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EXECUTIVE SUMMARY

Hot mix asphalt (HMA) is a viscoelastic materialdahas been broadly used in
pavement structures. It is important to understdr@dmechanism of complex behavior of
HMA mixtures in field for improving pavement mecheal performance. Aggregate
gradation and asphalt binder are two key factaas itifluence the engineering properties of
HMA. The asphalt binder plays a significant roleelastic properties of HMA and it is the
essential component that determines HMA'’s viscoebaliior. Many research studies
suggest that the Styrene-Butadiene-Styrene (SB§)mpo is a promising modifier to
improve the asphalt binder, and hence benefit thié& Wiscoelastic properties. The specific
beneficial characteristics and appropriate polym@mncentration need to be identified. In
addition, aggregate gradation requirements have tved defined in Superpave mix design
criteria. However, a potentially sound coarse nrixtwith the gradation curve passing below
the coarse size limit may be disqualified from eused. There is a need to evaluate the
Superpave gradation requirements by studying nestyrurposely designed exceeding the
coarse aggregate control limits.

The primary objective of this research study wasvaluate the fracture mechanics
properties of HMA concrete for Superpave mixturésy experimental program was
performed to evaluate the engineering propertigh®fasphalt mixtures with various types
of materials. The laboratory testing program wasetied by applying a viscoelastic
fracture mechanics-based framework that appearedbdo capable of describing
comprehensive mechanical properties of HMA accgdnpast research studies. The goals
for these experiments are to evaluate the effecaggregate type, the effect of coarse
aggregate gradation adjustment to mix designs,ta@deffect of SBS polymer content on
fracture mechanics properties of HMA concrete.

To achieve the objectives and goals, a completardimtesting system was acquired to
perform the temperature controlled dynamic testetermine the engineering properties for
all selected asphalt concrete mixtures. The labora¢éxperimental program for fracture
mechanics properties involved two standard aspmait designs as control levels: one
granite mixture and one limestone mixture. Eachtrobmmix design was modified to two
different gradation levels with the control asphmaitder (PG 67-22) and three SBS polymer

Xii



content levels (3.0%, 4.5%, and 6.0%) with theinabaggregate gradation. The volumetric
properties of all the mixtures were verified to @mesthat the specimens’ air voids are as
close to the optimum (4.0%) as possible.

The SHRP IDT test procedure was generally followeegerform the indirect diametral
tensile test. The measurement and analysis syswmalaped for SHRP IDT was also
applied. Three types of IDT test, the resilient nilod test, the creep compliance test, and
the tensile strength test, were performed to deterrthe fracture mechanics properties of
asphalt concrete at four temperature levels: -1@55 and 40°C (14, 41, 77, and 104°F).
Evaluation of the test results indicated the follmyvcharacteristics: 1) the increase of
nominal maximum aggregate amount to the standaxddesigns in this study had negligible
or slightly adverse effect on HMA fracture mechanmroperties; 2) The SBS polymer-
modified asphalt binder improved the fracture meatsgbehavior of asphalt mixtures. The
resilient modulus values of polymer-modified aspi{BIMA) mixtures decreased with an
increase of SBS polymer content throughout the eoination range tested. At the high
testing temperature of 40°C, an optimum SBS conégmeared to exist around 4.5% to
make the HMA stiffest, which suggested that lingtithe concentration within an optimal
range is especially important at high service tenaijpees. The SBS polymer also helped the
HMA obtain an upgraded creep performance. The mastwith SBS polymer modifiers
were more compliant at the low temperature levE)’€) and became less compliant at the
high testing temperature (40°C), which should leadmproved resistance to rutting and
thermal cracking of HMA. At a specific temperatutevel, a higher SBS polymer
concentration generally resulted in higher creepm@ance values. Furthermore, the SBS
polymer modifier improved the asphalt mixture fraetproperties by increasing the fracture
energy (FE) limit or dissipated creep strain endig¢ SE) limit which were indicators of
mixtures’ resistance to fatigue cracking. The falstrain of PMA mixtures tended to
increase with an increase of SBS polymer contelavatemperatures (-10°C and 5°C).

