constant strain, the stress decreases with time (relaxation);

e for a constant stress, the strain increases with time (creep);

e the modulus of the material varies depending upon the application rate of

the load.

. 2.4.2.1 Viscoelastic Materials Mechanical models

The basic mechanical model of viscoelastic materials normally presented
in simple combination of springs and dashpots either in series (Maxwel model) or
in parallel (Kelvin model). Though easy to work with, the simple models cannot
independently simulate some properties associated with viscoelastic behavior. For
instance, the Maxwel model does not simulate creep behavior accurately, while
the Kevin model does not simulate relaxation. Because of these deficiencies,
complex mechanical models use combination of the simple models to more
closely define the viscoelastic materials .

Maxwell Model. Maxwell model is comprised of a circuit of springs and
dashpots arranged in series, as shown in Figure 2-16. Under a known elapsed time
and constant stress, Maxwell model can predict the total strain using Equation 2.8

(Huang, 2004).
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Figure 2-16: Maxwell Model

Strain, € = 4 2 T e 2.4
E A E T

Where:

o = stress

E = elastic modulus

A = viscosity

t=time

T= % = Relaxation time

Under the Maxwell equation, the strain increase linearly with the increase
in loading time. But in reality, for asphaltic materials the rate of change of strain
reduces with time. So, when it comes to materials creep modeling, one can at best

assume that the model can predict strains at low stresses.

35



Kelvin Model. Kelvin model or Kelvin-Voigt as sometimes called, is
formed by a combination of a Newtonian damper (dashpot) and Hookean elastic

spring connected in parallel, as shown in Figure 2-17.

E
JW

O «—— — O
1
A

Figure 2-17 Kelvin-Voigt Model

In this model the total stress in the system is determined by a combination
of two stresses derived from the spring and the dashpot. The derived stress is

shown in equation 2.5 (Huang, 2004).

() = Ee(t) + A2 25

When a constant stress is applied to the system, Equation 2.5 is rearranged
and integrated from 0 to € and from 0 to t to get:

_t

...................................................................... 2.6
Burgers Model. Burgers model is a result of combining Maxwell and

Kelvin model in series as shown in Figure 2-18.
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Figure 2-18 Burgers model
The mathematical equation (eq. 2.7) of Burgers model compensates
deficiencies that limit the use of Kelvin equations in problems which involve

retarded strains (Huang, 2004):

The subscript o in E, and To(=ME,) is used to represent Maxwell model,
whereas subscript “1”in E; and T; (=A/E)) represents Kelvin model.

Generalized model. Figure 2-19 show a generalized model that combines a
Maxwell model and a number of Kevin models in series (subscripts 1 to n) to

characterize any viscoelastic material (Huang 2004).
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Figure 2-19 A generalized model
Under Constant stress, a generalized model can be used to determine strain
based on equation 2.12; the parameter “n” represent the number of Kelvin models

in the circuit.
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. 2.4.2.2 Viscoelastic Materials Creep compliance Model

Another way of characterizing viscoelastic materials (e.g. HMA) is by
adopting creep compliance models. The key behavior of the materials to be
characterized by creep models is that when subjected to constant step stress, the

materials respond with a time dependent increase in strain (Figure 2-20).

O A
L0 B
> time
t0 jul
(a)
€ A
Y
| €0
80 = -
IO 151 > time
t
(b)

Figure 2-20: Creep compliance phenomenon. (a) Applied constant stress, (b)
Strain response curve
At its simplest state, creep compliance, D(t), may mathematically be
defined as follows:

D(t):%t)zL

) 2.9

Where

€ (t) = Time dependent strain
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o = Constant stress
E(t) = Young’s Modulus at various times
For a Generalized model creep compliance can be determined through the

following relationship (Huang 2004).

1 t noq I,
Dit)=—/|1+— |+ ¥ —d{l-e
E T | Z\E,
o o - l

........................................ 2.10
Where, E,, T,, E; and T;are viscoelastic constants.
2.5 Finite Element Modeling methods for Flexible Pavements

The finite element method (FEM) is a computerized analytical method that
closely predicts performance of pavements and other structures under forces such
as traffic loading, vibrations, and heat. The power of Finite elements modeling
has enabled engineers to properly address issues such a materials inelastic
behavior, and geometry irregularities of flexible pavements and analyze the effect
of dynamic loads. Depending upon the shape of analyzed structure, computer
memory available and computational time, one of the following modeling
techniques is typically employed to solve problems with FE programs:
Axisymmetric analysis, Two-Dimensional Finite element analysis, and Three-

Dimensional Finite element analysis.
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2.5.1 Axisymmetric Analysis

Axisymmetric analysis is used to solve FE engineering problem when a
geometric part is a solid revolution and radially loaded with a constant axial force
along any diameter on the surface. This analysis method allows the user to create
a section plane FE models on one side of the rotational axis and hence
dramatically reduce the size of the finite element mesh and the analysis time.

In pavement structure modeling, the axisymmetric analysis can be used
only when a simple statically loaded pavement is to be analyzed. To do so, the
pavement must be idealized as a cylindrical section with a static load applied in a
circular area. For example, in Figure 2-21, only plane geometry ABCD, applied
load “a” and support conditions are needed in the axisymmetric analysis for the

determination of responses of the whole pavement section.
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Figure 2-21 Typical Axisymmetric geometry for finite element analysis
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2.5.2 Two-Dimensional Finite element analysis

This is another Finite element analysis method that uses relatively shorter
time in solving engineering problems. In the field of pavements the 2-D analysis
method is typically used to analyze simple statically loaded pavements. Since the
geometry is planar, the traffic load at any section parallel to plane HIJK (Figure 2-
22) is typically applied as a line pressure load “2a” (effective tire print width)
perpendicular to the direction of movement. And because of the shape and nature
of load application, the 2D analysis assumes the stresses and strains in the axis
parallel to traffic movements are not of interest; only responses in the direction
perpendicular to the direction of travel are computed (Kim et. al. 2010).

Traffic

v direction
~

Line load

No response

Figure 2-22 Typical 2-D planar geometry for finite element analysis
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2.5.3 Three-Dimensional Finite element analysis

Advancements in the computational power and speed of modern
computers have allowed 3-D finite element geometry models of complex
engineering problems to be analyzed at relatively short time. When compared to
the other aforementioned analysis methods, the 3-D analysis emerges to be the
best technique for analyzing complex pavement structures that may include
moving dynamic loading, pavement discontinuity, material non-linearity, and
infinite ends and rigid foundation (Kim et. al. 2010). In 3-D analysis mode, the
user can built geometric parts, load and perform analysis that yields responses in

both x, y, and z-direction, as shown in Figure 2-23.

3D FE rolling wheel

3-D FE pavement
Responses gl
Z-direction

X-direction

Responses\Eas
Y-direction

Figure 2-23 Typical 3-D Pavement geometry for generalized FE analysis
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2.6 Application of viscoelastic theories to FE Asphalt pavement modeling

The application of viscoelastic theory in FE models is more difficult, but
researchers who applied this theory found that it offers better result than the
simple linear elastic theories. The FE analysis results by Elseifi et al. (2006)
showed that the elastic FE model grossly under-estimated pavement stress and
strains at intermediate and higher temperatures. But with linear viscoelastic FE
model, the field results and the FE predicted responses were close.

Loulizi et al (2006), assumed linear elastic behavior of asphalt concrete
when comparing field measurements and finite element simulations. The research
employed axisymetric and 3D Finite Element analysis to determine responses of
an instrumented section on Virginia Smart Road test. The results of this
experiment concluded that linear elastic behavior overestimates stress and strains
at low temperature. An overestimate of response was also observed by Portillio
(2008) when comparing field results of an instrumented perpetual section on US
75 highways in Kansas. Portillo used the EVERSTRESS program with linear-
elastic material behavior at 20°C to compute strain responses at the bottom of the
HMA layers. In general these two researchers show that linear elastic models
poorly represent the field behavior of asphalt concrete.

Yoo et al (2006) investigated asphalt pavement responses under dynamic
moving trapezoidal and continuous loading using the Abaqus finite element

software. The asphalt concrete layers were considered viscoelastic with elastic
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properties collected from the resilient modulus test and the viscoelastic properties
obtained from the creep compliance test. After a series of testing and analysis, it
was concluded that modeling of asphalt pavement with viscoelastic properties and
continuous loading provides better results than the analysis when trapezoidal
loading amplitude is used

Wang and Al-Qadi (2009) used FE viscoelastic analysis to compare the
effect of uniform contact stresses to 3-D contact stresses measured in the field.
The model used for the analysis represented a 254 mm deep perpetual pavement
placed on 305 mm lime stabilized subgrade. Viscoelastic behavior of materials
was assumed. After performing the finite element analysis at various load levels,
it was observed that higher compressive and shear strains developed near the
surface when the pavement subjected to the field measured 3-D tire contact
stresses than when was under the uniform contact stresses. This suggests that the
assumption of uniform contact stresses might underestimate the near-surface
cracking potential and shear flow in the perpetual pavement. Furthermore, the
difference in pavement responses for uniform contact stresses and 3-D contact
stresses was more profound at higher wheel loads.

In 2005, Park et al. used an elastic-viscoplastic constitutive model in a 3-D
finite element analysis of asphalt pavement to determine the effect of tire pressure
distribution on pavement rutting. The research compared the permanent

deformation (rutting) obtained from the 3-D FE analysis to the one directly
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measured from WesTrack test sections. Two major results were obtained: the
non-uniformity of tire pressure impacts the response of the pavement and the
elastic-viscoplastic constitutive model can be used to compute asphalt pavement
permanent deformation.

Panneerselvam (2005) used a multi-dimensional hyperelastic-viscoelastic-
viscoplastic-damage model to capture the rutting and linked behaviors of asphalt
concrete. Each component of the model was designed to capture different
behavior of asphalt concrete during finite element modeling. A second order
hyper-elastic model was used to define elastic behavior of asphalt concrete
whereas a viscoelastic component was used to capture the time and temperature
dependence of the material. The viscoplastic component was included to capture
load rate dependent behavior of the asphalt concrete pavement. Anisotropic and
isotropic damage in the material was also accounted for by the model. The
constitutive model was verified against laboratory experiments and later was used
in the Abaqus finite element program to compute strain responses of a pavement
structure subjected to repeated wheel loading. There was a fairly good agreement
between the FEM and lab experiments especially at low strains level (Figure 2-24

and 2-25 ).
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Figure 2-24 Comparison of Finite Element model with Experimental data: Axial

Stress vs. Axial Strain (Panneerselvam (2005)

1ou T T
—— Model 1

+ Expt y

140H o FEM i
120
100 |-

Shear Stress (psi)
3

T T T T T

+
B0 |- ------ - iR edasdsn s 4-—r3Fff---,._--E— ---------------------------- e
A0} ---- - s e e Frissase i vee e -
+ + :
........ sk M SRS SN S S SO
A * :
o i i i i i i i
02 04 06 08 1 1.2 1.4
Shear Strain 1ot

Figure 2-25 Comparison of Finite Element model with Experimental data:Shear

Stress vs. Shear Strain (Panneerselvam 2005)

2.7 Summary

In the beginning of this chapter, the basic information that describe

flexible pavement were introduced to the readers. Thereafter, results of

47



experimental investigations that searched for differences between Compressive
and Tensile behavior of HMA were presented. In addition, the chapter covers the
development of FE viscoelastic modeling for HMA pavements.

The literature reviewed show evidence that the Compressive and Tensile
properties of HMA may be different as opposed to the long held idea that they are
the same. Most of the literature suggest a compressive/tensile strength ratio
greater than 1 (up to 10); varying depending upon type of test and temperature.
However, for dynamic modulus tests, a compressive/tensile modulus ratio of one
or even less was reported for tests conducted at low temperatures (Christensen et
al. (2004), Kim et al. (2004)). Above all, this research found no publications with
extensive experiments and statistical/analytical models that strongly relates
compressive and tensile modulus. Such models could eliminate axial tensile tests
which are more difficult to perform.

When it comes to the Finite element modeling of HMA materials, the
literature showed that elastic models overestimate pavements’ responses, whereas
viscoelastic models predictions are closer to the field responses. In addition, some
researchers have modified the original Finite element Viscoelastic models to
capture specific HMA behavior. For example, a viscoelastic constitutive model
coupled with viscoplastic was used by Panneerselvam (2005) to capture HMA

loading rate dependence at higher temperatures and extreme loading.
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Chapter 3
Field responses of Perpetual Pavements
3.1 Introduction

Unlike the old empirical design methods such as AASHTO design Guide,
the concept of Perpetual Pavements, if well implemented, can create pavements
which are economical and of high quality to withstand existing local conditions
for many years. To achieve its goals, the concept requires thorough laboratory
investigations to get the best materials and HMA mixes that can significantly
improve the life of the pavement. Additionally, relatively expensive full-scale
field performance or accelerated pavement tests (APT) may be used in states
where the concept is fairly new and the best materials mix design is not known
(Newcomb et al. 2001).

Since late 1990s, when perpetual pavement concept emerged, a number of
field performance studies have been conducted including the Kansas US 75
Project. The Kansas US 75 perpetual pavement project will later be used in this
research to validate through Finite Element program, a Compressive-Tensile
material model of Hot Mix Asphalt (HMA). Kansas US 75 project and a few
other field performance perpetual pavements researches are discussed in this

chapter.
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3.2 NCAT Perpetual Pavement Experiment

The National Center for Asphalt Technology (NCAT) at Auburn
University was established in 1986 with a purpose of testing the performance of
asphalt pavement materials and structure. So far, the center has played a great role
to ensure through excellent research in the lab and field that HMA pavements
meet real time challenges and have a promising future.

NCAT obtains pavement response data from its world well known 1.7
miles oval shaped test track. The track consists of 46 different 200-ft long
research sections mostly sponsored by state Department of Transportation and
their counterparts in three year cycles since the year 2000. The three year cycle
was designed to simulate 10 million equivalent axle loads (ESALs) from
controlled heavily loaded tractor-trailers. On a typical highway, one would have
to wait about 10 to 15 years to collect pavement data equivalent to what is
obtained within one full operating cycle of the test track. That is why the test track
is also known as accelerated pavement testing facility (APT).

The pavement sections of the NCAT facility are built with temperature
and moisture sensors sandwiched between layers of the pavement to record
moisture and temperature of the pavement at the time of testing. An on-site
automated weather station is also available to collect hourly temperatures of the
track surroundings. Furthermore, the structural layers of the experimental sections

are instrumented with strains gauges (in both longitudinal and transverse
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directions), pressure cells, and vertical compression gauges at selected location
along the wheel path. When these sensors respond to passing loads, generate
important data that quantify the pavements’ performance and validate material
mix designs, layer thicknesses, and construction methodologies.

Apart from field performance experiments, the NCAT center has a well-
equipped materials testing laboratory for determining experimental data, which
are useful for state-of-the-art pavement analysis and design. Nevertheless, the
linking of laboratory to field responses still is a challenge to engineers. Project
local conditions and complex material behaviors are among the reasons. To lessen
the problems, NCAT center imports materials for construction from the
sponsoring states to replicate some local condition (Powel, B. R., 2001).
However, weather and other local conditions that are not possible to replicate on
an open facility may still affect the performance of the pavement if constructed
elsewhere. The effects are more pronounced when the experimental pavement
sections are built with thin layer (Willis, J. R. et al. 2009, West, and R. et al.
2012).

NCAT has dedicated a number of perpetual pavements sections on its
track to test the performance of different material mixes and the designed
structural layers. In the year 2000 the first test cycle (1 test cycle = 10 million
ESALs in 3 years) begun. The perpetual pavement sections accommodated during

this cycle were extremely thick (Figure 3-1). The extra thickness was mainly due
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to the use of AASSHTO 1993 Design Guide, which is among conservative

methods of pavement design.

6-inches Superpave Mix with PG 76

9-inches Superpave Mix with PG 67

4-inches Permeable Asphalt Treated Base (PATB)

6-inches Granite Base

12-inches improved sub-base

Subgrade

Figure 3-1 Perpetual Pavements at the 2000 Test Track. (Courtesy of NCAT)
The first test cycle, which ended in the year 2003, showed that the strains
at the bottom of HMA were around 10 micro-strains, eight times below the typical
value above which bottom crack can initiate. These sections were simply overly
designed.
The second test cycle of experiments began in 2003; immediately after the
first cycle. During this cycle, eight instrumented thinner sections were included to
replace the thick sections constructed in the first test cycle. The target of the

experiment was to evaluate the structural performance of differing pavement

52



thickness and materials stiffness. Out of the eight sections, two were 5 inches
deep, another two were 9 inches deep and the rest were 7 inches deep. According
to Willis J. R. et. al. (2009), thinner sections (5 and 7 inches thick) developed
fatigue failure cracks before the end of test cycle (less than 10 million ESALs);
de-bonding was considered the source of the failure for some of them. On the
contrary, the 9 inches sections survived the 10 million ESALs without
showingfatigue cracks even when the measured strains were higher than expected.
More than 90 percent of the measured strains at the bottom of one of the survived
sections were above 100 micro-strains. The other section had more than 85
percent of strains above 70 micro-strains. Based on this limited field strain
measurements, the research concluded that for a 9 inches or more full depth
asphalt pavement subjected to 10 million ESALs and above, an HMA can be
design not to fail in fatigue even when the 70 (or 100) micro-strain threshold for
the tensile strain is exceeded (West, R., and Timm D.H., 2012).

In addition to field performance tests of the 2003 track cycle, two asphalt
base mixtures were tested in the laboratory using the bending beam fatigue test,
(AASHTO T 321), to evaluate fatigue endurance limits of the materials. Attempts
were made to directly relate the laboratory and field measure strains. However, no
good correlation was found (Willis, J. R. et al. 2009).

The third cycle began in November 2006 with 11 perpetual pavements test

sections. The test sections included two 9 inches and other three instrumented
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sections were left in place from the previous cycle. In addition, six more
instrumented sections were newly constructed. Among them; two were the 14.4
and 9.9 inches perpetual pavements sponsored by Oklahoma DOT.