It was found that the limestone mixtures were ntm@pliant than the granite mixtures
at low temperatures and turned to be less compliemt granite at high temperature (40°C).
Therefore limestone materials appeared to hold radgas over granite materials in
improving the performance of thermal cracking at kervice temperatures and the rutting

resistance at high service temperatures.
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CHAPTER 1
INTRODUCTION

1.1 Background

The Superpave asphalt mix design method has beesasingly accepted, and the system
has been implemented in Florida. The current Sgwerpmix design approach is based on
meeting certain asphalt binder, aggregate and \ethienproperties such as the asphalt binder
performance grading (PG) specification, aggregadelaion control limits, gradation restricted
zone, asphalt mix air voids, voids in mineral aggte (VMA), voids filled with asphalt (VFA),
etc. The Superpave mix design system has contihude®n under evaluation to search for
further improvements.

Gradation is perhaps the most important propertgrofiggregate. It affects almost all the
important properties of hot mix asphalt (HMA) mixgs including stiffness, stability, durability,
permeability, workability, fatigue resistance, fromal resistance, and resistance to moisture
damage. Therefore, gradation is a primary considerain asphalt mix design, and the
Superpave specifications place limits on the aggeegradations that can be used in HMA
mixtures. The gradation of the aggregate is importa ensure that 1) the maximum aggregate
size is not too large or too small, 2) VMA requiiams are met, and 3) a satisfactory aggregate
skeleton is obtained. According to the Superpale,aggregate gradation must be within the
control limits to meet the Superpave requiremdrts.example, if a 19-mm (3/4-inch) maximum
aggregate size is specified, then 100 % of theeggge must pass the 25-mm (1-inch) sieve size.
At least 90-100 % of the aggregate must be finan the nominal maximum size (19 mm). Less
than 90% of the aggregate must pass the 12.5-mwue.sla order to meet the Superpave
requirements, a coarse graded aggregate will lmalsedap-graded to be within the nominal size
control limits. However, amoother coarse gradation passing below the lower contnait Imay
provide similar results to thgap-graded curve. Research is needed to evaluate the Superpav
gradation control limits and to propose improvedrse gradation limits for Florida asphalt
mixes.

In addition, polymer-modified binders have beenduseSuperpave mixtures of many state
agencies in an effort to improve the mixtures. 8grene-butadiene-styrene) polymer has been



used to modify the asphalt binders. Some laboratorg full-scale field tests have been

performed to evaluate the beneficial effects ofiagildhe SBS polymer to asphalt binders and
modified asphalt mixtures. SBS polymer modifierpegr to provide greater benefit to open

graded mixtures than to dense graded mixturesadtbbeen recommended that asphalt binder
modified with 3% SBS polymer is an effective wayti@ating the Superpave mixtures. However,

modifiers with higher percentage of SBS polymerendeen successfully used in Europe. It

appears that research is needed to evaluate tledid@heffect of using higher dosages of SBS

polymer. The fracture mechanics concept/approashblean proposed and studied extensively
(Roque et al. 2002, 2004). The approach has beegfiedeby some field sections and cores

related to the top-down cracking mode of failureFlorida. The fracture mechanics approach
may be adopted as a basis to evaluate the perfoenramodified HMA mixtures.

1.2 Objectives

The primary objectives of this study were to eveduthe effects of aggregate gradation,
aggregate type, and SBS polymer-modified bindertlo® engineering properties of HMA
mixtures. Specifically, the research goals wereualuate the coarse aggregate gradation limits
specified in the Superpave mix design criteriggaluate the benefits of using higher dosages of
SBS polymer modifier in HMA mixtures, and to evakighe effect of aggregate type on fracture
mechanics properties of asphalt mixtures.

The scope of this study included the following s&ask

Task 1 Literature review of Superpave aggregate gradagguirements, the performance
and benefits of polymer-modified binders, and fnaetenergy approach

Task 2 Laboratory evaluation of Florida HMAC mixtures: nAexperimental program was
developed to evaluate the following factors:

- Aggregate type: granite and limestone

- Aggregate gradation: control level, and two ls\a# smooth coarse gradation

- SBS polymer-modified binder: control level ahdete SBS polymer content levels (3%,
4.5%, and 6%)



1.3 Report Outline

This report summarizes the study to evaluate theAHdarse aggregate gradation effect, to
study the SBS polymer-modified binder effect, anavaluate the effect of aggregate type. The
report is organized as the following structures:

Chapter 1 introduces the background, objective, and scopke$tudy.

Chapter 2 gives a comprehensive literature review of theregmte gradation effect and
SBS polymer modifier effect on HMA. The fracture chanics model developed by Roque et al.
(2004) is introduced to evaluate the engineerimge@rties of asphalt concrete.

Chapter 3 introduces the materials and develops a wholererpatal program. Detailed
testing methods and procedures are specified.