The result of the 3rd cycle showed that the two 9 inches sections survived
10 million more ESALs (on top of the 10 million ESALs of phase 2) without
bottom up fatigue cracks. A 14 inches section which was constructed during this
phase also found to perform very well under fatigue loading. These three sections
continued to perform very well in the following cycles, proving that perpetual
pavements with right materials can be thinner and carry more than 30 million
ESALs, an equivalence of more than 50 years of a normal highway traffic (West,
R., and Timm D. H., 2012).

3.3 Perpetual Pavement Experiments in Ohio

In Ohio, the first perpetual pavement project research works begun in
2005 under the sponsorship of ODOT and supervision of Ohio University. The
project consists of two instrumented sections (with sensors at the bottom of HMA
layers), built on rural freeway U S 30 which carried about 18,000 ADT at that
time (Sargand, S. M. et al. 2006).

A task force assigned to design the US 30 perpetual pavement sections,
conducted design analyses using axle weights 20 percent more than stipulated in
the guide of Ohio legal dimension and weight limits for highway vehicles. They

designed the sections to include typical ODOT specified materials at the bottom
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two layers and polymer-modified binder in the top two HMA layers. In total, the
HMA thickness was 16.25 inches (Sargand S. M. et al., 2006, Liao Y., 2007).

During field-testing, the engineers used a truck weighing around 25KN on
the steering axle and 22KN on its rear single axle to trigger sensors buried at the
bottom of the HMA layers. The sensors were connected to a computer for
collecting and reporting real-time responses (i.e. longitudinal and transverse
strains). Liao Y. (2007) reports that the maximum tensile strain observed in this
project, was about 80 micro-strains during summer and close to 35 micro-strains
during winter. In all situations, no traces of bottom up cracking were observed
(Sargand S. M. et al., 2006, Liao Y., 2007).

In addition to field perpetual pavement experiments, the Ohio State
University runs an accelerated pavement testing (APT) facility. The facility
consists of different types of pavement sections including perpetual pavements. In
2009, perpetual pavements sections of 16, 15, 14, and 13 inches thick were built
at the APT facility. At an initial loading of 10,000 repetitions, strains less than 50
micro-strains were observed at the bottom of all sections (Hernandez J. A. 2010).
By the end of 2012, three years after construction of the sections, the strains
recorded were still below the design limit of 70 micro-strains.

3.4 Marquette Interchange
In continuing efforts to validate local materials and thickness designs for

perpetual pavements, Wisconsin Department of Transportation sponsored a
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research project of instrumented pavement section along 1-43 to determine real
time performance of perpetual pavements. The project, which in records is known
as Marquette Interchange Instrumentation project, was built and completed before
the end of the year 2008 under the supervision of the University of Wisconsin.
The structure of the Perpetual Pavement section included 710mm foundation
layers of different aggregate sizes followed by 330mm HMA layers on top (Table
3.1) (Hornyak, N. J. 2010).

Table 3.1 Marquette Perpetual Pavement thickness and materials breakdown

inal
Nlc\)/lrzl)t(la Binder
Description Thickness (mm) Ageregates. %;aélj
(mm)
SMA 50 12.5 70-28
E30 180 19 64-22
C2 100 19 64-22
o ded
pen grace 100 N/A N/A
aggregates.
D
ense graded 150 N/A N/A
aggregates.
Selected crushed 460 N/A N/A
aggregates.

Immediately after construction, the University team of engineers began
recording the pavement performance data and carry out associated analyses. The
data collected includes strains at the bottom of HMA, earth pressure, pavement

moisture, pavement temperature, traffic and other environmental data. Hornyak

56



N. J. (2010) reported that the field strains recorded during the first three years of
testing never exceeded 16 micro-strains.
3.5 Kansas US 75 Perpetual Pavement Project

In 2005, Kansas Department of Transportation (KDOT) developed
Perpetual Pavement designs for four sections that were constructed on US-75
highway near Sabetha, Kansas. The highway carried medium to high traffic
volume at the time of construction. Moreover, it was estimated that at the end of
20 years of design life the pavement would accumulate 5.7 million ESALSs per
lane. The KDOT engineers adopted two different approaches to design the layers
thicknesses of the sections. Sections 1, 2, and 3 were designed based on the
Mechanistic ILLI-Pave algorithm. The algorithm assumes that during the lifetime
of the pavement, flexural strain at the bottom of the pavement will never surpass
70 micro-strainsfatigue endurance limit as suggested by Monismith et al. (1972)
and Carpenter et al. (2003). Section 4 was designed based on Empirical
algorithms recommended in 1993 AASHTO Design Guide. The Empirical 1993
AASHTO Design Guide produced a relatively thicker HMA pavement than the

Mechanistic ILLI-Pave algorithm (Table 3-2) (Portillo M., 2008).
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Table 3-2 Perpetual Pavement sections designs

Section 1 | 2 | 3 4
1993
Design Approach ILLI-Pave algorithm AASHTO
Design guide
Wearing Course 1.5 inches
Binder Course 2.5 inches
Base Course 9.0 inches 7.0 inches | 9.0 inches | 12.0 inches
Chemically
Stabilized 6.0 inches,
Embankment Soil
Nat;:;i“b' High plasticity clay (A-7-6) | High plasticity clay (A-7-6)

The Kansas US75 perpetual pavement project was design to meet the

following objectives (Portillo, 2008):

Validate the two Perpetual Pavement Concept approaches under local
materials and environment. In this case, the strains developed at the
bottom of a much deeper section with a harder binder grade (PG70-
22) at base layer and strains developed at a less deep sections with

softer binder at base layer (PG64-22) are checked against the fatigue

endurance limit (FEL) recommended in literature.

Use economic analysis to evaluate design alternatives. The sections
costs and reliability are compared to determine the economic

feasibility of the full-depth asphalt pavement design to the State of

Kansas.
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e Validate flexible pavement linear-elastic and viscoelastic models using
field performance data. Horizontal strains at the bottom of the
pavement developed due to known truck loading are measured and
then compared to those computed with linear elastic and visco-elastic
models for flexible pavement structures.

Out of the three objectives, the third goal required extensive laboratory
investigations to determine material input parameters and to search for a model
that better explain the behavior of flexible pavement materials. Initial attempts by
Portillo (2008) showed that, Finite Element analyses with linear elastic models
(e.g. Ever-stress) overestimated the computed strains, whereas the FE linear-
visco-elastic models underestimated the strains.

3.5.1 Material characterization

Experiments to characterize materials for the Kansas US 75 perpetual
pavement project were performed at Kansas State University Civil Engineering
laboratory. Much of this work is reported in Portillo, M. (2008) master’s thesis. In
here, only relevant laboratory works are presented.

o Subgrade soil

Geotechnical engineers for the Kansas Department of Transportation
(KDOT) identified two natural subgrade soils along the project location (labeled
as soil A & B). The soils were both classified as high plasticity clay based on

AASHTO soil classification and the Unified soil classification. Triaxial resilient
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modulus tests were performed on the soils to determine their modulus. The results
are given in Table 3.3.

Table 3-3: Subgrade Triaxial Resilient Modulus (MPa) Test Results

Relative Density Moisture Deviator Stress (kPa)
(%) Content (%) | 23.8 | 37.5 | 508 | 71.2 | 1052
Soil A
19 1047 957 | 86.1 | 79.6 | 70.6
% 21 1006 | 894 | 812 | 712 | 702
24 704 | 621 | 588 | 57.4 -
27 80 64 50.1 | 457 -
19 1282 | 1153 | 109.1 | 103.6 | 93.6
05 21 126.6 | 107.6 | 1088 102 | 89.2
24 1272 | 1165 | 101.3 | 88.9 68
27 838 | 597 | 494 | 475 -
19 167.6 | 160 | 1555 146.5| 132.9
100 21 155 | 1405 | 130.8| 1142 ] 924
24 149.7 | 148.4 | 1346 | 121.8| 98.1
27 933 | 787 | 585 | 459 -
Soil B
17 1137 1071 | 972 | 88.8 | 69.3
%0 19 1181 | 111.8 | 1115 985 | 84.6
22 949 | 888 | 77.7 66 54.3
25 943 | 736 | 622 | 59.7
17 2062 | 167.1 | 163 | 1435 1218
05 19 1528 | 140.1 | 129.4 | 113.8| 959
22 1416 | 1228 [ 1057 92 70.8
25 974 | 763 | 613 | 489 | 46.1
17 2108 | 143.1 | 140.1 | 136.7 | 122.7
100 19 149.1 | 143.1 | 1289 1162 101.1
22 187 | 160.6 | 1443 | 112 | 882
25 94 70.6 | 585 | 465 | 485
° Lime stabilized subgrade

In order to avoid frost heaving and improve the strength of the weak
plastic clay soil found on the project site, the KDOT Engineers proposed the lime
stabilization of the top 6 inches of the existing subgrade soils. The soils were

mixed in place with six percent lime. A portion of the lime-stabilized soils was
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collected and properly packed to reserve the moisture before being transported to
the Kansas State University laboratory for testing. In the lab, 6 inches tall by 3
inches diameter samples with density the same as in the field were prepared and
placed in a moist room for curing.

After 7, 28, 60, and 90 days of curing, the samples were tested for
Resilient Modulus using IPC UTM 25 machine. The average resilient modulus for
soil A (7 samples) and B (6 samples) are presented in Table 3-4 and Figure 3-2.
The soils show a reduction in modulus within two months of curing before rising
up again as curing increased to 90 days. In the general, the stabilization process
increased the subgrade modulus by two to three times.

Table 3-4 Resilient Modulus (MPa) of Lime Stabilized Soil

Curing Time Deviator Mean resilient modulus (MPa)

(days) Stress (kPa) Sol A SolB
23.8 330.7 265.2

37.5 365.6 293.8

7 50.8 400.6 326.1
71.2 434.4 396.2

105.2 468.5 443.5

23.8 233.8 215.2

37.5 249.7 237.4

28 50.8 264.4 260.3
71.2 295.2 293.9

105.2 343.2 334.2

23.8 191.8 162.8

37.5 194.1 184.8

60 50.8 194.5 186.3
71.2 205.7 205.1

105.2 225.2 230.4

23.8 243.7 206.3

37.5 259.8 211.6

90 50.8 318.6 220.9
71.2 388.5 238.2

105.2 539.9 251.1
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Resilient Modulus of Lime Treated Soil

Soil A

Soil B

Confining

Stress
(kPa)

< 200 -

Resilient

days days days

Curing Time

023.8

o375

28
days

60 920
days days

m50.8

Figure 3-2 Average Resilient Modulus — Lime Treated Soils

Hot Mix Asphalt

Figure 3-3 shows the HMA mixes placed on the four experimental

sections. Five different mixes (denoted as S, M, 1, 3, and 4) designed to conform

to Superpave Mix Design Guide were used.

Section 1

|section 2

|section 3

section 4

40 mm Surface Course: Mix S, NMA = 9.5, PG 70-28 binder, Pb = 6.2%

60 mm Surface Course: Mix S, NMA = 19, PG 70-28 binder, Pb =5.5%

225 mm Base:
Mix 1, NMA =19,
PG 70-22,
Pb=5.5%

187.5 mm Base:
Mix 4, NMA = 19,
PG 64-22,
Pb=5.7%

175 mm Base:
Mix 4, NMA = 19,

150 mm Lime
stabilized sub-base

150 mm Lime
stabilized sub-base

ig 6‘;33/’ 300 mm Base:
=J./7 g —
50 mm Base: Mix Mlxs’c}l\;zdéz 15
3, NMA = 19, Pb—5-7‘V’
3% VTM, - e

PG 70-22, Pb = 6%

SUBGRADE

150 mm Lime
stabilized sub-base

150 mm Lime

stabilized sub-base

Figure 3-3 Configuration of Perpetual Pavements used in Kansas US 75 sections
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The mixes were tested for dynamic modulus using IPC UTM 25 machine

according to AASHTO TP 62 07. In this report, the dynamic moduli only for the

mixes used in Section 1 are presented (Tables 3-5, 3-6 and 3-7). The rest of the

dynamic modulus tests results are found in Portillo (2008).

Table 3-5 Dynamic Modulus Results for Mix S

. Air Voids| Temp. Frequency
M| Sampke | o) | ooy [T25 T 10 | s 1 | 05 | o1
Dynamic Modulus (MPa)
S 1 6.6 4 14,183 | 13,009 | 12,100 | 9,955 9,491 7,236
S 8 6.6 4 11,862 | 10,974 | 10,020 [ 8499 | 7,713 | 6,170
S 3 6.8 10 9,055 7,864 | 7,204 | 5,783 5,289 | 4,089
S 7 6.6 10 11,646 | 9,935 9,263 7,526 6,944 5,413
S 7 6.6 20 8,358 | 6,493 | 5511 | 3,767 | 3238 | 2,052
S 9 6.6 30 | 3,661 | 2,758 | 2,328 | 1,476 | 1213 [ 807
S 10 6.3 30 4,202 3,155 2,594 1,722 1,447 999
S 6 6.9 35 2,776 1,923 1,618 1,046 855 608
Phase Angle (degrees)

S 1 6.6 4 5.35 5.88 9.96 12.05 15.5 17.9
S 8 6.6 4 5.88 7.75 9.64 12.82 16.39 18.84
S 3 6.8 10 8.38 11.21 133 16.86 | 21.33 27.37
S 7 6.6 10 9.19 8.99 11.93 15.22 18.92 | 23.64
S 5 6.7 20 16.53 19.66 | 22.52 | 2597 31.7 32.51
S 7 6.6 20 14.69 16.45 19.97 24.4 29.97 33.28
S 9 6.6 30 19.51 21.71 24.75 28.13 34.45 33.84
S 10 6.3 30 21.16 | 23.56 | 26.14 | 28.95 35.63 34.33
S 6 6.9 35 23.56 24.8 26.73 27.91 33.27 30.45

Table 3-6 Dynamic Modulus Results for Mix M
Mix |Sample Air Voids | Temp. Frequency
(%) (°C) 25 | 10 | s 1 05 | o1
Dynamic Modulus (MPa)

M 8 7.3 4 13,508 | 12,094 | 11,628 | 9,709 9,166 7,934
M 9 6.7 4 15,351 | 14,417 | 13,629 | 11,756 | 11,076 | 9,116
M 1 6.9 10 14,115 | 12,654 | 11,538 | 9,495 8,778 6,590
M 6 7.1 10 13,638 | 12,642 | 11,536 | 9,174 | 8,401 | 6,232
M 5 7 20 6,389 | 4,994 | 4425 | 3,193 | 2,830 [ 1,911
M [ 10 6.8 20 8,465 | 7408 | 6,610 | 5060 | 4,537 | 3,226
M 2 72 30 sall | 4064 | 3372 | 2,225 | 1,846 | 1,247
M 4 7.1 30 5,090 3,985 3,310 2,163 1,814 1,219
M 3 7.5 35 3,995 | 3,176 | 2,569 | 1,631 1,339 918
M 7 6.9 35 5048 | 3958 [ 3273 [ 2,000 [ 1,728 | 1,204
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Table 3-6 continued

, AirVoids | Tenp. Frequency
M [SepE! 80 ee) 25 10 | s 1 [ os 0.1
Phase Anele (degrees)
M 8 7.3 4 7.61 6.84 967 2.16 15.74 18.7
M 9 6.7 4 5.65 7.18 861 9.55 11.66 12.74
M 1 6.9 10 8.21 104 11.86 15.17 19.11 22
M 6 Fa | 10 9.57 10.44 13.37 16.89 19 .96 23 85
M 5 7 2 10.05 12.62 15.04 18.16 23.04 2551
M 10 6.8 2 14.14 15.67 18.48 22.1 26.58 27.15
M 2 7.2 30 19.89 21.73 24 49 26.78 3244 3069
M 4 7.1 30 19.14 21.76 25.03 27.04 32.66 31.31
M 3 7.5 35 21.74 228 25.56 27.34 33 .44 32.32
M 7 6.9 35 19.85 22.86 25.09 27.57 33.65 3266
Table 3-7: Dynamic Modulus Results for Mix 1
. Air Voids | Temp. Frequency
Mix |Samplef o ) 0) 25 | 10 | s [ 1 | o5 | o1
Dynamic Modulus (MPa)
1 1 6.7 4 18,352 | 16,701 | 15,617 | 13,499 | 12,420 9,895
1 2 6.8 4 19,837 | 18,090 | 16,609 | 14,151 | 13,312 | 10,655
1 3 6.7 10 15,579 | 14,000 | 12,693 10,163 9,449 6,915
1 4 6.8 10 16,109 | 14,340 | 13,344 | 11,091 | 10,344 7,972
1 5 6.8 20 10,080 8,744 7,755 5,766 5,091 3,559
1 6 7.1 20 10,668 9,380 8,247 5,993 5,336 3,540
1 7 6.9 30 6,366 5,343 4,419 2,991 2,563 1,624
1 8 6.6 30 6,781 5,741 4,781 3,210 2,743 1,763
1 9 6.6 35 5,657 4,413 3,671 2,405 1,998 1,317
1 10 6.5 35 5,701 4,407 3,652 2,400 2,002 1,327
Phase Angle (degrees)
1 1 6.7 4 5.8 6.12 8.19 12.24 13.61 16.32
1 2 6.8 4 6.2 6.78 9.43 12.03 13.77 16.58
1 3 6.7 10 7.2 991 13.2 15.54 19.83 23.44
1 4 6.8 10 6.5 9.06 10.99 14.01 16.68 20.22
1 5 6.8 20 12 14.01 16.75 21.7 27.29 33.42
1 6 7.1 20 13.7 15.85 18.38 23.09 28.11 34.4
1 7 6.9 30 16.8 20.34 23.91 27.72 35.01 37.33
1 8 6.6 30 16.99 20.44 23.67 28.1 35.15 37.71
1 9 6.6 35 19.85 22.32 25.37 29.07 36.14 36.54
1 10 6.5 35 19.79 22 24.5 27.27 33.48 32.39

This research is also reporting Master curves resulted from the dynamic

modulus of materials used in Section 1(Figure 3-4, 3-5, 3-6). The Master curves
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describe the time dependency of the mixes and are developed to obtain modulus
of HMA at different levels of temperature and loading speed. They are
constructed using the principle of time-temperature superposition, where dynamic
modulus data obtained at different temperatures are shifted with respect to
frequency until the curves merge into a single smooth function at reference
temperature (Yin, 2007). The reference temperature used in this research is 20°C

to reflect the temperature of the pavement during testing.
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Figure 3-4 Dynamic Modulus Master Curve — Mix S
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3.5.2 Pavement section instrumentation
In order to record responses of the KS Perpetual Pavement sections, they
were instrumented with gages at the bottom of the asphalt layers. A schematic

diagram of the layout of the response measuring instrumentation is shown in

Figure 3-7.
Pavement Response Instrumentation
Plan View
OUTSIDE DRIVING LANE
10 ft
‘4ﬂ“4ﬂ“4ﬂ.“6ﬂ . = 6ft  4ft 4ft 41t
N IS SR PR Vo R e, V- G YT 2 o, SR ok R S .
36in| [ 1 I 1 | ________;_l_'_F_J__'.I,_;_Jl,_L_l; e ) )
SHOULDER
‘ LEGEND
I  Transverse Strain Gage |
= Longitudinal Strain Gage .
o 1 : Connection
Pressure Cell Box

Figure 3-7 Plan view of instrumentation as installed in sections 1, 2, 4.
As seen in Figure 3-7, eight pairs of strain gages (model PML-120-2L)
were placed to record strains developed at the bottom of the asphalt layers when a
test truck passes on the experimental sections. Each pair consisted of two strain
gages perpendicular to each other for recording transverse and longitudinal
strains. Of the eight pairs of gages, four were placed in the outer wheel path while

the remaining were placed 6 inches outside of the wheel path to record the strains
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as a results of wheel wander. Aluminum bars were glued at each end of the gages

to improve the bonding with the surrounding asphalt concrete (Figure 3-8).

5 '-. e _; e 3 \ !
Figure 3-8 Texas Measurement Gauges Model PML-120-2L

Figure 3-7 also shows the location of stress cell that used to record
compressive stresses on top of the lime stabilized. As was for strain gages, the
stress cell (Geokon type with stress range from 0-15 psi) was placed at the center
of the estimated outside wheel path. A circular hole was dug on the surface of the
compacted lime stabilized layer, and then filled with wet sand to offer a level and

stable surface for laying the pressure cell perfectly flat (Figure 3-9).

Figure 3-9 Geokon Stress Cell
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3.5.3 Testing vehicle

After the Perpetual Pavement sections were constructed, a dump truck
with known dimensions and weight was brought to load the sections (Table 3-8).
The truck driven over the sections at speeds of 20-25 mph, 40-45 mph, and 55-60
mph to investigate the effect of speed on the strains and stresses. For each speed,
the truck drove five times on the sections to determine the variability in lateral
position as result of wheel wander. In addition, two hoses connected to the
acquisition system were placed on the pavement. The hoses were separated by a
gap of 52.5 ft. (16m) to set an entry and exit position/time of the loading truck and
thus estimate its speed.

Table 3-8 Dimensions and Weight of the Truck Tires (Miguel, 2008)

Steering | Steering | Trailer | Trailer

Front Front Rear Rear
Left Right Left Right
Inflati
on 90 96 101 97
pressure (psi)
I -
mprint Length | 7.3 6 6
(inches)
1 i idth
mprint Width | 5 8.25 8.9 8.9
(inches)
Space between
double tires - - 4.25 4.25
(inches)

Wheel Load (Ibs.)
14-Jul-05 5,200 5,600 | 8,100 9,200
29-Sep-05 5,400 5,800 | 10,000 | 10,400
13-Apr-06 4,900 4,800 | 12,000 | 10,400
1-Aug-06 5,500 5,400 | 11,400 | 11,200
13-Oct-06 5,400 5,300 | 9,800 | 10,000
10-May-07 5,000 5,300 | 9,500 9,300
5-Oct-07 5,500 5,100 | 10,400 | 10,000
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3.5.4 Field responses

Table 3.9 shows measured longitudinal and transverse strains developed at
the bottom of Section 1. The pressure on top of the sub-base is also shown in the

table. Temperatures corresponding to the date when field measurements were

taken are presented in Table 3.10.

A general conclusion from Table 3.9 is that transverse response strains

were significantly higher than longitudinal strains.

Table 3.9 Measured field-responses of section 1

Nominal | [ ong. Strain (p-strain) | Trans. Strain (u-strain) | Pressure (psi)
Date Speed i - )
(mph) Min Max Min Max Min | Max
20 37.00 75.40 71.00 106.80 3.62 | 4.21
8/1/2006 40 19.20 29.00 24.40 57.80 240 | 2.65
60 18.40 26.80 29.00 58.00 2.03 | 2.10
20 15.80 19.60 9.00 23.40 0.53 | 0.64
10/13/2006 40 8.20 10.40 12.00 17.60 041 | 0.44
60 7.00 9.00 12.00 16.40 034 | 0.36
20 21.00 30.20 18.00 42.80 2.16 | 2.29
5/1/2007 40 12.40 15.00 12.80 29.00 148 | 1.72
60 12.60 14.20 16.40 30.40 1.25 | 142
Table 3.10 Section 1 - Pavement Layer Temperatures
Field Measurement Temperature, °C
Date Layer 1 Layer 2 Layer 3
08/01/2006 35.6 37.2 36.1
10/13/2006 16.1 13.3 10.6
05/01/2007 21.1 21.1 22.2
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3.6 Summary

The projects reviewed in this chapter showed that typical strains under
asphaltic layers of perpetual pavements are lower than 70 micro-strains, the
endurance limit for asphalt concrete. However, well designed perpetual
pavements can surpass this threshold and yet no bottom up cracks can occur
(West, R., and Timm D.H., 2012). Furthermore, the chapter has presented an in-
depth report on Kansas US 75 perpetual pavement to include layer characteristics,
materials laboratory tests results, test truck characteristics (tires dimension and
weight), and field responses. The parameters will be used in the verification of an

FE-viscohyperelastic model to be developed in this research.
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Chapter 4
Dynamic modulus tests
4.1 Introduction

This chapter presents laboratory-testing procedure for Hot Mix Asphalt
(HMA) Compressive and Tensile dynamic moduli for specimen extracted parallel
and perpendicular to the direction compaction. The tests were performed at the
University of Texas-Arlington.

The Civil engineering laboratory at the University of Texas-Arlington
(CELB) received cylindrical HMA specimens (4-inch. dia. x 6-inch deep) for
dynamic modulus testing. The specimens were collected from several Asphalt
plants in the state of New York. Table 4-1 shows the basic mix design
information of the asphalt samples.

Table 4-1 HMA mix design information

Nominal
. . Maximum RAP Binder
Plant/Location Mix ID Agregates %) PG grade %)
(NMA)
BARRETT PAVING MATERIALS

INC/ Richficld, NY. 0225 25 20 64-22 4.5

ROCHESTER ASPHALT
MATERIAL / WalWorth, NY 0412 12.5 20 64-28 5.3

BLADES CONST. PRODUCTS/
Homell, NY 0609 9.5 0 64-28 6.16
BLADES ?{ONST PRODUCTS/ 0619 19 0 64-22 438
ornell, NY
BARRETT PAVINGMATERIALS
INCJ Norwood, NY. 0712 12.5 20 64-22 52
COBLESKILL STONE PRODUCT/ 0919 19 0 64-22 46
Onetona, NY

POSILICO MATERIALS/
Farmingdale, NY 1012 12.5 20 70-22 5.3

POSILICO MATERIALS/
Farmingdale. NY 1037 375 30 70-22 4.4
STAVOLA/ Old Bridge,NJ 1112 12.5 15 76-22 52
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4.2 Sample preparation
Typical preparation of the 4-inch diameter dynamic modulus specimens
follows the procedure stipulated in AASHTO TP 62-07. In summary, the
preparation process is as follows.

o Specimen compaction: HMA Mixes are firstly heated in the oven at required
temperatures then compacted with Super-pave Gyratory Compactor (SGC) to
mold 6-inch diameter x 8-inch deep specimens (Figure 4-1).

e (Coring: A 4-inch core is then extracted out of the 6-inch specimen.(Figure 4-
2).

e Sawing: Lastly, the core ends are cut to get a 4-inch diameter x 6-inch deep

specimen(Figure 4-3).

Figure 4-1 Compaction of HMA specimen using Super-pave Gyratory Compactor

73



Figure 4-3 Trimming of HMA specimen ends using circular saw
The samples received from New York Asphalt plants were firstly tested
for compressive and tensile dynamic modulus parallel to compaction. After the
testing was completed, the samples were brought to a 2 inches coring cutter to
extract samples perpendicular to the vertical axis (Figure 4-4a). The ends of the

extracted samples were then cut square to form 2-inch diameter x 3-inch height
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HMA cylindrical samples (Figure 4-4b). Figure 4-4c shows a finished 2-inch dia.
x 3-inch height HMA specimens used in this research. These specimens were later
used for measuring dynamic modulus perpendicular to the direction of

compaction.

Figure 4-4 Preparation of 2-inch dia. x 3-inch deep HMA sample (a) coring by 2-

inch dia. bit (b) cutting (c) extracted sample.
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All samples tested required three lines of mounting screws (studs) spaced
at 120° along the circumferential surface for fitting three LVDTs. Each line had
two bolts glued with epoxy at a distance equal to designated gage length (4-inch
for large sample and 2-inch for the small samples).The mounting screws together
with L-shaped brackets and other hardware were used for holding three LVDT

during testing (Figure 4-5).

Screws glued on sampleT

L-aluminum brackets

i

Figure 4-5 Attachments for LVDT mounting
4.3 Compressive Dynamic Modulus Test
The repeated compression dynamic modulus was performed in accordance
with AASHTO TP 62-03 protocol. The test used the prepared 4-inch diameter
HMA specimen placed in between two hardened steel disks. In between the steel
disks and the sample, greased membranes were provided to reduce friction

(Figure 4-6).
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Figure 4-6 Specimen with top and bottom steel plate in position
4.3.1 Test set up

The test was set up on IPC UTM 25 hydraulic testing machine connected
to a computer, which is equipped with easy-to-use software to run the dynamic
modulus test. The machine is also equipped with a testing frame to conduct
compressive dynamic modulus test.

Before placing a prepared sample onto the testing frame, the bottom base
was adjusted to allow the loading actuator to work within its moving limits.
Thereafter, a bottom disk was placed at the center of the frame followed by the
sample and another disk on top. The setting up was complete when the LVDTs
were in place and the actuator was lowered to touch the top disk. After the test
was set up, sample dimensions and other identification information were inserted

into the testing software.
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The test was initiated a day after the sample reached the initial test
temperature. This research performed the dynamic modulus test in compression at
five different temperatures (4°, 10°, 20°, 30° and 35°C) and six loading
frequency (25, 10, 5, 1, 0.5 and 0.1Hz). The desired temperatures throughout the
test were maintained by controlling the temperature in the environmental chamber
(Figure 4-5). The loading was automatically controlled by the dynamic modulus
software that runs the Control and Data Acquisition System (CDAS) and the

hydraulic system (Figure 4-7).

Environmental

chamber

Figure 4-7 IPC UTM 25 Machine
According to AASHTO TP 62-03 protocol, the loading may be sinusoidal
or haversine. This research used haversine loading with automatic 60 seconds rest

period after every frequency (Figure 4.8). The resulting responses (dynamic
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modulus, phase angle, stress, strains, etc.) calculated from the last 5 loading
cycles were stored in the computer in the form ASCII text files which were

further imported into Microsoft Excel for processing (Table 4.2).

Sweep 6 (0.1Hz) Plots] Measured Data |
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Figure 4-8 Samples of haversine load and corresponding strain waves

Table 4.2 Sample of responses from compression dynamic modulus test

Pre-Cond|Sweep 1|Sweep 2|Sweep 3|Sweep 4|Sweep 5|Sweep 6
Frequency (Hz) 25 25 10 5 1 0.5 0.1
Cycle count 200 200 200 100 20 15 15
Dynamic modulus (MPa) 25888 24481| 22363| 20496| 15941| 14006 10264
Phase angle (Degrees) 23.38| 17.66 17.27 17.64| 20.18 17.47 14.84
Confinig pressure (kPa) -0.5 0.1 0.1 -0.2 -0.4 -0.4 -0.4
Temperature (°C) 20.4 20.4 20.4 20.4 20.4 20.4 20.3
Stress magnitude (kPa) 202.9| 235.4| 294.8] 303.9( 284.6 288.7 269.7
Axial strain magnitude (u€) 7.8 9.6 13.2 14.8 17.9 20.6 26.3
Permanent axial strain (u€) 55.3 36 41.4 42.1 41.7 52.3 79.2
Stress standard error 5.6 6 5.1 5 4.1 3.9 3.7
Strain standard error 13.4 12.9 6.8 6.8 9.9 11.9 12.2
Strain uniformity coefficier 0 0 0 0 0 0 0
Phase uniformity coefficie 6.8 2.6 4.9 3.7 2.8 2.1 1.5
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4.4 Tensile Dynamic Modulus Test (parallel to direction of compaction)

The Tensile Dynamic Modulus (parallel to the direction of compaction)
was performed on the same IPC UTM 25 machine used for the compressive
dynamic modulus test. However, user defined inputs and modifications on the
testing frame were needed because there was no standardized protocol or
designated software to run the test.
4.4.1Test set up

Since the test was performed in tension, additional components for
holding the sample were required and modifications were done to the IPC UTM
25 testing frame (Figure 4-9). The components were attached to the sample by

epoxy glue.

Figure 4.9 IPC UTM 25 testing frame with added components
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i.  Added components
The added components included a steel beam, a top and a bottom floor
flange and steel connecting adopter. The following are the descriptions of each
component.

o 2-inch x 2-inch x 15-inch bottom beam: This was a tubular square steel beam
with through holes at the two ends for securing it on the testing frame. The
diameter of each hole was 1-inch, whereas the holding bolts were 5/8 inches
to allow movements during centering of the test sample. At the center of the

beam, an externally threaded short pipe was connected by welding (Figure 4-

10).

Figure 4-10 2-inch x 2-inch x 15-inch bottom beam
o [-1/4-inch top and bottom floor flanges: Floor flanges with steel disks welded
on the surfaces were manufactured to uniformly distribute the load applied to
the samples. The flanges came with internal thread on one end to offer easy

connection with other parts of the frame (Figure 4-11).
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Figure 4-11 1-1/4-inch Floor flange
Tension connecting adapter: This was a solid steel piece with a dead hole on
one end and a threaded rod extruding at the other opposite end. The hole at the
end was deep and large enough to let the tip of the ram loosely fit. The
function of this component was to connect the sample to the loading ram.

(Figure 4-12).

Figure 4-12 Tension connecting adapter
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ii.  Gluing

In this research the samples tested in tension were connected to the testing

frame components using a pretested two-part, high strength epoxy glue (Figure 4-

13). The glue specifications are shown in Table 4-3.

aE3 ﬂir%i
Figure 4-13 High strength epoxy glue used in the tension test
Table 4-3: The epoxy glue specifications

Handling Set Time Cure time Strength Working Special
Time (Minutes)* (PSI) Temp. Feature

(Minutes) Range (C)
5 10 60 2500 5"-93° blue dye
indicator

*Curing time may vary depending upon the environment temperature. Lower

temperatures require more curing time.
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Before applying glue, the specimen and floor flange surfaces were cleaned
and dried to ensure good bonding. The glue was then applied uniformly on the

surfaces using grooving tool (Figure 4-14).

Figure 4-14 Uniform spreading of epoxy glue on sample surface

Immediately after the application of glue, the specimens and the flanges
were quickly put together and left to cure for about 20 hours. The glue joints,
which were under-cured or perhaps not well cleaned could not withstand the

extreme tension loads, hence de-bonded (Figure 4-15).

Figure 4-15: De-bonding due to improper gluing.

84



iii.

Testing

Prior to applying cyclic loads to the samples, the environmental chamber
was set to the desired temperature in accordance with AASHTO TP 62-03. The
test was performed at four temperatures: 10°C, 20°C, 30°C and 35°C.

Immediately after attaining the desired temperature, the CDA and other
components of the testing machine were switched on. Thereafter, a testing
software was run to control the sinusoidal loading frequency and response strains
of the samples during testing. This research used the “uniaxial stress-tension
program to define the testing parameters, as there was no standardized tensile
dynamic modulus program developed for the IPC UTM 25 machine. The uniaxial
stress-tension test program has nine test blocks where user defined parameters can
be specified. In this research, the following parameters were specified:

e Loading wave shape: The program has a library of different waveforms that
can be. Typically, haversine and sinusoidal loading waves are preferred for
dynamic modulus test. This research used sinusoidal waveform (see buffer 1)

to apply loading cycles on the sample (Figure 4-16).

Axis1 |

Shapes | Block 1 | Block 2| Block 3| Block 4 | Block 5| Block 6| Block 7| Bl
Buffer O Buffer 1 Buffer 2 Buffer 3
_Select [ _Select I Select I Select I

Figure 4-16 Sample of loading wave forms available in IPC stress-strain program.
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Point of initial loading cycle: Since this test was performed in tension only, an
initial force that assures the specimen remained in tension throughout the
loading cycles was established. Trial specimens were used to establish the
base line for the applied loads while limiting strains below 1000 micro-strains
(at strains = 1500, the HMA specimen is considered to have failed). The
magnitude of the applied load varied from 0.5kN to 2.5kIN depending upon the
stiffness of a sample. A ramp loading function was used to control the load
from 0.0kN to the desired magnitude (i.e. -0.7kN) at a period of 1.0 second

(Figure 4-17 and 4-18).

Shapes Block 1 | Block 2| Block 3| Block 4| Blck 5| Block §| Block 7| Block 8|
- Conlrol funclion ~ Tuning ~ Block tiansfer fimits ~ Loading function—
" (1) Actuator displ. Pmpgamhzm On reaching target [V Rel Ramp & (" Shape
£j2igatbne regel 12 o [1] 0 Fr| Rde €
N Darat ! [ Relative values
= Deivaive [1200 wafs
: Taiget (kN) ]{l?
v Block started by trigger .
Transferto block E Time s ]muu

Figure 4-17: Setting up initial position of loading cycle
Frequency and number of cycles: Loading times corresponding to frequencies
of 25Hz, 10Hz, SHz and 1Hz were used in performing the tensile dynamic
modulus test. The frequencies and associated parameters such as loading
cycles, and amplitudes were inserted through block 2 to block 5 (Figure 4-15

and 4-16). In Figure 4-15 the loading time was entered in milliseconds.
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Block 2| Bhock 3| Block | Block 5| Block | Block 7| Block 8|
Tuning Block transfer s Loading function Shape
Fopgen 120 ks 10 o Rap O 6 Shope | Bullfi [0
Intega [12 mn{1] [0 rr| Rae O Invet [~ Widh mg)
Devaive[1200 W[ [ Relaivevakes AL
vagi [0z~ OO
. (" Puke
Transfer tobbcicﬁ kN 1.1 v Continuous

Figure 4-18 Setting up frequency and corresponding number of cycles
o FEnding of the test: At the end of the loading cycle of the last frequency, the
applied force was slowly reduced to zero (block 6) and the test was stopped
(Figure 4-19).