Chapter 4 presents the results from IDT sweep set of testshie two control mixes, four
modified gradation mixes, and six mixes with SB3/per-modified asphalt binders at different
concentrations (3%, 4.5%, and 6%).

Chapter 5 analyzes the IDT test results in detail to accdanthe gradation effect and SBS
polymer modifier effect on the HMA mixtures.

Chapter 6 summarizes the complete research study. Conckisiod recommendations are
presented based on the test results and findintdsso$tudy.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The purpose of this study is to evaluate the emging properties of asphalt concrete
mixtures obtained from laboratory tests. Asphattarete pavement performance is influenced by
a great number of factors. HMA mixtures are esaéimtmade up of various kinds of aggregates
in appropriate size combinations and different $ypé asphalt binders. This research study is
focused on the material effects of aggregate gi@dadand Styrene-butadiene-styrene (SBS)
polymer-modified asphalt binders. There are marlyoratory test methods developed for
measuring the mechanical properties of asphaltrebmover the past twenty years. The most
common ones are the indirect diametral tensile 2§t and the dynamic modulus test (DMT).
They were introduced in the AASHTO flexible paveme®sign guide in 1993 and 2004
respectively. In this chapter the following arébtdiscussed:

To conduct a comprehensive literature review onlipations related to aggregate

gradation effect and SBS polymer-modified asphatidér effect on flexible asphalt

mixture characteristics

To introduce test methods, procedures, and comepgp comparisons of testing

methodologies that have been used to evaluate mieahaesponses of asphalt concrete
mixtures

To review the fracture mechanics and energy motlhels were developed and used to
evaluate cracking performance of HMA mixtures

The following sections provide an explanation oé thasic material mechanisms and

approaches used to evaluate the performance ochlagaivement.
2.2 Asphalt Cement Properties
Asphalt cement is bituminous material that is eithaturally occurring or produced by

distillation process from crude petroleum usingedédnt refining techniques. It is widely used
throughout the world in roadway paving applicatioAsphalt cement is a black, sticky and



highly viscous material at ambient temperaturess HIso resistant to the action of most acids,
alkalis and salts. The largest use of asphalt cera@m the production of hot mix asphalt (HMA)
for construction of flexible pavements. By applyimgat to the asphalt cement, it can be liquefied
for mixing with mineral aggregates; it adheres ¢mragate particles and binds them to form
HMA. After cooling to ambient temperature, with bafi cement’'s excellent adhesive and
waterproofing characteristics, HMA become a vergrgj and durable paving material which can
sustain heavy traffic loads.

Three methods, based on penetration, viscosityparndrmance are used to classify asphalt
cements into different standard grades. The pdi@irgrading of asphalt cement is specified in
ASTM D946 and is primarily controlled by the peméion test. The viscosity grading is
specified in ASTM D338L1. It is based on either ¥isxosity of the original asphalt cement or on
the viscosity of the asphalt cement after aginghm rolling thin film oven (RTFO) test. The
performance-based method of classifying asphalddssy was developed in the Strategic
Highway Research Program (SHRP).

2.2.1 Chemical Properties of Additives and PolymeModifiers

Asphalt modifiers have been used for over 60 yeliney were more commonly used in
Europe compared to the United States in the 20ttucg A greatly increased effort has been
dedicated to the research and application of aspt@lifiers over the past 20 years in the United
States. The Superpave asphalt binder specificaiased on SHRP require the asphalt binders to
meet stiffness criteria at both high and low pavetreervice temperatures. However, most
regular asphalt binders are not qualified for tequirements in areas with extreme climate
conditions. In the meantime, traffic volume andde&ave increased significantly in recent years.
This has caused lots of premature rutting and angof HMA pavement constructed with neat
asphalt binders. Modifications of asphalt bindeexdme of considerable interest in the
improvement of pavement performance and serviee Athough high initial cost discourages
the use of modifiers, some state highway agentaeted to specify modified asphalt binders and
to be willing to pay a higher initial cost for pawents with a longer service life and reduced risk
of premature distress, and therefore, lower lifeleyosts. Additionally, the disposal of waste



materials and industrial byproducts, such as tgksss, sulfur, etc., used as additives in HMA is
economical and benefits the environment.
Some specific technical reasons for using additaed modifiers in HMA are listed as
follows (Roberts et al. 1996):
1. Obtaining stiffer mixtures at high service temperas to minimize rutting
Obtain softer mixtures at low service temperattwasinimize thermal cracking
Improve fatigue resistance of HMA mixtures
Improve asphalt-aggregate bonding to reduce strgppr moisture susceptibility
Improve resistance to aging or oxidation; rejuveraged asphalt binders
Permit thicker asphalt films on aggregate for iase=l mix durability
Improve abrasion resistance of mixture to redugelinag