During the testing process, proper operations were ensured by observing
real time loading and strain response wave shapes on the computer screen. If
unusual results were encountered during testing, the testing was immediately
stopped and adjustment were made until good patterns were observed. Figure 4-
16 shows an example of acceptable loading pattern where four loading

frequencies can be clearly observed.
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Figure 4-19 A sample plot showing implementation of continuously tensile
dynamic loading on 4-inch HMA specimens
4.5 Tensile Dynamic Modulus Test-perpendicular to direction of compaction

Previous studies have shown that HMA materials behave differently in
compression and tension. Moreover, flexible pavement experiences high tensile
strains in the direction perpendicular to compaction. This research considered
these facts by measuring the dynamic modulus of HMA in the direction
perpendicular to the direction of compaction.
4.5.1 Test set up

As was for the previous test (section 4.3), additional components and high
strength epoxy glue were used for connecting the sample to the UTM 25 testing

frame. However, in this test, the components were smaller.
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Bottom beam: At first, the research planned to use a 1 inch x 2 inches tubular
steel beam, but during preliminary testing the beam deflected too much.
Though the deflection could not be seen by naked eyes, it was big enough to
influence the measurements. In order to correct the errors, a 2.0 inch x 2 inch
beam was used instead. This was the same beam used for the larger samples

Top and bottom floor flanges: Two floor flanges of different sizes with
proportional steel plates welded on them were used. A 1.25-inch floor flange
was glued on top of the sample whereas a 0.25-inch floor flange was used at

the top (Figure 4-20).

%" Floor Flange

1%" Floor Flange

Figure 4-20 Small samples top and bottom floor flanges
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Tension connecting adapter: Except for the connecting bolt, the adapter used
here had the shape similar to the one described in section 4.4. The connecting

bolt was reduced to 1/4" diameter to fit into the 1/4" inch floor flange (Figure

4-21).

Figure 4-21 2-inch Tension connecting adapter
Each of the 2-inch HMA specimens was brought to the testing frame 20
hours after the flanges were glued on the surfaces. The specimen was placed at
the center of loading actuator and fixed to it as straight as possible to reduce

excessive stresses that would have occurred due to misalignment (Figure 4-22).
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Figure 4-22: Fixing 2”” HMA sample onto Testing frame

After properly setting the sample into the testing frame, the environmental
chamber was turned on and set to the desired temperature. The dummy sample
used in recording the core temperature was smaller to match up to the size of the
tested samples.

The loading begun immediately after the set temperature as displayed by
the computer reached the desired value. The stress-strain test software was used to
control the tensile dynamic modulus test. Different blocks of the advanced load
tab were used as the platform for defining the parameters of the dynamic modulus
test; this time the applied dynamic force was significantly smaller. The applied
maximum tension force ranged from -0.175kN to -0.5kN depending upon the

stiffness of the sample and test temperature. Rest period of 5 minutes was applied
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after every two loading frequencies. Typically long rest period like this are
introduced between frequencies when the total cycles are above 200. At above
200 loading cycles , the sample may heat up and develop new characters that may
affect the dynamic modulus. Total loading cycles for this test were less than 200;
so technically there was no need for rest period. However, during preliminary
testing it was determined that without rest period, small size samples could
develop strains above the limit (1500 micro-strains) where results can still be
meaningful. Therefore, the rest period was applied for this test. The rest period
and other loading parameter applied for the test are shown in Table 4-4 and
Figure 4-23.

Table 4-4 Loading parameters for tensile dynamic modulus of small samples

Loading Parameters Description
Ramp Loading
Block-1 Block-4
Time (ms) 2000 2000 Controls beginning and end
Target (kN) Range from 0 of fest
B -0.125 t0 -0.35
Dynamic loading
1. Control loading waves
Block-2 Block-3 for 25Hz and 10Hz
; . : . fi i
Wave shape Sinusoidal Sinusoidal ;égﬁ;ﬁ};sde magnitude
Frequency (Hz) 25 10 depends on stiffness and
Number of cycles 100 50 temperature
Peak to peak Range from Range from 0.05
amplitude (kN) 0.05 to 0.25 to 0.25
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Table 4-4 continued.....

Loading Parameters

Description

5 minutes Rest period and change parameters block 2 and 3

Healing period; stop test
for 5 minutes (no enough
blocks to implement auto
rest).

Dynamic loading

Block 2 3

Wave shape Sinusoidal Sinusoidal
Frequency (Hz) |5 1

Number of 30 10

cycles

Peak to peak

amplitude (kN) vary (0.05 to 0.25) | vary (0.05 to 0.25)

1. Control loading waves
for 5Hz and 1Hz
frequencies

2. Amplitude magnitude
depends on stiffness and
temperature
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Figure 4-23: A sample plot showing implementation of tensile dynamic loading

on small specimens

94



Chapter 5
Dynamic Modulus Tests Results and Comparison
5.1 Dynamic Modulus tests results

As expected, this research observed higher dynamic modulus at low
temperatures and at higher loading frequencies in all of the three dynamic
modulus tests performed (Compressive and Tensile Dynamic Modulus, parallel
and perpendicular to the direction of compaction). This chapter presents the
results from the three dynamic modulus tests. For each mix, at least two replicates
specimens were tested.
5.1.1 Compressive dynamic Modulus (CDM)

The results of compressive dynamic modulus (CDM) are presented in
Table 5-1. The table contains CDMs for individual samples and their averages to
represent each of the mix tested. The CDM tests presents were performed at

temperatures 10°C, 20°C, 30°C and 35°C.
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Table 5-1: Compressive Dynamic Modulus

Compressive Dynamic Modulus (Mpa)
Mix ID Mix ID Mix ID Mix ID

Freq. | Temp.

Mz | °c 0719A 1 0719B |Average| 0225C |0225-D|Average| 0419-A | 0419-D |Average| 1112A|1112B|1112C|1112D |Average
25 10 14,653 | 19,834 | 17,244 | 17,506 | 19,221 18,364 | 19,741 | 22,539 | 21,140 | 20,147 | 16,605 | 20,144 | 19,525 | 19,105
10 10 14,379 | 19,279 | 16,829 | 17,937 | 17,676 | 17,807 | 19,232 19,755 | 19,494 | 18,685 | 17,807 | 18,118 | 17,743 | 18,088
5 10 13,251 | 16,338 | 14,795 | 14,674 | 15,231 14,953 | 17,346 | 18,341 17,844 | 17,846 | 16,090 | 16,536 | 16,223 | 16,674

1 10 10,828 | 12,855 | 11,842 | 11,216 | 12,227 | 11,722 | 12,982 | 13,954 | 13,468 | 13,268 | 12,231 | 12,705 | 12,676 | 12,720

0.5 10 9,518 | 11,279 | 10,399 ] 9,660 | 10,802 | 10,231 11,292 | 12,269 | 11,781 | 11,627 | 10,963 | 11,251 | 11,178 | 11,255
0.1 10 7,361 8,416 7,889 6,868 | 7,956 7,412 8,187 8,369 8,278 8,290 | 8322 | 7,910 | 8,076 8,150
25 20 12,961 | 13,112 | 13,037 | 12,688 | 11,176 | 11,932 | 13,012 | 13,973 | 13,493 ] 10,463 | 12,092 | 9,101 | 11,403 [ 10,765
10 20 11,804 | 12,795 | 12,300 | 11,416 | 10,204 | 10,810 | 12,579 | 13,388 | 12,984 | 10,588 | 11,525 8,842 | 11,455 | 10,603
5 20 10,428 | 11,323 | 10,876 | 10,515 8,925 9,720 | 10,998 | 11,229 | 11,114 8,866 | 9,682 | 7,780 | 10,098 9,107

1 20 6,763 7,407 7,085 6,794 | 5,566 6,180 6,861 6,775 6,818 | 5,831 5,964 | 4,903 6,397 5,774

0.5 20 5,440 | 6,072 5,756 | 5,614 | 4,400 5,007 5,441 5,341 5,391 4,679 | 4,690 | 3,952 | 5,192 4,628
0.1 20 3,419 | 3,878 3,649 | 3,590 | 2,805 3,198 3,374 3,185 3,280 2910 2,844 | 2,529 | 3,262 2,886
25 30 8,077 8,483 8,280 | 6,613 7,054 6,834 6,316 6,761 6,539 | 6,329 | 6,235 5,660 | 6,787 6,253
10 30 6,412 | 6,483 6,448 | 6,131 6,251 6,191 5,318 6,378 5,848 | 5,222 6,031 5,368 | 5,599 5,555
5 30 5,107 | 5,172 5,140 | 4,758 | 5,168 4,963 3,866 5,102 4,484 3,857 | 4,880 | 4,271 4,506 4,379

1 30 3,034 | 3,016 3,025 2,584 2,989 2,787 2,145 2,862 2,504 | 2,145 | 2,667 | 2402 | 2,534 2,437

0.5 30 2,239 | 2,318 2,279 1,997 | 2,247 2,122 1,615 2,070 1,843 1,617 | 2,051 1,873 1,926 1,867
0.1 30 1,386 1,400 1,393 1,238 1,449 1,344 977 1,248 1,113 961 1,212 1,158 1,107 1,110
25 35 4,266 | 4,746 4,506 | 3,995 | 4,494 4,245 3,967 3,687 3,827 4,262 | 4,016 | 3,976 | 4,469 4,181
10 35 3,798 | 4,576 4,187 | 3,708 | 3,548 3,628 3,590 3,396 3,493 3,828 | 3,803 3,965 | 4,164 3,940
5 35 2,926 | 3,694 3,310 | 2,920 | 2,783 2,852 2,778 2,734 2,756 | 2,927 | 2916 | 2,883 3,280 3,002

1 35 1,633 | 2,052 1,843 1,647 1,533 1,590 1,527 1,488 1,508 1,663 1,579 1,605 1,765 1,653

0.5 35 1,147 1,474 1,311 1,181 1,166 1,174 1,084 1,054 1,069 1,199 1,194 1,198 1,276 1,217

0.1 35 717 902 810 776 748 762 676 651 664 737 715 730 762 736
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Table 5-1: Continued.

Compressive Dynamic Modulus (Mpa)
Mix ID Mix ID Mix ID Mix ID

Freq. | Temp.

(Hz) OC 0412-C|0412-D|Average|0619-A|0619-D|Average| 1037-A | 1037-C | 1037-D | Average |0919-A|0919-B|0919-D|Average
25 10 20,933 | 17,550 19,242 1 15,050 | 14,099 14,575 28,081 30,472 17,600 25,384 | 16,123 | 19,948 | 18,404 18,158
10 10 20,898 | 17,778 19,338 | 14,504 | 13,313 13,909 28,736 33,705 17,374 26,605 | 15,982 | 17,955 | 19,068 17,668
5 10 18,659 | 15,963 17,311 | 13,987 | 12,488 13,238 27,198 32,025 16,706 25,310 | 14,848 | 16,404 | 17,534 16,262

1 10 14,767 | 12,769 13,768 | 11,204 9,634 10,419 23,177 27,461 14,925 21,8541 11,919 | 12,782 | 12,883 12,528

0.5 10 13,036 | 11,398 12,217 9,871 8,545 9,208 21,340 25,558 14,038 20,312 | 10,692 | 11,489 | 11,093 11,091
0.1 10 9,617 8,663 9,140 7,586 6,604 7,095 17,147 20,434 11,941 16,507 8,189 8,680 7,993 8,287
25 20 11,101 | 11,688 11,395 ] 15,069 | 11,680 13,375 21,677 24,481 12,209 19,456 ] 10,694 | 11,594 | 12,504 11,597
10 20 11,754 | 11,471 11,613 | 14,236 | 11,077 12,657 21,379 22,363 12,683 18,808 | 10,446 | 10,915 | 10,756 10,706
5 20 10,834 9,972 10,403 | 11,141 9,655 10,398 18,941 20,496 11,494 16,977 8,974 9,859 9,166 9,333

1 20 7,284 6,657 6,971 6,690 6,249 6,470 14,423 15,941 9,046 13,137 5,989 6,458 5,771 6,073

0.5 20 6,214 5,593 5,904 5,250 5,109 5,180 12,609 14,006 8,026 11,547 4,947 5,249 4,594 4,930
0.1 20 4,469 3,843 4,156 3,157 3,281 3,219 9,176 10,264 6,132 8,524 3,072 3,379 2,770 3,074
25 30 7,368 8,453 7,911 6,020 5,516 5,768 23,084 16,170 11,468 16,907 5,612 7,025 6,580 6,406
10 30 6,571 7,684 7,128 5,561 5,665 5,613 19,680 14,470 10,519 14,890 5,349 6,729 5,626 5,901

30 5,199 6,313 5,756 4,484 4,789 4,637 16,181 12,636 9,505 12,774 4,360 5,496 4,448 4,768
1 30 2,976 3,538 3,257 2,741 2,674 2,708 10,327 8,562 6,888 8,592 2,425 3,119 2,526 2,690

0.5 30 2,238 2,625 2,432 2,080 2,113 2,097 8,241 7,147 5,644 7,011 1,792 2,279 1,821 1,964
0.1 30 1,309 1,585 1,447 1,337 1,317 1,327 5,404 4,727 4,002 4,711 1,005 1,352 1,093 1,150
25 35 4,205 5,028 4,617 4,221 4,035 4,128 10,768 11,569 6,601 9,646 3,667 4,152 3,850 3,890
10 35 4,572 4,370 4,471 3,637 4,049 3,843 10,519 11,328 7,755 9,867 3,419 3,994 3,390 3,601

35 3,247 3,365 3,306 2,830 3,264 3,047 9,921 9,939 6,197 8,686 2,627 3,098 2,678 2,801
1 35 1,766 1,847 1,807 1,611 1,876 1,744 6,011 6,135 4,008 5,385 1,429 1,673 1,433 1,512

0.5 35 1,290 1,322 1,306 1,257 1,369 1,313 4,756 4,925 3,251 4,311 987 1,180 1,069 1,079

0.1 35 759 801 780 809 852 831 2,921 3,177 2,073 2,724 601 730 660 664
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Table 5-1: Continued.

Compressive Dynamic Modulus (Mpa)
Mix ID Mix ID Mix ID Mix ID

Fregq. | Temp.

(Hz) °c 0212-A]0212-C|Average]|]0712-B|0712-D|Average| 0609-B | 0609-C | Average| 1012-B [|1012-C| Average
25 10 14,486 | 14,157 14,322 | 15,597 | 16,299 15,948 13,889 15,664 14,777 14,850 | 16,320 15,585
10 10 14,474 | 14,039 14,257 | 13,410 | 15,489 14,450 13,871 15,326 14,599 14,333 | 16,000 15,167

5 10 13,060 | 12,867 12,964 | 12,050 | 13,934 12,992 12,344 14,185 13,265 13,121 | 14,590 13,856
1 10 9,976 9,486 9,731 8,993 | 10,383 9,688 9,248 10,767 10,008 10,534 | 10,975 10,755

0.5 10 8,721 8,263 8,492 7,793 9,064 8,429 8,021 9,506 8,764 9,381 9,665 9,523
0.1 10 6,455 6,059 6,257 5,592 6,637 6,115 5,880 6,988 6,434 7,126 7,045 7,086
25 20 7,956 | 12,868 10,412 8,262 9,059 8,661 9,292 9,517 9,405 10,871 9,747 10,309
10 20 7,567 | 10,975 9,271 7,652 8,523 8,088 8,368 8,242 8,305 9,639 8,882 9,261

5 20 6,442 9,238 7,840 6,716 7,267 6,992 7,300 7,216 7,258 8,402 7,982 8,192
1 20 4,160 5,861 5,011 4,551 4,869 4,710 4,650 4,817 4,734 5,577 5,270 5,424

0.5 20 3,334 4,792 4,063 3,747 3,995 3,871 3,706 3,936 3,821 4,605 4,382 4,494
0.1 20 2,144 2,955 2,550 2,584 2,701 2,643 2,243 2,471 2,357 2,845 2,974 2,910
25 30 5,094 5,365 5,230 5,493 6,035 5,764 4,989 5,339 5,164 7,083 6,130 6,607
10 30 4,622 4,657 4,640 4,818 5,160 4,989 3,862 4,638 4,250 6,775 4,776 5,776

5 30 3,642 3,663 3,653 4,107 4,163 4,135 3,079 3,662 3,371 5,972 3,810 4,891
1 30 2,125 2,132 2,129 2,477 2,555 2,516 1,662 2,020 1,841 3,320 2,173 2,747

0.5 30 1,552 1,542 1,547 1.911 1,917 1,914 1,268 1,553 1,411 2,458 1,647 2,053
0.1 30 993 977 985 1,249 1,254 1,252 738 942 840 1,478 973 1,226
25 35 3,173 3,079 3,126 3,853 3,379 3,616 3,210 2,888 3,049 4,617 3,971 4,294
10 35 2,881 2,792 2,837 3,401 3,221 3,311 2,280 2,892 2,586 4,246 3,495 3,871

5 35 2,262 2,170 2,216 2,648 2,348 2,498 1,714 2,403 2,059 3,302 2,717 3,010
1 35 1,285 1,214 1,250 1,608 1,391 1,500 895 1,295 1,095 1,819 1,469 1,644
0.5 35 917 856 887 1,229 1,040 1,135 646 910 778 1,314 1,053 1,184
0.1 35 622 566 594 817 676 747 383 538 461 778 627 703




Figure 5-1, 5-2, 5,3 and 5-4 show the variation of compression dynamic
modulus with change in loading frequency for all mixes at temperatures 10°C,
20°C, 30°C, and 35°C. The figures indicate that the dynamic modulus curve of
mix 1037 is higher than all other mixes. This is because the mix contains highest
aggregate size (NMA of 37.5 mm) and stiffer binder (PG 70). All other mixes
have nominal maximum aggregate sizes ranging from 9.5 to 25mm and lower
binder grade (PG 64). The combined relationship of average CDMs, frequency

and temperature for individual mixes are given in Appendix A.
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99



Dynamic Modulus (Mpa)

20,000

Average-CDM at 20° C

——

i

1

Frequency (Hz)

10

100

== Mix-0712
=== Mix-0609
=>e=Mix-1012
=ie=Mix-0412
=0 Mix-0619
e=f==Mix-1037
e Mix-0919

Mix-0719
=¢—Mix-0225
== Mix-0419

Mix-1112

Figure 5-2 Compressive Dynamic Modulus vs Frequency at 20° C

Dynamic Modulus (Mpa)

40,000

4,000

400

Average-CDM at 30° C

H—

== Mix-0712
=== Mix-0609
== Mix-1012
=ie=Mix-0412
=0-—Mix-0619
Mix-1037

0.1

1

Frequency (Hz)

10

100

e Mix-0919
Mix-0719
=4 Mix-0225
== Mix-0419
Mix-1112

Figure 5-3 Compressive Dynamic Modulus vs Frequency at 30° C

100




Dynamic Modulus (Mpa)

40,000

4,000

400

Average-CDM at 35° C

=i—Mix-0
== Mix-0
== Mix-1
==ie=Mix-0
=@ Mix-0
Mix-1

10

Frequency (Hz)

100

e M X -0
Mix-0
== Mix-0

=i Mix-0419

Mix-1

712
609
012
412
619
037
919
719
225

112

Figure 5-4 Compressive Dynamic Modulus vs Frequency at 35° C

5.1.2 Tensile Dynamic Modulus Perpendicular to Compaction (TDM L)

The tensile dynamic modulus perpendicular to compaction (TDM-L) for

the tests performed at temperatures 10° C to 35° C and four load frequencies

varying from 1Hz to 25Hz are given in Table 5-2.

Table 5-2 Tensile Dynamic Moduli Perpendicular to compaction

Tensile Dynamic Modulus - Perpendicular to compression (Mpa)

Sample ID Sample ID Sample ID
02 I-IITZ 0212B | 0212C | Average | 0225C | 0225D | Average | 0412C | 0412D | Average
25 12,229 | 19,133 15,681 16,651 | 20,343 | 18,497 19,415 | 21,451 20,433
10 10 12,090 | 17,044 14,567 16,330 | 14,051 15,191 15,991 | 19,346 17,668
5 9,955 | 10,925 10,440 15,756 | 14,025 | 14,891 14,051 | 18,754 | 16,403
1 7,680 7,811 7,746 13,517 | 12,911 13,214 11,134 | 14,231 12,683
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Table 5-2 Continued

Sample ID Sample ID Sample ID
02 I-l;z 0212B | 0212C | Average | 0225C | 0225D | Average | 0412C | 0412D | Average
25 6,158 7,815 6,986 11,090 | 14,219 | 12,654 12,877 | 13,918 | 13,397
20 10 5,709 6,383 6,046 10,716 | 10,732 | 10,724 10,363 | 11,822 | 11,093
5 4,550 5,508 5,029 9,813 | 10,297 | 10,055 8,980 | 10,279 9,630
1 2,687 3,568 3,127 7,973 | 10,493 9,233 5,536 6,969 6,252
25 4,143 5,511 4,827 13,968 | 8,882 11,425 6,768 8,908 7,838
30 10 3,021 3,838 3,430 8,521 6,477 7,499 4,925 6,196 5,561
5 2,046 2,983 2,515 7,305 | 6,163 6,734 3,503 5,900 4,702
1 861 1,347 1,104 4,488 | 4,048 4,268 1,915 3,117 2,516
25 2,376 2,808 2,592 7,752 | 6,310 7,031 5,379 6,729 6,054
35 10 1,504 2,029 1,766 7,931 | 4,687 6,309 3,349 5,033 4,191
5 1,010 1,362 1,186 7,334 | 3,765 5,549 2,090 3,567 2,828
1 365 583 474 3,125 | 2,305 2,715 1,051 1,804 1,428
Sample ID Sample ID Sample ID
02 (l-lITz) 0419A | 0419D | Average 0609C | Average | 0619B | 0619D | Average
25 15,258 | 17,159 16,208 16,879 | 16,879 16,481 | 24,042 | 20,262
10 10 | 13,549 | 16,314 14,931 15,095 | 15,095 15,985 | 22,500 | 19,242
5 10,940 | 15,163 13,051 12,402 | 12,402 13,570 | 19411 16,490
1 10,500 | 10,262 10,381 9,780 9,780 11,572 | 14,022 | 12,797
25 9,118 | 11,833 10,475 12,186 | 12,186 9,702 12,118 | 10,910
20 10 9,906 9,906 10,234 | 10,234 8,337 | 11,352 9,845
5 6,037 6,037 8,624 8,624 7,446 9,834 8,640
1 rg 3,768 3,768 5,011 5,011 4,804 6,561 5,683
25 =2 4,309 4,309 10,478 | 10,478 6,829 7,183 7,006
30 10 E 3,081 3,081 6,958 6,958 5,396 5,478 5,437
5 - 2,270 2,270 2,506 2,506 3,407 4,159 3,783
1 = 1,081 1,081 1,227 1,227 2,240 2,499 2,369
25 E 2,816 2,816 3,173 3,173 9,375 5,660 7,517
35 10 < 1,928 1,928 2,381 2,381 5,027 4,283 4,655
5 1,241 1,241 1,419 1,419 2,359 3,707 3,033
1 569 569 617 617 1,352 1,820 1,586
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Table 5-2 Continued

Tensile Dynamic Modulus - Perpendicular to compression (Mpa)

Sample ID Sample ID Sample ID
.,rg Ifz 0712B 0712D Average | 0719A 0719B Average | 0919A 0919B | Average
25 | 17,697 | 12,512 15,105 | 18,851 16,019 17,435 | 18,371 | 19,073 | 18,722
10 | 16,205 11,917 14,061 18,294 | 14,891 16,592 | 17,761 | 18,544 | 18,153
10 5 13,790 9,622 11,706 | 17,483 | 13,519 15,501 | 15,591 | 16,490 | 16,041
1 10,766 7,216 8,991 13,937 | 10,833 12,385 | 13,280 | 12,493 | 12,887
25 | 10,818 7,838 9,328 16,895 | 10,500 13,697 | 34,118 | 14,402 | 24,260
20 10 8,475 6,785 7,630 16,703 | 10,004 13,353 | 33,382 | 13,759 | 23,571
5 6,893 4,588 5,741 13,588 8,773 11,180 | 12,467 | 11,018 | 11,742
1 4,616 2,863 3,739 8,467 5,296 6,382 8,542 6,188 7,365
25 6,222 3,963 5,092 11,909 9,304 10,607 6,865 6,263 6,564
30 10 4,809 2,902 3,856 8,963 7,401 8,182 5,912 4,855 5,384
5 2,979 2,215 2,597 5,226 3,108 4,167 3,517 3,596 3,556
1 1,733 1,174 1,454 2,416 1,976 2,196 1,702 1,587 1,644
25 3,513 2,936 3,225 8,303 4,571 6,437 6,418 5,329 5,874
35 10 2,558 2,208 2,383 6,036 3,308 4,672 3,618 3,418 3,518
5 1,811 1,533 1,672 2,654 2,886 2,770 2,223 2,232 2,228
1 934 729 831 1,382 1,598 1,490 780 891 836
Sample ID Sample ID
.,rg Ifz 1012B | Average 1037A Average
25 | 14,762 | 14,762 26,975 26,975
10 10 | 13,694 | 13,694 23,045 23,045
5 12,464 | 12,464 21,120 21,120
1 10,492 | 10,492 18,672 18,672
25 | 10,063 | 10,063 13,108 13,108
20 10 9,182 9,182 10,785 10,785
5 7,353 7,353 9,647 9,647
1 4,638 4,638 7,447 7,447
25 6,460 6,460 10,595 10,595
30 10 5,001 5,001 10,984 10,984
5 3,213 3,213 9,524 9,524
1 1,722 1,722 6,115 6,115
25 5,063 5,063 14,855 14,855
35 10 3,415 3,415 16,526 16,526
5 2,088 2,088 7,077 7,077
1 927 927 3,143 3,143
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Figures 5-5 , 5-6, 5-7, and 5-8 show the variation of Tensile Dynamic

Modulus with frequency at several temperatures for HMA samples extracted

perpendicular to compaction.
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Figure 5-5 Tensile Dynamic Modulus (TDM-) vs Frequency at 10° C
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Figure 5-6 Tensile Dynamic Modulus (TDM-L) vs Frequency at 20° C
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Figure 5-8 Tensile Dynamic Modulus (TDM-L) vs Frequency at 35° C
5.1.3 Tensile Dynamic Modulus Parallel to Compaction (TDM II)

In this section, the results of the tensile dynamic modulus parallel to
compaction (TDMII) are presented. The results are for the tests performed at
temperatures 10°C to 35°C and frequencies varying from 1Hz to 25Hz, as shown
in Table 5-3. Because of difficulties associated with axial tensile testing, such as
test set up, and sample preparation, a few of the mixes did not exhibit good results

at low temperatures and high frequency.
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Table 5-3 Tensile Dynamic Moduli Parallel to compaction

Tensile Dynamic Modulus Il (Mpa)

Mix ID Mix ID Mix ID

F(‘;:;' Temp. ’c| 0212B [ 0212C | Average | 0225C | 0225D | Average| 0412C | 0412D | Average
25 10 | 14449 NA[ 14449] 13700 ] 17,643 | 15672 18,635 ] 18972 ] 18,803
10 10 | 11,709] Na| 11,709] 15,103 | 13,531 14317 16070 | 18424 | 17247
10 | 10480 | 9,154 9,817 [ 13,995 [ 13,398 | 13,697 | 15,613 | 17,307 | 16,460
10 8,548 | 6317 7432 [ 12,559 | 11,529 | 12,044 | 14272 | 15656 | 14,964
25 20 NA| NA NA| Na | 10857] 10857 13,907 | 16526 | 15217
10 20 7,609 | 10,896 9253 [ 10,027 8805| 9416] 11371 | 15076 | 13,223
5 20 6,621 | 8129 7375 | 8659 | 9495| 9077 9746 | 12368 11,057
1 20 4,441 | 6,145 5203 6018] 6802 6410 6084 9361 7723
25 | 30 7671 | 4211 soal | 11,875 | 7579 9727| 8063 | 7060 7562
10 | 30 4368 | 3,871 4119| 7,168 | 5958| 6563 4712| 5047 5329
5 30 3220 2512 2871 5.845| 5250 5548 3891 50245 4568
1 30 1,193 | 1,943 1,568 | 2,880 | 2,720| 2804 2224 3920 3072
25 | 35 3,565 | 2,978 3272 sa19| s052| 6736 5046 | 5943 5945
10| 35 2285 | 2,621 2453 | 6587| 4016| 5301 2962 4176 3,569
5 35 2,032 1871 1951 5301 3,105 4203] 2017] 3242] 2630
1 35 286 | o1l 509 1,883 1,664 1,774 1494 1532 1513
F(:’; Temp. 'C 0419D | Average | 0609B | 0609C | Average| 0619B | 0619D | Average

25 10 NA NA NA | NA | NA [ NA | NA [ NA
10 10 18612 18612] Na | Na | Na | 13640 NA | 13640
5 10 17176 | 17176] Na | Na [ Na | 13337] Na | 13337
1 10 13,403 | 13403 Na [ Na [ Na [ 11,193] Na | 11,193
25 20 16,597 | 16,597 | 10953 | 12,000 | 11,521 | 12,056 | 13,801 | 12,929
10 20 15635 | 15635| 9223| 9984| 9,603 10,901 | 11,830 | 11,365
5 20 12,580 | 12580 7.743| s068| 7.906| 9918] 9773 9,846
1 20 7,112 7112 5085 6200 5687 6580 | 6307 6443

25 | 30 6,888 6888 [ 8072 6657 7364| 7,584 7939 7,761
10| 30 5,808 5808 | 7228 4944 6086 6782 6330 6556
30 4,453 4453 | 5164 | 4163 | 4663| 4332 5511 4921
30 2,411 2411 | 2247] 2356| 2301 3,060 349 3275
25 | 35 5334 5334 7,061 | 4544| 5803 7958 5863 6910
10| 35 4,208 4208 | 5,827 3346| 4586 5309 a715| s012
5 35 3,175 3075 3.832| 2561 3,96 2463 | 3.803| 3,133
1 35 1,403 1,403 | 1,330] 1.285] 1308] 1ear| 21s8| 1,879

107




Table 5-3 Continued

Tensile Dynamic Modulus Il (Mpa)
Mix ID Mix ID Mix ID

P;rHZ(; Temp. °c| 1037A | 1037D | Average 1012B | Average| 0712B | 0712D | Average
25 10 21,246 | 24,632 22,939 16,929 | 16,929 NA 15,073 | 15,073
10 10 16,049 | 23,933 19,991 15,856 | 15,856 16,201 | 14,479 | 15,340
10 14,761 | 21,898 18,329 15,790 | 15,790 | 14,429 | 13,369 | 13,899
10 14,198 | 18,745 16,471 14,200 | 14,200 | 11,981 | 10,938 | 11,460
25 20 13,484 | 22,433 17,959 13,495 13,495] NA 11,110 | 11,110
10 20 12,030 | 16,500 14,265 12,228 | 12,228 | 10,191 9,810 | 10,001
5 20 11,445 | 15,331 13,388 10,753 | 10,753 9,338 9,056 9,197
1 20 9,278 | 16,975 13,127 7,872 7872 7456 6,733 7,094
25 30 14,083 14,083 11,193 | 11,193 5446 6,986 6,216
10 30 10,254 | 12,686 11,470 10,649 | 10,649 | 4,496 | 7426 5,961
5 30 8,838 | 10,817 9,828 8,995 8,995 3,790 | 4,436 4,113
1 30 5,563 | 7,881 6,722 5,723 5,723 1,889 | 3,049 2,469
25 35 8,573 | 13,545 11,059 7,016 7,016 | 4,990 | 5,124 5,057
10 35 7,891 | 12,532 10,212 5,830 5830 3,619 4496 4,057
5 35 7,348 | 10,368 8,858 4,228 4228 2572 3,233 2,902
1 35 5337 | 6,209 5,773 2,127 2,127 1,689 1,525 1,607
IZ;Iez(i Temp. ’cl 0719A | 0719B Average | 0919A | 0919B [Average| 1112B | 1112D | Average

25 10 NA NA NA 18,663 | N/A 18,663 NA NA NA

10 10 NA 14,324 14,324 15,141 | 16,898 [ 16,020 | NA NA NA

5 10 NA 13,846 13,846 14,160 | 16,502 [ 15,331 NA NA NA

1 10 NA 13,433 13,433 12,444 | 14,887 | 13,665] NA NA NA
25 20 13,820 | 15,138 14,479 8,030 | 12,158 | 10,094 | 16,962 | 11,987 | 14,474
10 20 12,128 | 11,577 11,852 7,192 | 10,940 9,066 | 17,466 | 11,468 | 14,467
5 20 10,957 | 10,244 10,600 6,779 | 9,932 8,356 | 15,109 | 10,301 | 12,705
1 20 8,175 7,248 7,712 5,506 | 6,999 6,253 8562 | 7,574 8,068
25 30 NA 9,734 9,734 7,707 | 7,790 7,748 1 8,853 | 8,157 8,505
10 30 6,274 | 6,230 6,252 5,866 | 7,359 6,013 6414 7336 6,875
30 4,824 [ 5,368 5,096 5,529 | 6,512 6,020 | 4,231 6,351 5,291
30 2,734 | 3,258 2,996 3270 | 3,348 3309 2,742 3,709 3,226
25 35 3,595 1 6,957 5,276 4,789 | 7,013 5,901 5777 5,772 5,775
10 35 3,387 | 4,894 4,141 4,045 5232 4,638 4,714 4,894 4,804
5 35 2,518 | 4,355 3,437 3,389 | 3,792 3591 2974 4,077 3,525
35 1,385 | 2,081 1,733 1,653 | 2,269 1,961 1,683 | 2,137 1,910

108




The relationship between frequency and dynamic moduli parallel to
compaction at temperatures 10°C, 20°C, 30°C, and 35°C are graphically presented
in Figures 5-9, 5-10, 5-11 and 5-12. As was for the previous dynamic modulus
tests the dynamic modulus iss increasing with frequency. Nevertheless, a few
mixes did not follow this trend (e.g. Mix-1037 at 20°C). A thoroughly check on
the calculations involved was performed and no error was detected. Therefore,
this research concluded that the errors may be caused by sample preparation or

setting up the samples during testing as mentioned earlier.
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Figure 5-9 Tensile Dynamic Modulus (TDMII) vs Frequency at 10° C
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Figure 5-10 Tensile Dynamic Modulus (TDMII) vs Frequency at 20° C

40,000

Average -TDMIl at 30° C

st

e

!

===

=i—Mix-0225
== Mix-0412
== Mix-0419
=i Mix-0609
=@®—Mix-0619
e=f==Mix-1037
Mix-1012

—
7"

e

Dynamic Mqdulus (Mpa)
°
o
o

400

10
Frequency (Hz)

Mix-0712
=¢—Mix-0719
== Mix-0919

Mix-1112
=—Mix-0212

100

Figure 5-11 Tensile Dynamic Modulus (TDMII) vs Frequency at 30° C

110




40,000 - '
Average - TDMIl at 350 CfH —®—Mix-0225
= Mix-0412
2 == Mix-0419
2 : —¥—Mix-0609
(7]
3 + M —0—Mix-0619
— "
4,000 %ﬁ -- 4= Mix-1037
=
E / | Mix-1012
; ’ Mix-0712
P = ix-
3 “ == Mix-0719
(a] // IX-
T/ ——Mix-0919
400 - Mix-1112
1 10 100 =—&—Mix-0212
Frequency (Hz)

Figure 5-12 Tensile Dynamic Modulus (TDMII) vs Frequency at 35° C
5.2 Determination of the relationship between Compressive and Tensile dynamic
moduli of HMA

The Compression Dynamic Modulus (CDM) was compared with HMA
Tensile Dynamic Modulus parallel to compaction (TDM||) and Tensile Dynamic
Modulus perpendicular to compaction (TDM-L). The data were compared and
evaluated at each temperature level and for all temperatures combined. The first
comparison aimed at determining relationship between the compressive and
tensile behavior of HMA at each temperature; many previous researchers have
used this approach to compare compression and tensile properties of HMA.