Reduce flushing or bleeding; reduce structurakimss of pavement layers

© ©® N o o b~ DN

Reduce life cycle costs and improve overall pertomoe of HMA pavements

Additives and modifiers can be classified in diéer ways. A generic classification system
was first suggested by Terrel and Walter (1986mddified version of the system (Table 2-1)
and a discussion of each additive or modifier vggven by Roberts et al. (1996).

It can be seen in Table 2-1 that polymers are cm@grof rubber, plastic and their
combination materials. Elastomers (rubber) andtqhasrs (plastic) are the two basic categories.
Elastomers resist deformation from applied streiis their high extensibility and contractibility
and rapidly recover upon removal of the load. Triigal modulus is usually low but they stiffen
when stretched. Plastomers resist deformation lgyr ttough and rigid three-dimensional
network. Earlier research showed that elastomarsbérs) increase asphalt binders’ tensile
strength with elongations whereas little additiostdength is obtained from the rubbers by
asphalt binders until they are stretched. On theerohand, plastomers exhibit quick early
strength on loading but may fracture under streim¢s 1993). Therefore, when elastomers are
used for modifying asphalt cements, HMA pavememisegally get more flexible and resilient.
In contrast, asphalt binders modified with plastmsnesually improve the stiffness moduli of
HMA pavement.



Table 2-1: Generic classification of asphalt agd#iand modifiers (Roberts et al. 1996)

Type Generic Examples
«  Mineral Filler: crusher fines
lime
1. Filler Portland cement
fly ash
« Carbon black
2. Extender * Sulfur
« Lignin
Rubber: « Natural rubber
a. Natural latex - Styrene-butadiene or SBR
b. Synthetic latex « Polychloroprene latex
c. Block copolymer «  Styrene-butadiene-styrene (SBS),
d. Reclaimed rubber Styrene-isoprene-styrene (SIS)
«  Crumb rubber modifier
3. Polymers - Polyethylene/Polypropylene
- Ethylene acrylate copolymer
. « Ethyl-vinyl-acetate (EVA)
Plastic . Polyvinyl chloride (PVC)
« Ethylene propylene or EPDM
« Polyolefins
Combination Blends of polymers above
« Natural:  asbestos
rock wool
- Man-made: polypropylene
. polyester
4. Fiber fiberglass
mineral
cellulose
5. Oxidant Manganese salts
« Lead compounds
6. Antioxidant « Carbon
» Calcium salts
« Recycling and rejuvenating oils
/. Hydrocarbon « Hard and natural asphalts
8. Anti-stripping «  Amines
Agent + Lime
« Roofing shingles
9. Waste Materials | < Recycled tires
+ Glass
10. Miscellaneous | = Sicones .
- Deicing calcium chloride granules

A polymer molecule is produced by the reaction @&ngn monomers, which are smaller
molecules, with one another in long chains or eltisstThe term “poly” means many as opposed
to “mono.” Homopolymers are made up of only onedkaf repeating monomer in the polymer



molecular chain. Copolymers are composed of thebawation of two or more different

monomers in a random or block arrangement. Thestgppolymers are listed below.

Homopolymer: only one monomer is used along théncha

— AAAAAAAAAAAAAAAAAAAA —

Random Copolymer: the repeating units are in ransequence.

— ABAABBBABAABAABAABAB —

Alternating Copolymer: the two units repeat in adeved manner.

— ABABABABABABABABABAB —

Block Copolymer: the chain consists of long seqedibtocks) of repeating units.

— AAAAA - BBBBB - AAAAAAAA — BBBB —

Grafted Copolymer: branched copolymer in whichdiue chains are structurally distinct
from the main chain.

— AAAAAAAAAAAAAAAAAAAAAAAAA —

| |
BBB BBBB

Periodic copolymers: with A and B units arranged irepeating sequence, e.g.
(- ABABBAAAABBB-) ,

The physical properties of polymers vary remarkatdpending on the sequence, structure,
and chemical process for the composing monomersnélds 1997). Polymers can also be
categorized into linear polymers, branched polymarsl cross-linked polymers as shown in
Figure 2-1 according to their structures.

Polymers may also be classified as thermosets la@rthoplastics. Thermosets are usually
rigid and tightly cross-linked. When mixed with asft at high temperatures, the thermoset’'s
particles may swell to more than twice the origimalume as a result of chemical interaction
which leads to a remarkable increase in mixturecoggy. Thermoplastic elastomers are
commonly applied in the modification of asphaltdens. They are usually linear or branched in
types of block copolymer (SB, where ‘S’ denotes the styrene block, ‘B’ dendtes butadiene
block, and ‘X’ denotes the coupling agent, as showiigure 2-2. It was found that a separation
takes place between butadiene (soft block) andtiitene (hard block) because they are mutually



incompatible; as a result, the styrene remainsedésal in a continuous elastomeric matrix (Diani
et al. 1997).

/\/\ Linear

Branched

Cross - Linked

Figure 2-1: Polymer classifications based on limkcture

S (Styrene) unit B (Butadiene) unit
—CH,—-CH —CH,-CH-CH-CH3
et
SBS Block Polymer: — SSSSBBBBBSSSSBBBBB —

Figure 2-2: SBS polymer modifier structure

As listed in Table 2-1, Elastomers or rubbers uasdasphalt modifiers include natural
rubber, styrene-butadiene latexes (SBR), polycipleoe latex, styrene-butadiene-styrene block
polymers (SBS), styrene-isoprene-styrene block mehg (SIS), and crumb rubber modifiers
(ground tires). SBS block copolymers are usuallthmsolid forms of pellets, crumbs, or ground
material in bags or bulk. The common concentraterel is about 3% to 5% by weight of
asphalt cement in the HMA industry. High shear mgxequipment is used for blending the SBS
modifier with hot asphalt cement maintained at 380-F (177-193°C). Since the asphalt binder
must be within specified viscosity ranges for wdnkty purposes during mixing and
compaction, it is probably necessary to increasentixing and compaction temperatures while

conducting laboratory work and testing.



Polymer modifiers have complex characteristics teir effects on asphalt binders depend
on quite a few factors such as polymer concentratimolecular weight, chemical composition,
and molecular structure. Other important thingduide the source of original asphalt binder,
production process, binder grade, reaction betviseeter and modifier, etc. Special properties
can be obtained through various combinations aftefaers and plastomers to meet desired
requirements. However, it should be noted that itary difficult to predict whether a particular
combination will be able to provide improvementstlie desired property. Sometimes polymer
properties may get diluted or even changed whemdele with asphalt binders. The structures of
the pure polymer-modified binder generally areatight from those of the PMB in the asphalt
mixture. Therefore, it is necessary to test theyiper-modified asphalt binder; or in more
practical situations, it would be more advisableet@luate the performance of actual HMA
produced with modified asphalt binder (Wegon andl&r1999). It is hoped that polymer
modifiers can be used in Superpave mix design aatlation procedures to obtain a stiffer
HMA at high service temperatures to minimize rgtim more elastic HMA to resist fatigue
cracking at intermediate temperatures, and a sbfi@A at low service temperatures to resist
thermal cracking.

Chen et al. (2002, 2003) investigated the morphotdghe SBS modified binders described
by the concentration and the presence of the ntraaisre of the copolymer. As the polymer
content increases, the dispersed polymer partgiadually swell to form local SBS networks
which highly enhance the mechanical propertiehefasphalt binder (viscosity, softening point,
toughness and complex modulus, etc). A continu@lgnper structure was observed to begin at
an SBS content between about 5% and 6%, yet thamonin percentage depends more on the
base asphalt and the polymer itself. An optimum 8Bftent is based on the formation of the
critical network between asphalt and polymer, whagipeared to be slightly higher than the
phase inversion content that occurs when the SBSrezh the continuous matrix phase.
However, once the critical networks begin to forimcreases in polymer content have less
significant effect on PMA property improvement (&ig 2-3), or may even lead to the separation
of polymer and bitumen. Recent work by Chen andngu@007) showed that the SBS-asphalt
blended with sulfur resulted in improved rheologaaracteristics.

Brule et al. (1988) studied the relationship betwdbe composition, structure, and
properties of asphalt binders incorporated with SB8ck copolymers. It was found that
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increasing the agitation time made the microstmectiner, which led to a greater deformability.
They also found that the amount of polymer requil@dmatrix inversion and for obtaining
highly modified practical properties depended digantly on the asphalt itself. However, the
value of this inversion threshold was not predigallhe extent of swelling in asphalt-SBS
blends was not highly dependent on content for higlymer concentrations, but increased
substantially as the amount of polymer decreasedilso appeared to be independent of
temperature in the high-level range (80-160°C)aditition, the SBS polymer was no longer
swollen in the binder but dissolved beyond a cddbinstability index value.