Nevertheless, as will see later, this research found poor correlation between
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compression and tension values especially at low temperatures. The second
approach aimed at obtaining a single relationship that simplifies the determination
of TDM from known CDM or vice versa.
5.2.1 Comparison: CDM versus TDM L+

In this section, the CDM was plotted against TDM -L at temperatures 10°
C, 20° C, 30°C and 35°C. The best-fit curves and their coefficient of
determination (R*) were computed for three different trend line equations (y = ax,
y=ax+b, and y = ax"). Of the three equations, the power equation (y = ax")
produced the strongest R* at each temperature level. The power equation and R” at
each temperature group are presented in Table 5-4. The results for the other
equations are given in Appendix A.

Table 5-4 Statistical models relating TDM-L and CDM at different temperatures

Temp. °C Statistical Model R? Se
10 TDM 'L =2.6360 x (com > 0.69 2222
0.8566
20 TDM>*L =3.1978 x (cpm) 0.60 2012
30 TDM-L"=0.0754 x (cony = 0.82 1664
35 TDM-=0.0099 x (comy 0.89 1200

Based on this approach, the research concluded that strong correlation
between CDM and TDM-L exists at higher temperatures, whereas at low

temperatures the correlation is not as strong.
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As shown in Figure 5-13, the coefficient of determination (R?) increased
to 0.9071 when the results for all temperatures were combined. Based on this

approach, the TDM may be determined using the following statistical model.

TDM-L = 0.2246 X (cDM) ™ oo 5-1
Comparison at all temperatures combined
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Figure 5-13 TDM-L versusCDM for all temperatures combined

Table 5-5 shows the calculated Tensile Dynamic Moduli (TDM-calc)
derived from the existing Compression Dynamic Moduli (CDM) using the
equation 5-1. Measured TDM and CDM are also included in the table for

comparison.
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Table 5-5 Measured and Calculated Tensile Dynamic Modulus (TDM-L)

Measured Calculated Measured Calculated

CDM | TDML |  TDML CDM | TDML |  TDM-L

(Mpa) | (Mpa) (Mpa) CDM/TDM | (Mpa) | (Mpa) (Mpa) CDM/TDM
25,540 | 23,045 27,070 0.9 6,992 | 5,741 6,079 1.2
24,366 | 21,120 25,640 1.0 6,971 | 6,252 6,058 1.2
24,036 | 26,975 25,241 1.0 6,818 | 3,768 5,905 1.2
21,193 | 18,672 21,831 1.0 6,607 | 6,460 5,694 1.2
21,140 | 16,208 21,768 1.0 6,539 | 4,309 5,627 1.2
19,494 | 14,931 19,825 1.0 6,470 | 5,683 5,559 1.2
19,338 | 17,668 19,643 1.0 6,448 | 8,182 5,537 1.2
19,242 | 20,433 19,530 1.0 6,406 | 6,564 5,495 1.2
18,345 | 13,108 18,485 1.0 6,073 | 7,365 5,167 1.2
18,158 | 18,722 | 18,268 1.0 5901 | 5,384 5,000 1.2
17,844 | 13,051 17,904 1.0 5,848 | 3,081 4,948 1.2
17,668 | 18,153 | 17,701 1.0 5,776 | 5,001 4,877 1.2
17,523 | 10,785 17,533 1.0 5,768 | 7,006 4,870 1.2
17,311 | 16,403 17,289 1.0 5,764 | 5,092 4,866 1.2
17,244 | 17,435 17,211 1.0 5,756 | 4,702 4,858 1.2
16,829 | 16,592 16,735 1.0 5,613 | 5,437 4,719 1.2
16,262 | 16,041 16,087 1.0 5,424 | 4,638 4,536 1.2
15,995 | 9,647 15,783 1.0 5230 | 4,827 4,349 1.2
15,948 | 15,105 15,729 1.0 5,164 | 10,478 4,287 1.2
15,585 | 14,762 15,317 1.0 5,140 | 4,167 4,263 1.2
15,167 | 13,694 14,844 1.0 5,072 | 3,143 4,198 1.2
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Table 5-5 continued.

Measured Calculated Measured Calculated

CDM | TDML |  TDML CDM | TDML |  TDM-L

(Mpa) | (Mpa) (Mpa) CDM/TDM | (Mpa) | (Mpa) (Mpa) CDM/TDM
14,795 | 15,501 14,425 1.0 5,011 | 3,127 4,140 1.2
14,777 | 16,879 14,405 1.0 4,989 | 3,856 4,120 1.2
14,599 | 15,095 14,205 1.0 4,891 | 3,213 4,026 1.2
14,575 | 20,262 14,178 1.0 4,768 | 3,556 3,910 1.2
14,450 | 14,061 14,038 1.0 4,734 | 5,011 3,877 1.2
14,322 | 15,681 13,895 1.0 4,710 | 3,739 3,855 1.2
14,257 | 14,567 13,822 1.0 4,640 | 3,430 3,789 1.2
13,909 | 19,242 13,434 1.0 4,637 | 3,783 3,786 1.2
13,856 | 12,464 13,375 1.0 4,617 | 6,054 3,767 1.2
13,819 | 10,595 13,334 1.0 4,506 | 6,437 3,663 1.2
13,768 | 12,683 13,277 1.0 4,484 | 2,270 3,643 1.2
13,493 | 10,475 12,972 1.0 4,471 | 4,191 3,630 1.2
13,468 | 10,381 12,944 1.0 4,294 | 5,063 3,465 1.2
13,375 | 10,910 12,841 1.0 4,250 | 6,958 3,424 1.2
13,265 | 12,402 12,719 1.0 4,187 | 4,672 3,366 1.2
13,238 | 16,490 12,689 1.0 4,135 | 2,597 3,318 1.2
13,037 | 13,697 12,467 1.0 4,128 | 7,517 3,311 1.2
12,992 | 11,706 12,418 1.0 3,890 | 5,874 3,092 1.3
12,984 | 9,906 12,409 1.0 3,871 | 3,415 3,074 1.3
12,964 | 10,440 12,387 1.0 3,843 | 4,655 3,049 1.3
12,657 | 9,845 12,049 1.1 3,827 | 2,816 3,035 1.3
12,528 | 12,887 11,909 1.1 3,653 | 2,515 2,876 1.3
12,495 | 10,984 11,872 1.1 3,616 | 3,225 2,842 1.3
12,494 | 7,447 11,871 1.1 3,601 | 3,518 2,829 1.3
12,300 | 13,353 11,658 1.1 3,493 | 1,928 2,731 1.3
11,842 | 12,385 11,159 1.1 3,371 | 2,506 2,621 1.3
11,613 | 11,093 10,911 1.1 3,311 | 2,383 2,568 1.3
11,395 | 13,397 10,675 1.1 3,310 | 2,770 2,567 1.3
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Table 5-5 continued.

Measured Calculated Measured Calculated

CDM | TDML |  TDML CDM | TDML |  TDM-L

(Mpa) | (Mpa) (Mpa) CDM/TDM | (Mpa) | (Mpa) (Mpa) CDM/TDM
11,114 | 6,037 10,372 1.1 3,306 | 2,828 2,563 1.3
11,071 | 9,524 10,326 1.1 3,257 | 2,516 2,520 1.3
10,876 | 11,180 10,117 1.1 3,126 | 2,592 2,403 1.3
10,755 | 10,492 9,987 1.1 3,049 | 3,173 2,335 1.3
10,419 | 12,797 9,629 1.1 3,047 | 3,033 2,333 1.3
10,412 | 6,986 9,621 1.1 3,025 | 2,196 2,314 1.3
10,403 | 9,630 9,612 1.1 3,010 | 2,088 2,300 1.3
10,398 | 8,640 9,606 1.1 2,837 | 1,766 2,148 1.3
10,309 | 10,063 9,511 1.1 2,801 | 2,228 2,117 1.3
10,008 | 9,780 9,191 1.1 2,756 | 1,241 2,078 1.3
9,731 7,746 8,899 1.1 2,747 | 1,722 2,070 1.3
9,688 | 8,991 8,854 1.1 2,708 | 2,369 2,036 1.3
9,542 | 16,526 8,700 1.1 2,690 | 1,644 2,021 1.3
9,405 | 12,186 8,556 1.1 2,586 | 2,381 1,931 1.3
9,333 | 11,742 8,481 1.1 2,516 | 1,454 1,871 1.3
9,271 6,046 8,416 1.1 2,504 | 1,081 1,860 1.3
9,261 9,182 8,405 1.1 2,498 | 1,672 1,856 1.3
9,085 | 14,855 8,222 1.1 2,216 | 1,186 1,616 1.4
8,661 9,328 7,780 1.1 2,129 | 1,104 1,543 14
8,305 | 10,234 7,413 1.1 2,059 | 1,419 1,485 1.4
8,280 | 10,607 7,388 1.1 1,843 | 1,490 1,306 1.4
8,192 | 7,353 7,297 1.1 1,841 | 1,227 1,305 1.4
8,088 | 7,630 7,190 1.1 1,807 | 1,428 1,277 14
8,068 | 7,077 7,170 1.1 1,744 | 1,586 1,226 1.4
7,911 7,838 7,009 1.1 1,644 927 1,146 1.4
7,840 | 5,029 6,937 1.1 1,512 836 1,040 1.5
7,725 | 6,115 6,820 1.1 1,508 569 1,037 1.5
7,258 | 8,024 6,347 1.1 1,500 831 1,030 1.5
7,128 | 5,561 6,215 1.1 1,250 474 835 1.5
7,085 | 6,882 6,173 1.1 1,095 617 717 1.5
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Figure 5-6 shows the comparison between measured and computed tensile
dynamic modulus perpendicular to the direction of compaction. As can be seen,
the data are well distributed around the line of equality with a slight under-
prediction of the computed tensile dynamic modulus (y = 0.985x). With
coefficient of determination (R?) of 0.863 and relative accuracy (se/sy) of 0.373,

the correlation between the measured and computed TDM-L proved to be good.
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Figure 5-14 Comparison between Measured and Compute TDM--

With the application of the spread sheet “solver” to optimize coefficients,
this research introduced temperature (temp) parameter in the all combined
relationship between TDM-- and CDM as shown in equation 5-2.

TDM-L =3.56975 x (CDM ** ") *(TEMP 1%%) oo, 5-2

117



Based on the equation 5-2 the correlation between TDM- measured and TDM--
computed reduced to 0.82.
5.2.2 Comparison: CDM versus TDM ||

In this section, the relationship between CDM and TDM || was determined
through statistical comparison of the dynamic moduli at temperatures 10° C, 20°
C, 30°C and 35°C. The CDM was plotted against TDM || and then trend lines their
coefficient of determination (R”) were computed for three different models (y =
ax, y=ax+b, and y = ax"). Of the three equations, the power equation (y = ax")
produced the strongest R* at each temperature level. The power equation and R” at
each temperature group are presented in Table 5-6. The results for the other
equations are given in Appendix B.

Table 5-6 Statistical models relating TDM || and CDM at different temperatures

Temp. °C Statistical Model R? Se
10 TDM]| = 15.761 X (comy ' 0.69 1,513
20 TDM]| = 5.1072 X (o 0.73 1,603
30 TDM]| = 1.7449 x (com " 0.77 1,473
35 TDM]|= 0.3962 X (comy 0 0.84 1,033

Based on the R” displayed in Table 5-6, it is fair to conclude that the
correlation strength between TDM || and CDM increases with temperature (from

moderate to good).
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As was for TDM-L, a better correlation was obtained when the second
approach was used. Figure 5-15 shows relationship between TDM|| and CDM for

all temperatures combined. The obtained coefficient of correlation (R?) increased
p

to 0.916.
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Figure 5-15 Comparisons of TDM|| and CDM for all temperatures combined.
The relationship between TDM|| and CDM at all temperature combines is:
TDM]|| = 2.6769 X (com) >
TDM|| = Tensile Dynamic Modulus Parallel to Compaction
CDM = Compressive Dynamic Modulus
Table 5-7 shows the calculated Tensile Dynamic Moduli (TDM]||-calc)

derived from the existing Compression Dynamic Moduli (CDM) using the
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equation 5-3. Measured TDM]|| , CDM and the ratio of CDM to TDM||-calc are

also included in the table for comparison. From the table we can see the ratio

CDM to TDM]||-calc is 1.0 at high dynamic modulus (lower temperatures: 10°C

and 20°C) and reduces to 0.8 at lower dynamic modulus (higher temperature: 35).

For intermediate dynamic modulus, the ratio of CDM to TDM]||-calc was 0.9.

Tensile dynamic modulus is greater than compressive dynamic modulus

especially at higher temperatures. This behavior could be associated with

difficulties in setting up the tensile dynamic modulus test since in this test, the

specimen and the loading ram are connected together.

Table 5-7 Measured and Calculated Tensile Dynamic Modulus (TDM 11)

Measured Calculated | CDM/TDMII Measured Calculated | CDM/TDMII

CDM TDMII TDMII CDM | TDMI TDMIL

(Mpa) | (Mpa) (Mpa) (Mpa) | (Mpa) | (Mpa)

25,540 | 19,991 24,531 1.0 12,657 | 11,365 13,050 1.0
24,366 | 18,329 23,515 1.0 12,528 | 13,665 12,931 1.0
24,036 | 22,939 23,229 1.0 12,495 | 11,470 12,900 1.0
21,193 | 16,471 20,743 1.0 12,300 | 11,852 12,719 1.0
19,494 | 18,612 19,242 1.0 11,932 | 10,857 12,376 1.0
19,338 | 17,247 19,104 1.0 11,842 | 13,433 12,292 1.0
19,242 | 18,803 19,018 1.0 11,722 | 12,044 12,180 1.0
18,364 | 15,672 18,236 1.0 11,613 | 13,223 12,078 1.0
18,158 | 18,663 18,053 1.0 11,597 | 10,094 12,064 1.0
17,844 | 17,176 17,771 1.0 11,395 | 15,217 11,874 1.0
17,807 | 14,317 17,738 1.0 11,114 | 12,580 11,611 1.0
17,668 | 16,020 17,614 1.0 11,071 | 9,828 11,570 1.0
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Table 5-7 Continued

Measured Calculated | CDM/TDMII Measured Calculated | CDM/TDMII

CDM TDMII TDMII CDM | TDMI TDMIL

(Mpa) | (Mpa) (Mpa) (Mpa) | (Mpa) | (Mpa)

17,311 | 16,460 17,294 1.0 10,876 | 10,600 11,387 1.0
16,829 | 14,324 16,860 1.0 10,810 | 9416 11,325 1.0
16,262 | 15,331 16,348 1.0 10,765 | 14,474 11,282 1.0
15,948 | 15,073 16,064 1.0 10,755 | 14,200 11,273 1.0
15,585 | 16,929 15,735 1.0 10,706 | 9,066 11,227 1.0
15,167 | 15,856 15,355 1.0 10,603 | 14,467 11,129 1.0
14,953 | 13,697 15,160 1.0 10,419 | 11,193 10,956 1.0
14,795 | 13,846 15,016 1.0 10,403 | 11,057 10,941 1.0
14,450 | 15,340 14,701 1.0 10,398 | 9,846 10,936 1.0
14,322 | 14,449 14,584 1.0 10,309 | 13,495 10,852 0.9
14,257 | 11,709 14,524 1.0 9,731 7,432 10,304 0.9
13,909 | 13,640 14,205 1.0 9,720 | 9,077 10,293 0.9
13,856 | 15,790 14,156 1.0 9,688 | 11,460 10,263 0.9
13,819 | 14,083 14,123 1.0 9,542 10,212 10,123 0.9
13,768 | 14,964 14,076 1.0 9,405 | 11,521 9,992 0.9
13,493 | 16,597 13,822 1.0 9,333 8,356 9,924 0.9
13,468 | 13,403 13,800 1.0 9,271 9,253 9,865 0.9
13,375 | 12,929 13,714 1.0 9,261 | 12,228 9,855 0.9
13,238 | 13,337 13,587 1.0 9,107 | 12,705 9,707 0.9
13,037 | 14,479 13,402 1.0 9,085 | 11,059 9,686 0.9
12,992 | 13,899 13,361 1.0 8,661 | 11,110 9,279 0.9
12,984 | 15,635 13,353 1.0 8,305 | 9,603 8,935 0.9
12,964 | 9,817 13,334 1.0 8280 | 9,734 8911 0.9
8,192 | 10,753 8,826 0.9 5,072 | 5,773 5,735 0.9
8,088 | 10,001 8,725 0.9 5,011 5,293 5,673 0.9
8,068 8,858 8,706 0.9 4,989 | 5,961 5,651 0.9
7,911 7,562 8,553 0.9 4,963 5,548 5,625 0.9
7,840 7,375 8,484 0.9 4,891 8,995 5,551 0.9
7,725 6,722 8,372 0.9 4,768 | 6,020 5,426 0.9
7,258 7,906 7,916 0.9 4,734 | 5,687 5,390 0.9
7,128 5,329 7,788 0.9 4,710 | 7,094 5,366 0.9
7,085 7,712 7,746 0.9 4,640 | 4,119 5,294 0.9
6,992 9,197 7,654 0.9 4,637 | 4,921 5,291 0.9
6,971 7,723 7,634 0.9 4,617 | 5,945 5,270 0.9
6,334 9,727 7,499 0.9 4,506 | 5,276 5,157 0.9
6,318 7,112 7,483 0.9 4,484 | 4,453 5,134 0.9
6,607 | 11,193 7,274 0.9 4,471 3,569 5,121 0.9
6,539 6,888 7,207 0.9 4,379 | 5,291 5,026 0.9
6,470 6,443 7,138 0.9 4,294 | 7,016 4,938 0.9
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Table 5-7 Continued

Measured Calculated | CDM/TDMII Measured Calculated | CDM/TDMII

CDM TDMII TDMII CDM | TDMI TDMIL

(Mpa) | (Mpa) (Mpa) (Mpa) | (Mpa) | (Mpa)

6,448 6,252 7,117 0.9 4,250 | 6,086 4,893 0.9
6,406 7,748 7,075 0.9 4,245 | 6,736 4,887 0.9
6,253 8,505 6,923 0.9 4,187 | 4,141 4,828 0.9
6,191 6,563 6,862 0.9 4,181 5,775 4,821 0.9
6,180 6,410 6,851 0.9 4,135 | 4,113 4,774 0.9
6,073 6,253 6,744 0.9 4,128 | 6,910 4,766 0.9
5,901 6,613 6,572 0.9 3,940 | 4,804 4,571 0.9
5,848 5,808 6,519 0.9 3,890 | 5,901 4,518 0.9
5,776 | 10,649 6,446 0.9 3,871 5,830 4,498 0.9
5,774 8,068 6,444 0.9 3,843 5,012 4,469 0.9
5,768 7,761 6,439 0.9 3,827 | 5,334 4,453 0.9
5,764 5,446 6,435 0.9 3,653 | 2,871 4,270 0.9
5,756 | 4,568 6,427 0.9 3,628 | 5,301 4,244 0.9
5,613 6,556 6,283 0.9 3,616 | 5,057 4,231 0.9
5,555 6,875 6,224 0.9 3,601 4,638 4,216 0.9
5,424 7,872 6,092 0.9 3,493 | 4,208 4,102 0.9
5,230 5,941 5,896 0.9 3,371 4,663 3,972 0.8
5,164 7,364 5,829 0.9 3,311 4,057 3,909 0.8
5,140 5,096 5,804 0.9 3,310 | 3,437 3,908 0.8
3,306 | 2,630 3,904 0.8 2,504 | 2,411 3,040 0.8
3,257 3,072 3,852 0.8 2,498 | 2,902 3,034 0.8
3,126 3272 3,712 0.8 2,437 | 3,226 2,968 0.8
3,049 5,803 3,630 0.8 2,216 1,951 2,725 0.8
3,047 3,133 3,628 0.8 2,129 1,568 2,628 0.8
3,025 2,996 3,604 0.8 2,059 | 3,196 2,550 0.8
3,010 | 4,228 3,588 0.8 1,843 1,733 2,308 0.8
3,002 3,525 3,579 0.8 1,841 | 2,301 2,306 0.8
2,852 | 4,203 3418 0.8 1,807 1,513 2,267 0.8
2,837 | 2,453 3,402 0.8 1,744 1,879 2,196 0.8
2,801 3,591 3,363 0.8 1,653 1,910 2,093 0.8
2,787 | 2,804 3,348 0.8 1,644 | 2,127 2,083 0.8
2,756 3,175 3,315 0.8 1,590 1,774 2,022 0.8
2,747 5,723 3,304 0.8 1,512 1,961 1,932 0.8
2,708 3,275 3,262 0.8 1,508 1,403 1,927 0.8
2,690 3,309 3,243 0.8 1,500 1,607 1,918 0.8
2,586 | 4,586 3,130 0.8 1,095 1,308 1,446 0.8
2,516 | 2,469 3,054 0.8
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The accuracy of the model for determining TDM|| from CDM was
statistically evaluated using coefficient of determination (R?), relative accuracy
(se/sy) and line of equality as shown in Figure 5-12. The Figure 5-16 shows
computed TDM|| plotted against measured TDM|. The data are equally
distributed on both side of the line of equality, showing no bias (y = 0.9968x).

Good correlation between measured and computed TDM]|, with an R? of 0.91 was

observed.
25000 .
y = 0.9968x 'S
£ oo R? = 0.9093 .
£3 Se =1522 R . N\
=
== se/sy=0.300 . .
S 15000 'S Line of equality
2 —
2 2 el
= & 10000
32 A
s 3 2
=2 5000 - ®
s =
Q
0
0 5000 10000 15000 20000 25000
Measured Tensile Dynamic Modulus-TDMII (Mpa)

Figure 5-16 Comparison between Measured and Compute TDM||
The temperature was included as an independent variable in the
relationship between TDM|| and CDM. After optimization of coefficients using

solver, the following equation was obtained:
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TDM]|| = 1.07896 x CDM ***78x TEMP “™¥70 oo,
Based on this equation, the correlation between TDM|| measured and TDM]||

computed reduced to 0.817.
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Chapter 6
Finite element modeling
6.1 Introduction

This research used the generalized finite element program (Abaqus) for
computing the strain responses at the bottom of perpetual pavement HMA layers.
The program has an extensive material library that can be used to model most
engineering materials including hot mix asphalt (HMA). Abaqus allows the
combination of constitutive models to characterize complex materials such as
HMA.

6.2 Model Geometry

A 312-inch long x 82.5-inch wide x 120-inch deep Finite Element
structure was built to model section 1 of the Kansas Perpetual Pavement on US75
Highway. The dimension of the model were selected to accommodate both the
steering and rear axle loads of the test truck with negligible edge effects (Figure
6-1).

Due to symmetry of the geometry and the loading applied by the truck,
only one-half of the pavement structure was modeled. The Mesh of the model

geometry is shown in Figure 6-2.
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Figure 6-1 Schematic drawing showing a truck passing over an instrumented

pavement section.

120-inch

312-inch

Figure 6-2 Finite Element geometry model
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Table 6-1 shows the thicknesses of five structural layers of the perpetual
pavement used in the geometry model. As seen in the table, the bottom layer is
infinite. However, in the geometry model, a deep layer (> 100 inches) fixed at the
bottom was used.

Table 6-1 Structural layers used in the Finite Element geometry model

Layer Thickness (inch) Material Mix Code
Surface 1.6 HMA SM 9.5A: PG 70-28 S
Binder 2.4 HMA SM 19A: PG 70-28 M
Base 9 HMA SM 19A: PG 70-22 1
Sub-base 6 Lime Treated Soil
Sub-grade 101 (infinite) Clayey Soil

6.3 Material characterization

The lime-treated subbase and subgrade soil layers were characterized by
Elastic moduli derived from the resilient modulus tests reported in Chapter 3. The
HMA materials were characterized by Prony series, compressive and tensile
dynamic moduli. However, this research did not have laboratory determined
tensile dynamic modulus for the materials used for the pavement; instead, the
research computed tensile modulus for each HMA layer using compressive-to-
tensile dynamic modulus relationship derived in the lab for New York mixes, as
shown in Chapter 5. The compressive dynamic moduli used were extracted from
the master curves at 20°C constructed based on dynamic modulus tests results
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reported in Chapter 3 (Figure 6-3, 6-4 and 6-5). The master curves at reference
temperature of 20°C were selected to reflect the pavement temperature during the
field-testing. In order to determine the compressive dynamic modulus that
represents the HMA pavement layer during field-testing, a vehicle speed of 20

mph was used. In the laboratory, this speed is equivalent to 10 Hz (0.1sec).
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Figure 6-3 Dynamic Modulus Master Curve — Mix S
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The HMA layers Compressive and tensile dynamic moduli together with
elastic resilient moduli for sub-grade and sub-base layers are shown in Table 6-2.

Table 6-2 Layers moduli used in the FE model analysis

Compressive-DM | Tensile-DM | Resilience Modulus
psi (Mpa) psi (Mpa) psi (Mpa)

Surface 297,617 214,535 N/A

(Mix S) (2052) (1479)

Binder 372,529 277,914 N/A

(Mix M) (2569) (1916)

Base 514,811 403,530 N/A

(Mix 1) (3550) (2782)

Subbase N/A N/A 50,038 (345)
Subgrade N/A N/A 15,000 (103)

To implement both compressive and tensile dynamic modulus of the HMA
layers, a visco-hyperelastic constitutive model was used. Abaqus/CAE uses a
combination of viscoelastic Prony series and hyper-elastic model to represent the
visco-hyperelastic model.
6.3.1 Prony series

Abaqus program has two options of implementing Prony series to define
the viscoelastic time dependent properties of materials: time domain
viscoelasticity and frequency domain viscoelasticity. The time domain option was
used in the FE analysis to define the viscoelastic time dependent behavior of the

asphalt mixes.
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Three prony series input parameters are needed for time domain
viscoelasticity. These parameters are the dimensionless shear relaxation modulus
(gi), the dimensionless bulk relaxation modulus (k;), and the reduced relaxation

time (t;). The parameters are defined as:

-G
Co (6-1)
Where,

g; = dimensionless shear relaxation modulus at time 1
G; = shear relaxation modulus at time 1

Gy = 1nitial shear relaxation modulus

K.
k =—L

Ko (6-2)
Where,

k; = dimensionless bulk relaxation modulus at time i
K; = bulk relaxation modulus at time 1
Ky = initial bulk relaxation modulus
The prony series parameters were calculated by developing a Microsoft

Excel spreadsheet to fit curves representing Equations 6-3 and 6-4 to the

computed shear stress (GR (t)) and bulk stress (KR (t )) relaxation moduli data.
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(6-3)
K (t)=K, [1 ~ iki”(l e D (6-4)

Where,

Gy, K= Instantaneous shear and bulk relaxation modulus

P kP
g K =Prony series coefficients
t =Time, sec
T

i = Relaxation or reduced time, sec
Table 6-3 presents the calculated Prony series parameters for the asphalt
concrete mixes used in this research.

Table 6-3 Prony Series Parameters

gi ki T
0.308954 0.38104 0.001
0.103362 0.119207 0.01
Mix S 0.213567 0.151703 0.1
0.155012 0.160324 1
0.127155 0.117885 10
0.677686 0.59063 0.001
0 0 0.01
Mix M 0.104582 0.164675 0.1
0.073812 0.082773 1
0.074241 0.093324 10
0.432905 0.479071 0.001
0.04744 0.044055 0.01
Mix 1 0.183055 0.181144 0.1
0.115363 0.107065 1
0.119419 0.106327 10
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6.2.2 Hyper-elastic model
Through Abaqus Hyper-elastic material tab, users can input nominal
strains and stresses to characterize stiffness of materials. Therefore, in the
material tab, stress-strain data points were inputted in ascending order from
negative to positive to represent a stress-strain curve which has the desired slopes,
corresponding to the desired Compressive and Tensile moduli. Thereafter the
material model was evaluated using the Abaqus built-in calibration subroutine.
Abaqus version 6.12-2 has a built-in calibration subroutine to compare
stress-strain test data with the behavior predicted by different hyper-elastic
material formulations known as strain energy potentials. The subroutine uses a
single element geometry model to find hyper-elastic strain energy potential that
can develop a stress-strain curve that best fit the test data. Abaqus material library
has the following strain energy potential forms.
e Arruda-Boyce,
e Marlow form,
e Mooney-Rivlin,
e Neo-Hookean,
e Ogden,

e polynomial,
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e reduced polynomial,
e Yeoh,
e and Van der Waals
Out of the energy potential forms mentioned, only the Ogden strain energy
potential was found suitable for characterizing the stiffness of HMA based on
Compressive and Tensile moduli. The rest of the strain energy potentials
computed best curves relatively far from the test data. In ABAQUS, the form of

Ogden strain energy potential is:.

U =S (A + 2+ A5 + i 0 - D (6-5)
Where

A;=Deviatoric principal stretches

Jé'=Elastic volume ratio

ui,a;, and D; = temperature-dependent material constants. While y; and «;
describe the shear behavior of material, D; term represents the compressibility of
the material. However, unless volumetric test data are available, D; is assumed to
be zero and at this point the material is fully incompressible.

N= Strain energy potential level (order of the polynomial). During evaluation of

the hyper-elastic constitutive model, the model prediction was checked for N

levels ranging from one to six.
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Figure 6-6, 6-7 and 6-8 show the behavior predicted by the Ogden-Hyper-
elastic constitutive model for the Perpetual Pavement base, binder and surface

course HMA materials. As the figures show, the difference between predicted

and experimental data curve is minimal.
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6.2.3 Testing the visco-hyperelastic model for HMA materials

Before adopting the selected model for modeling the pavement structure,
it was tested on HMA solid cylinder (6” diameter x 15” deep). For simplicity, the
research used 3-inch x 15-inch axisymmetric mesh, comprised of 500, 0.3-inch x

0.3-inch linear quadrilateral elements of type CAX4R (Figure 6-9).

Central axis

,/ \ 3-inch

15-inch

Figure 6-9 Axisymetry mesh used for testing the visco-hyperelastic material

model
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The objective was to validate the use of hyperelastic models for HMA
material characterization by comparing with linear-viscoelastic model, which is
commonly used for the characterization HMA materials. Under pure tension, the
FE analysis results based on three different models were compared: linear
viscoelastic, linear visco-hyperelastic and non-linear visco-hyperelastic. Abaqus
implements the three models as follows.

e Linear viscoelastic

In this case, Abaqus software typically allows the user to insert the Prony
series and initial elastic modulus (Eg). The parameters define materials time
dependence and stiffness respectively. During analysis, Abaqus automatically
picks the same Prony series and modulus at the beginning of every time increment
and use the information to characterize the material. The Prony series, modulus
and loads used in this model are shown in Table 6-4.

Table 6-4 Material parameters used in the FE-linear viscoelastic model

. Modulus Creep load
Prony series

(psi) (psi)
gi ki Ti
0.4329 | 0.47907 | 0.001
0.04744 | 0.04406 | 0.01
0.18305 | 0.18114 | 0.1 514,811 150
0.11536 | 0.10706 1
0.11942 | 0.10633 10
0 0 100
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e Linear Visco-Hyperelastic
As for the linear viscoelastic material model, the inputs for this model
were Prony series and modulus. The modulus was derived from a set of linear
stress-strain data points shown in Table 6-5 below.

Table 6-5 Stress-Strain data used in the FE-linear visco-hyperelastic model

Stress | Strains Modulus Stress | Strains Modulus
(psi) (psi) (psi) (psi)

-80 -0.0001554 | 514,811 1 1.94E-06 | 514,811
-77 -0.00015 514,811 4 7.77E-06 | 514,811
-74 -0.000144 514,811 7 1.36E-05 | 514,811
-71 -0.000138 514,811 10 1.94E-05 | 514,811
-68 -0.000132 514,811 13 2.53E-05 | 514,811
-65 -0.000126 514,811 16 3.11E-05 | 514,811
-62 -0.00012 514,811 19 3.69E-05 | 514,811
-59 -0.000115 514,811 22 427E-05 | 514,811
-56 -0.000109 514,811 25 4.86E-05 | 514,811
-53 -0.000103 514,811 28 5.44E-05 | 514,811
-50 -9.71E-05 514,811 31 6.02E-05 | 514,811
-47 -9.13E-05 514,811 34 6.6E-05 514,811
-44 -8.55E-05 514,811 37 7.19E-05 | 514,811
-41 -7.96E-05 514,811 40 7.77E-05 | 514,811
-38 -7.38E-05 514,811 43 8.35E-05 | 514,811
-35 -6.8E-05 514,811 46 8.94E-05 | 514,811
-32 -6.22E-05 514,811 49 9.52E-05 | 514,811
-29 -5.63E-05 514,811 52 0.000101 | 514,811
-26 -5.05E-05 514,811 55 0.000107 | 514,811
-23 -4.47E-05 514,811 58 0.000113 | 514,811
-20 -3.88E-05 514,811 61 0.000118 | 514,811
-17 -3.3E-05 514,811 64 0.000124 | 514,811
-14 -2.72E-05 514,811 67 0.00013 | 514,811
-11 -2.14E-05 514,811 70 0.000136 | 514,811
-8 -1.55E-05 514,811 73 0.000142 | 514,811
-5 -9.71E-06 514,811 76 0.000148 | 514,811
-2 -3.88E-06 514,811 79 0.000153 | 514,811
82 0.000159 | 514,811

139



e Non-linear Visco-Hyperelastic
The inputs for this model were inserted into the program the same way as
was for linear visco-hyperelastic. However, the set of stress-strain data points for
characterization of compressive and tensile behavior were different. In the
compression zone, the stress-strain data points represented a modulus of 514,811
psi. In the tension zone, the points represented a modulus of 403,530 psi. The set
of stress-strain data points used this case are shown in Table 6-6.

Table 6-6 Stress-Strain data used in the FE non-linear visco-hyperelastic model

Compressive Modulus Tensile Modulus
Stress . Modulus Stress . Modulus
. Strains . . Strains .

(psi) (psi) (psi) (psi)
-80 -1.55E-04 | 514,811 1 2.48E-06 403,530
=77 -1.50E-04 | 514,811 4 9.91E-06 403,530
-74 -1.44E-04 | 514,811 7 1.73E-05 403,530
-71 -1.38E-04 | 514,811 10 2.48E-05 403,530
-68 -1.32E-04 | 514,811 13 3.22E-05 403,530
-65 -1.26E-04 | 514,811 16 3.97E-05 403,530
-62 -1.20E-04 | 514,811 19 4.71E-05 403,530
-59 -1.15E-04 | 514,811 22 5.45E-05 403,530
-56 -1.09E-04 | 514,811 25 6.20E-05 403,530
-53 -1.03E-04 | 514,811 28 6.94E-05 403,530
-50 -9.71E-05 | 514,811 31 7.68E-05 403,530
-47 -9.13E-05 | 514,811 34 8.43E-05 403,530
-44 -8.55E-05 | 514,811 37 9.17E-05 403,530
-41 -7.96E-05 | 514,811 40 9.91E-05 403,530
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Table 6-6 continued

Compressive Modulus Tensile Modulus
Stress . Modulus Stress . Modulus
. Strains . . Strains .