1000 ¢

100 ¢

—0— 9% 7% ——6%
—4— 5% ——3% —— AC-30

Complex Modulus (kPa)

0.1 1 1 1 1 1

0 0.5 1 1.5 2 2.5
Frequency (Hz)

Figure 2-3: Complex modulus of styrene-butadieyesse-modified asphalt at 60°C (Chen et al.
2002)

Lu et al. (1998) reported that SBS polymer modtfaa improves the low-temperature
properties of bitumen. The polymer modificationueés the creep stiffness and limiting stiffness
temperature of bitumen. The changes generally aseravith SBS content and are influenced
slightly by SBS structure.

Many studies (Huffman 1980; Lalwani et al. 1982pfgdd 1989) have reported that the
polymer-modified asphalt can lower temperature epslility, which is the primary drawback of
regular asphalt, reduce binder penetration, inerghg viscosity and softening point, and
improve resistance to aging and oxidation. Thesectsf should lead to increased resistance to
deformation (rutting) and thermal cracking in preet King et al. (1986) documented a

correlation between styrene-butadiene elastomeifraddasphalt and pavement durability. The
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addition of polymer improves stiffness, rutting istsnce, fatigue life, adhesion and stripping
resistance to the bituminous mix.

Carpenter et al. (1987) conducted a series of éabs ton asphalt mixtures including the
diametral resilient modulus test, indirect tensdst at temperatures ranging from 72°F to -20°F
(22.2°C to -28.9°C), and permanent deformatioringsit 72°F (22.2°C) and 100°F (37.8°C). The
testing indicated that the polymer additives redust#ffness at low temperatures yet maintained
adequate stiffness at elevated temperatures. Theelmperature performance was greatly
improved over that of untreated asphalt cementsalbfgrades, whereas the permanent
deformation characteristics were greatly improvécelavated temperatures. Carpenter et al.
(2006) conducted further tests and showed thatbelaéing/recovery rate of the polymer-modified
binders is significantly greater than the neat bimdButton (1992) drew a summary of asphalt
additive performance which indicated positive iefhges by polymer addition in bitumen.

Collins et al. (1991) studied the performance ofipg asphalt modified by SB polymers.
The modification resulted in a substantial improeaiof fatigue life by reducing flexural
fatigue cracking and a dramatic increase of stfeagtl resistance to creep at high temperatures.
They also found that the actual critical crackiamperature was significantly lower than that of
the base asphalt and decreased with increasingpolgontent (Figure 2-4). The poly-butadiene
chains in polymer contribute to the flexibility tfe binder and the elastomeric lattice between
asphalt molecules and SBS polymer improves theielabaracteristics of the binder without
increasing the stiffness binders at low servicepematures. Similar findings were reported by
many other researchers. Verhaeghe et al. (1994)ucted studies on asphalt binder modified
with Ethylene Vinyl Acetate (EVA) which improves ehcompressive strength and rutting
resistance of asphalt mixes. Pradhan (1993) rapdtiat the addition of commercial SBR
modifiers improves the physical properties relatedrutting problems on Montana asphalt
pavements. Testing programs conducted by Kenneay. €1992) showed that SBS and SBR
polymers generally increase the mixture’s tendilength at high temperatures and tensile strain
at failure at low temperatures. The permanent dedtion resistance was also improved,
indicated by indirect creep testing.

King et al. (1993) studied a type of standard nixtcontaining four control bitumens with
styrene-butadiene polymer of three different cotstéx%, 1.5x% and 2x%). They found that the

softer the base asphalt, the lower the crackingpéeature; and that increasing the polymer
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content generally lowered the cracking temperatGtgh (1996) conducted testing studies to

compare the effects of different additives on tgpkelorida asphalt mixtures. Test results showed
that the addition of modifiers generally benefite tutting resistance of pavement and the SBR-
modified asphalt mixtures have lower resilient miodtilow temperatures; thus, the addition of

modifiers would be beneficial to the resistancéhefmal cracking.
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Figure 2-4: Relationship between the observedcatitracking temperature {yand SBS
polymer concentration (Collins et al. 1991)

Aglan (1997) analyzed the fatigue tests and elactnucroscopic scans on polymer
modification for asphalt mixtures. The binder-riclneas were observed to contain ridges
produced by the micro-stretching of the SBS modifgnder on the fracture surface, and the
mixture test results showed a superior resistamé@cture.

Jones et al. (1998) performed Superpave IDT creep strength tests on five different
modified mixtures. Higher tensile strength was obse at intermediate temperatures, yet it
appeared that there was no noticeable differendewatemperatures (around and below 0°C).
Khattak and Baladi (1998, 2001) evaluated the &ffexf SBS polymer-modified binder on
mechanical properties of mixtures. The measurememilts showed increased fatigue life and
tensile strength at intermediate temperature wisetea temperature elastic properties were
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almost the same. They also found that the fatigaeahd permanent deformation were strongly
related to the rheological properties of polymerdified binders. Kim et al. (2003) investigated

the use of SBS modifier in asphalt pavement migaineough lab testing for cracking resistance
and healing characteristics. Although the SBS dumsshow an influence on healing of the
asphalt mixture, it appears to reduce the rateiofayxdamage accumulation which justified the
benefits of SBS modification on creep and failureperties of the mixtures. More recently, van
Quintus et al. (2007) conducted an investigationadarge amount of real-world pavement
sections to quantify the benefits of using PMA naies. It was found that the PMA significantly

enhanced the rutting performance of asphalt pavefkégure 2-5) and its fatigue and fracture

performance.

Rut Depths on Companion
Sections, inches
L J

0 0.2 04 0.6 0.8 1 12
Rut Depths on PMA Sections, inches

Figure 2-5: Comparison of the rut depths measuneskeations with PMA and the companion
sections without PMA mixtures (van Quintus et &0?2)

2.2.2 Mechanical Properties of Asphalt Cement

The Strategic Highway Research Program (SHRP) wasched in 1987. The program
made a research effort to develop performance-bi@stsl and specifications for asphalt binders
and HMA mixtures. The Superpave (Superior Perfogrsphalt Pavements) binder tests and
specifications have a few prominent features (Ma@ent al. 1994; Warren et al. 1994; Asphalt
Institute 1994) compared with the old physicalitessystem for asphalt cement.
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The rolling thin film oven (RTFO) test is specifi@d AASHTO T240 and ASTM D2872.
The RTFO simulates the asphalt binder aging dutiegmanufacture and construction of HMA
pavements. It continually exposes fresh binderetat land air flow during rolling. This test mode
does not allow any asphalt surface skin to be fdgrti@s inhibits aging. And modifiers, if used
in asphalt cement, usually remain dispersed dueltimg action, which makes the modified
binder age more sufficiently. The RTFO test detagnithe mass of volatiles lost from the
binder, which indicates the amount of aging thatues during HMA production and
construction. However, some asphalt binders gaigiweluring the RTFO aging due to the
oxidative products formed during the test. The DyitaShear Rheometer (DSR) Test is used to
characterize the viscous and elastic behavior pials binders at high and intermediate service
temperatures. The DSR measures the complex shedulusoG and phase anglé of asphalt
binders at the desired temperature and loadinguémcy. Complex modulus ‘Gcan be
considered as the total resistance of the bindeleformation at repeated shear load. Complex
modulus G consists of two components as shown in Figure @pelastic modulus G’, also
known as the storage or recoverable part; (b)rosdulus G”, also known as the viscous or non-
recoverable part (McGennis et al. 1994).

The values of Gand for asphalt binders are affected by both servémeperature and
loading frequency. Most asphalt binders are vissigl at usual pavement service temperatures.
They behave like elastic solids as well as visdtuids simultaneously. The magnitude énd
phase anglé define a complete picture of the behavior of akgdiiaders in certain conditions,
as shown in Figure 2-7. The elastic component arage modulus is related to the amount of
energy stored in the sample during each testint cybe viscous component or loss modulus is
related to the energy lost during each testingecybrough permanent flow or deformation
(ASTM 1994).

The DSR test procedure is given in AASHTO TP5. Tdsphalt cement sample is
sandwiched between a fixed plate and an oscillgtiatg or spindle as shown in Figure 2-8. Two
types of oscillatory shear rheometer are usuallgdusonstant stress and constant strain.
Constant stress rheometers use a fixed torquectibats the top spindle and the strain will vary.
Constant strain rheometers move the spindle witkea distance (e.g., from point A to B) and
measure the torque resulting from this movemenit.SAperpave DSR tests are conducted in

constant stress mode which uses a fixed torquesddlaie the top plate at a frequency of 10
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radians per second (about 1.59 Hz). When torqupmied to the oscillating plate, it starts at

point A and moves to point B, and then the spimidves back and goes to point C passing point
A. From point C it returns back to point A. This wemnent comprises one cycle of oscillation.