(psi) (psi) (psi) (psi)
-38 -7.38E-05 | 514,811 43 1.07E-04 403,530
-35 -6.80E-05 | 514,811 46 1.14E-04 403,530
-32 -6.22E-05 | 514,811 49 1.21E-04 403,530
-29 -5.63E-05 | 514,811 52 1.29E-04 403,530
-26 -5.05E-05 | 514,811 55 1.36E-04 403,530
-23 -4.47E-05 | 514,811 58 1.44E-04 403,530
-20 -3.88E-05 | 514,811 61 1.51E-04 403,530
-17 -3.30E-05 | 514,811 64 1.59E-04 403,530
-14 -2.72E-05 | 514,811 67 1.66E-04 403,530
-11 -2.14E-05 | 514,811 70 1.73E-04 403,530
-8 -1.55E-05 | 514,811 73 1.81E-04 403,530
-5 -9.71E-06 | 514,811 76 1.88E-04 403,530
-2 -3.88E-06 | 514,811 79 1.96E-04 403,530

6.2.4 Comparison of the viscoelastic and visco-hyperelastic models
Figure 6-10 shows strain development history at the mid-point of the
HMA cylinder based on the finite element analysis. The maximum tensile strains

for the linear viscoelastic (LVE) and linear visco-hyperelastic (LVHE) were

92.64, 95.68, micro-strains respectively. The results are relatively close.
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Figure 6-10 HMA cylinder strain development history
6.3 Element Type and size
Typically 3D Finite element pavement models perform well with 3D eight
node solid brick elements. However, the accuracy of the Fine element analysis
depends on the size and aspect ratio of the elements. The element size may vary
depends upon the geometry dimension, contact restrictions, load magnitude,
analysis type (static or dynamic), capacity of the computer and computational

time. When there is no computational time constraint, it is typical to adopt a fine
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mesh (small element size). Fine mesh (small elements size) offer more accurate
results than coarser mesh (large elements).

Abaqus requires that the aspect ratio (ratio between the longest and
shortest edge of an element), to be less than 10 for accurate results. However, an
aspect ratio of less or equal to 4 is recommended for areas around wheel path
(loaded areas) (Hibbitt, Karlsson and Sorensen. 2012).

In order to achieve optimum accuracy without increasing  the
computational cost, a biased mesh was used. Small elements were used in the
HMA layer along the wheel path where high stress-strain gradients occur, and
increasingly large element size were used far away from the loading path.

A convergence test was performed using a static load to determine the
optimal number of elements needed. After convergence test, it was determined
that 1.0 x 1.5-inches elements were suitable for the area around the wheel path.
1.5 x 6-inch and 1.5 x 11-inches element sizes were used toward the far ends. All
elements used in the model were type C3D8R except for the sides away from the
symmetry plane of the model where infinite element type CIN3D8R were used

(Figure 6-11).
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elements

Figure 6-11 Element type and size

The C3D8R element is a solid eight-node linear brick element with

reduced integration. Due to reduced integration, the element offers relatively low

computational cost. However, because its integration point is located at the

middle of the element, small elements are usually required for accurate results

(Figure 6-12a). A special case of the C3D8R elements is CIN3DS8. The CIN3DS8

elements have five finite solid faces and one infinite face (Figure 6-12b). Finite

element programs use CIN3D8 elements to represent far-field regions of

continuous structures such as pavements. Abaqus/CAE does not support infinite
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elements in its current setting. However these elements were included in the input

file using a text editor.
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Figure 6-12: Type of elements used (a) C3DS8R finite element (b) CIN3DS8
Infinite element
6.4 Boundary Conditions
In this research, three different types of boundary conditions were
employed to represent the pavement end supports.

1. Infinite boundaries: this type of boundary was assigned to three vertical
sides far from the loading area (Figure 6-13). The boundaries allow
reduction of elements that would have been used to extend the model far
from the dynamical loaded area. They do so by offering a smooth decay of

stresses to the far ends of the geometry model.
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ii.  Z-Asymmetry: in order to take advantage of symmetry of the geometry and
loading only a half of the pavement structure was modeled. To do so, the
horizontal movement of the nodes in the symmetry plane was
restricted(Figure 6-13).

iii.  Fixed end: The movement of the nodes at the bottom of the pavement
structure (located 120-inches from the surface) was restricted in all

directions. (Figure 6-13).

Infinite
elements

Infinite
elements

Infinite
Z-symmetry elements
boundary

condition

Encastered
end

Figure 6-13 Boundary Conditions of the Model
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6.5 Loading

6.5.1 Tire imprint

The tire imprint is the contact area between the tire and pavement surface.
The size of tire imprint depends on contact pressure, which is more often assumed
equal to the tire inflation pressure. In this case, the tire inflation pressure and
wheel load are used to calculate the size of tire imprint. However, in this research
the dimension of the tire imprints were measured in the US 75 Perpetual
Pavement project every time when the pavement response measurements were
conducted. The tire imprint dimensions used in this research are shown in Figure
6-14.

Rear wheel Steering wheel

Modeled tire imprints

0

Symmetry line

7-5:!

151.57

Figure 6-14 Tire Imprint dimensions
6.5.2 Surface partitions
There are two ways in which external loads may be applied to an Abaqus
model: element loading or surface loading. Since the research used more than 400
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surfaces to define the vehicle moving load, the surface loading procedure was
selected to avoid redefining of the loaded surfaces when element size changes.
The surfaces along which the truck tires passed were partitioned into small spaces
multiple of both rear and steering tire imprints. In addition, a few more partition
lines along the length were added to allow for repositioning of the wheels when
necessary (Figure 6-15).

Wheel path

Rear wheel |

Steering wheel

Figure 6-15 Wheel Path Surface Partition

6.5.3 Simulation of Moving Loads
In Abaqus finite element model, traffic loads may be applied statically or

dynamically. In this research, dynamic moving wheel loads were modeled by
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implementing the concept of step loading with trapezoidal loading amplitude.
There are three main components of this concept: the entry surface segment (or
element), the tire imprint segments and the leaving segment (element). When a
vehicle approaches a given surface segment, the surface is loaded with amplitude
that increases linearly from 0 to 1. Similarly, as the tire moves away from a given
surface segment, the loading amplitude that simulates the decrease in loading
from 1 to 0 is used. The surface segments within the tire imprint are loaded with
constant loading amplitude of 1. Table 6-7 and Figure 6-16 show the transition of
wheel load from step-1 to step-2, step-2 to step-3 and so on, along the wheel path.

Table 6-7 Wheel load transition parameters

Step 1 Step 2 Step 3 Step 4
Load Tire Tire Tire Tire
position Leave mprint Entry | Leave mprint entry | Leave mprint entry | Leave mprint entry

Surface| Sl1 S2 S3 | S2 S3 S4 1 S3 S4 S5 | S4 S5 S6
Aplitude|1to 0| 1to1 [0to1]1to0] 1tol [Otol]1toOf 1tol |[Oto1]1to0f 1tol |Otol

z’ AN
’ \
' \
Step 1 1 Step 3 ‘I
| |
\ 1
\ v
N\
| st | s2 [ s3 |[ s2 [ s3 | sa |[ s3 [ sa | s5 |
D) 0 A A ) A A A A
leave Tire Entry leave Tire Entry leave Tire Entry
imprint imprint imprint

Figure 6-16 Schematic drawing of a moving tire based on the trapezoidal

loading method.
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The duration of each step or step time was calculated based on the speed
of the vehicle and the length of the surface segment along the direction of the
vehicle. At first, the speed was converted from miles per hour into inches per
second. Then the size of each segment on the wheel path was divided by the speed
in inches per second to obtain the time required for each step to move the load at
the desired speed. In this model, the length of surface segment used to advance
wheel load from one-step to the next was 3 inches. To model the load moving at
20 mph, which is equals to 352 inches per second, the 3 inches was divided by
352 inches per second, and a step time of 0.008523 seconds was obtained. The
same was followed to obtain step time of 0.004262 and 0.002841 seconds for the
40 mph and 60 mph speeds respectively. Thereafter, loading amplitudes were
created using the tabular option in ABAQUS. Tables 6-8 presents the tabular data
used to create the loading amplitudes for 20 mph speed.

Table 6-8 Loading Amplitude Tabular Data for 20 mph

Entry surface Within tire imprit Leaving surface
segment segement
Step time (s) | Amplitude | Step time (s) | Amplitude | Step time (s) | Amplitude
0 1 0 1 0 0
0.008523 0 0.008523 1 0.008523 1

The total step time used in here was further divided into small segments

(time increments) to allow for the solution to converge. Abaqus has two options
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of implementing time increments: automatic or fixed by the user. Abaqus
recommend the automatic method to avoid convergence problems. Table 6-9
shows load amplitude data with the sub-divided step time.

Table 6-9 Subdivided Loading Amplitude Tabular Data for 20 mph

Entry surface Within tire imprit Leaving surface
segment segement
Step time Amplitude Step time Amplitude Step time Amplitude
(s) (s) (s)

0.000E+00 0 0.000E+00 1 0.000E+00 1
4.262E-04 0.05 4.262E-04 1 4.262E-04 0.95
8.523E-04 0.1 8.523E-04 1 8.523E-04 0.9
1.278E-03 0.15 1.278E-03 1 1.278E-03 0.85
1.705E-03 0.2 1.705E-03 1 1.705E-03 0.8
2.131E-03 0.25 2.131E-03 1 2.131E-03 0.75
2.557E-03 0.3 2.557E-03 1 2.557E-03 0.7
2.983E-03 0.35 2.983E-03 1 2.983E-03 0.65
3.409E-03 0.4 3.409E-03 1 3.409E-03 0.6
3.835E-03 0.45 3.835E-03 1 3.835E-03 0.55
4.262E-03 0.5 4.262E-03 1 4.262E-03 0.5
4.688E-03 0.55 4.688E-03 1 4.688E-03 0.45
5.114E-03 0.6 5.114E-03 1 5.114E-03 0.4
5.540E-03 0.65 5.540E-03 1 5.540E-03 0.35
5.966E-03 0.7 5.966E-03 1 5.966E-03 0.3
6.392E-03 0.75 6.392E-03 1 6.392E-03 0.25
6.818E-03 0.8 6.818E-03 1 6.818E-03 0.2
7.245E-03 0.85 7.245E-03 1 7.245E-03 0.15
7.671E-03 0.9 7.671E-03 1 7.671E-03 0.1
8.097E-03 0.95 8.097E-03 1 8.097E-03 0.05
8.523E-03 1 8.523E-03 1 8.523E-03 0
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6.6 The Results of the Finite Element Analysis

Figure 6-17 shows FE longitudinal and transverse strain evolution at the
bottom of perpetual pavement HMA layers based on the visco-hyperelastic model
at a truck speed 20 mph. The strain curves generated two major peaks during the
loading history: The first peak was generated when the steering wheel passed
direct over a given point. Similarly, the second peak was generated when the rear
wheels passed the same point. In the longitudinal direction, the first and second
peak strains were 18.9 and 32.8 micro-strains respectively. Likewise, on the
transverse direction the first and second peak strains were 22.3 and 31.7 micro-
strains respectively. In terms of the shape of the curve, the longitudinal strain
history curve begins and ends with negative values to indicate that the pavement
was in compression when the wheels were approaching and leaving a given
element. The transverse strains were tensile throughout the duration of loading.
Contour plots of the strains in the plane of symmetry are shown in Figure 6-18a-b.
Blue color around point “A” shows existence of compressive longitudinal strains
in the vicinity of that point (Figure 6-18a). Figure 6-18b, which represents
transverse strains, shows no blue color at the same area, meaning transverse

strains are always positive.
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Figure 6-17 Computed strain development at the bottom of HMA layers based on

the Visco-hyperelastic model.
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Figure 6-18 Contour plots of (a) Longitudinal strain (b) Transverse strains in the

plane symmetry
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For comparison, this research used FE linear viscoelastic model to
compute the responses at the bottom of the Perpetual Pavement HMA layers. The
model utilizes compressive dynamic modulus to characterize the stiffness of
HMA layers. Figure 6-19 shows the strain development at the bottom of HMA
layers based on the FE viscoelastic model. In the longitudinal direction, the peak
strains corresponding to front and rear wheels were 16.5 and 30.96 micro-strains
respectively. In the transverse direction the peak strains were 21.1 and 30.93

micro-strains respectively.

35
30 A
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5

0
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Micro-strains
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Time (s)

Longitudinal Strain = = Transverse Strain

Figure 6-19 Computed strain development at the bottom of HMA layers based on

the linear viscoelastic model.
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6.7 Comparison of measured and computed strains based on viscoelastic and
visco-hyper-elastic models

Figures 6-20, 6-21 and 6-22 show histograms that compares field-
measured and FE computed strains at the bottom of Perpetual Pavement HMA
layers for truck speeds of 20 mph, 40mph and 60mph. At a speed of 20 mph as
shown in Figure 6-20, both viscoelastic and the enhanced visco-hyper-elastic
models predicted the peak strains closer to the measured values, expect for
transverse strains under the rear wheel. Both viscoelastic and the enhanced visco-
hyper-elastic models could not accurately predict the transverse strains under the
rear wheels. The difference could be due to a possibility that HMA is stiffer in
longitudinal direction than in transverse direction, whereas in finite element
modeling both transverse and longitudinal behaviors of HMA are considered the

same.
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Figure 6-20 Comparison of measured and FE analysis results at speed of 20 mph

At a speed of 40 mph and 60 mph as shown in Figure 6-21 and 6-22
respectively, both viscoelastic and the enhanced visco-hyper-elastic models
predicted the peak longitudinal strains under the rear wheel closer to the measured
values. However, on all other cases (longitudinal strains under the front wheels
and transverse strains under front and rear wheels), the measured strains were 1.5
to 2 times of the computed strains. Both viscoelastic and the enhanced visco-
hyper-elastic models showed less accurate values when strains were relatively

small.
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Figure 6-21 Comparison of measured and FE analysis results at speed of 40 mph
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Figure 6-22 Comparison of measured and FE analysis results at speed of 60 mph
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Chapter 7

Summary, conclusions and recommendations

7.1 Summary

The first objective of this research was to investigate the relationship
between Compressive and Tensile dynamic modulus of HMA through laboratory
experiments. The Compressive and Tensile dynamic moduli (parallel and
perpendicular to compaction) were determined in the laboratory using UTM 25
machine. The moduli were then compared to establish the best model that relates
Compressive and Tensile dynamic moduli. A visco-hyper-elastic model that
incorporates both Compressive and Tensile behavior of HMA was developed

thereafter.

The visco-hyper-elastic model was used in Abaqus finite element program
to estimate strain responses at the bottom of HMA layers of the Kansas US75
Perpetual Pavement sections. In addition, the strains computed by this model were
compared to strains computed by a linear viscoelastic constitutive model to
determine if improvement was made because of using both Compressive and

Tensile Modulus in the model.
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7.2 Conclusion

The major findings of this research are:

The following relationship between Compressive Dynamic Modulus
(CDM) and Tensile Dynamic Modulus parallel to compaction (TDMII)
was found: TDM]| = 2.6769 x (CDM) ***°, where the moduli are measured

in MPa.

The research found the following relationship for the estimation of the

Tensile Dynamic Modulus perpendicular to compaction (TDM-L):

TDM- = 0.2246 x (CDM) "'**, where the moduli are measured in MPa.

This research used 2-inch (dia.) x 3-inch (deep) and 4-inch (dia.) x 6-inch
(deep) specimens to determine Tensile Dynamic Modulus perpendicular to
compaction (TDM-) and Tensile Dynamic Modulus parallel to
compaction (TDMII) respectively. The research found that a tensile test on
the small specimens was less expensive and relatively easy to perform.

The test requires:
0 Less time in the environment chamber,

0 Less amount of glue which leads to lower costs
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0 Less applied load for testing. The relatively lower magnitude of
applied load reduces errors associate with glues especially at

higher temperatures.

This research successively incorporated Compressive Dynamic Modulus
and computed Tensile Dynamic Modulus (computed based on CDM to
TDM-L formulation) in an enhanced visco-hyper-elastic FE element model
to compute tensile strains responses of HMA materials. The applicability
of the model was verified using field measured strains from the Kansas

US75 Perpetual pavement project.

Both viscoelastic and the enhanced visco-hyper-elastic models predicted
longitudinal strains closer to the measured values at speed of 20 mph.
However, at higher speeds (40 mph and 60 mph), where the developed
strains were relatively smaller, the predicted strains were 1/2 to 2/3 of the

measured strains.

7.3 Recommendations

The major findings of this research are:

Gyratory compacted specimens have the same Tensile Dynamic Modulus
(TDM-) in all directions perpendicular to compaction. Future studies
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should investigate possible differences between Tensile Dynamic Modulus

in the longitudinal and transverse directions by testing field cores instead.

The statistical models that relates the CDM and TDM are limited to the

following test conditions:

0 Loading frequency between 1Hz and 25Hz

0 Temperature between 10°C and 35°C

More tests are required to improve the models beyond these conditions.
Visco-hyperelastic material model that incorporated both the compressive
and tensile behavior of HMA may be used to compute the response of
asphalt pavements.

The relationships developed in this research to compute the TDM from the

CDM should be used when the TDM cannot be measured.
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Appendix A
Comparison of Compressive and Tensile Dynamic Modulus Perpendicular to the

Direction of Compaction
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DM Relationship at 10 °C
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Figure A-2 CDM vs TDM -- at 10°C: Best fit by y=ax + b model
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DM Relationship at 10 °C
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TDM Relationship at 20°C
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DM Relationship at 30°C
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DM Relationship at 30°C
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DM Relationship at 35°C
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Appendix B
Comparison of Compressive and Tensile Dynamic Modulus Parallel to the

Direction of Compaction
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Comparison at 10°C
50000

T —y=0.9338x

s R?=0.5546

3 !
5 g
<] L 2

§ 2

o 0 >0

£ 7 L

g o

Aa

2 5000

e 5000 50000
i)

Compression Dynamic Modulus (Mpa)

Figure B-1 CDM vs TDM Il at 10°C: Best fit by y=ax model

Comparison at 10°C

50000 , |

—__y=0.6366x + 4970.6
— R?=0.7213

5000
5000 50000

Compression Dynamic Modulus (Mpa)

Tensile Dynamic Modulus Il (Mpa)
o

Figure B-2 CDM vs TDM 11 at 10°C: Best fit by y=a.x + b model

170




50000

5000
5000

Tensile Dynamic Modulus Il (Mpa)

Comparison at 10°C

[y = 15.761x0-7097

R?=0.6892

Q‘O

Compression Dynamic Modulus (Mpa)

50000

Figure B-3 CDM vs TDM Il at 10°C: Best fit by Y=a.x” model

25000

2500
2500

Tensile Dynamic Modulus Il (Mpa)

Comparison at 20°C

y =1.1022x

R?=0.67

¢ ¢

Compression Dynamic Modulus (Mpa)

25000

Figure B-4 CDM vs TDM 1l at 20°C: Best fit by y=ax model

171




Comparison at 20°C
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Comparison at 30°C
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Comparison at 30°C
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