When the spindle is oscillated back and forth wittnstant stress, the resulting strain is

monitored.

The relationship between the applied stress andrébelting strain is used to compute
complex modulus Gand phase anglé which is the time lag between the applied stass
resulting strain. Theoretically, the phase arigie zero for a perfect elastic material because the
strain response is instant. For an ideal viscauid,fthe time lag is 90 degrees. In reality, asphal
binders behave like viscoelastic materials withrass-strain response between the two extreme
conditions at certain service temperatures as showgure 2-9, in which the resulting phase
angle is between 0 and 90 degrees.

-

G,

Viscous Part, G”
[N
Viscous Behavior

0,
> >
Elastic Part, G’ Elastic Behavior

Figure 2-6: Components of complex modulus GFigure 2-7: Viscous and elastic behavior of
asphalt binders

G is the ratio of maximum shear stress.f to maximum shear strairy(y), which is
calculated by the following formulas:

G = ;L (2-1)

s =25 22)
alr

Vinax = T (2'3)
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Where,
T = maximum applied torque,

r = radius of binder specimen/plate (either 12.8 aim),
0 = deflection (rotation) angle,

h = specimen height (either 1 or 2 mm).
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Figure 2-8: Dynamic shear rheometer
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Figure 2-9: Stress-strain response of viscoelastiterial

17



The SHRP researchers considered rutting to be @ssstontrolled, cyclic loading
phenomenon. Work is being done to deform the HMepaent surface with each traffic loading
cycle. A part of this work is recoverable in elasgbound mode while some is dissipated in the
form of permanent deformation and heat energy. &tmunt of dissipated work must be
minimized in order to minimize rutting. The worksdipated per loading cycle at a constant
stress can be expressed as follows (Bahia and smlé995):

W, = 77 aj{%} (2-4)
G /sind
Where,

W, = work dissipated per load cycle,

oo = stress applied during the load cycle,

G = complex modulus,

& = phase angle.

The work dissipated per loading cycle is inversetyportional to G/8, as indicated from the
equation. A high complex modulus @alue and low phase andiere both desirable for rutting
resistance. This relationship appears logical beedue asphalt binder will be stiffer with higher
G value; the lower thé value, the more elastic the asphalt binder will &®d thus the more
resistant to rutting and permanent deformation.r&foee, the 6 parameter was chosen as a
Superpave asphalt binder specification.

Fatigue cracking is typically considered a straamcolled phenomenon in thin HMA
pavement layers and a stress-controlled phenoméndhick ones. The SHRP researchers
assumed that fatigue cracking should be consideagdly a strain-controlled phenomenon since
it is known to be more prevalent in thin pavemeyels (Bahia and Anderson 1995). The work

dissipated per loading cycle at a constant strambe expressed as follows:

W, = 7x&Z|G" xsind| (2-5)

Whereg, is the strain and other variables are as descpb®dously. The equation indicates that
the dissipated work will increase as @nd/or$ are increased. As Glecreases, the asphalt
binder becomes less stiff and thus able to defoitinowt building up large stresses which might

cause cracking. In addition, lobvvalues indicate more elastic asphalt binders whanh regain
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their original condition without dissipating worherefore, G& was chosen in Superpave
specifications to limit the total amount of enediysipated for minimizing fatigue cracking.

The Superpave asphalt binder specification is giteAASHTO MP1-93. It is meant to be
performance-based and thus addresses three priparfprmance parameters of HMA
pavements: permanent deformation (rutting), fatigtecking, and low temperature (thermal)
cracking. Other common specification criteria igdusafety, pumping and handling, excessive
aging, etc.

2.3 Hot Mix Asphalt (HMA) Mixture Design

2.3.1 Physical Properties of Aggregates

Aggregates for HMA are usually classified by sisecaarse aggregates, fine aggregates, and
mineral fillers. ASTM defines coarse aggregate asigles retained on a No. 4 (4.75 mm) sieve,
fine aggregate as that passing a No. 4 sieve (i and mineral filler as material with at least
70% passing the No. 200 (75 pm) sieve. Some agense another sieve size as the dividing
line between coarse and fine aggregates. For exartiy@d Asphalt Institute uses the No. 8 (2.36
mm) sieve as the dividing line.

Specifications for coarse aggregates, fine aggesgand mineral fillers are given in ASTM
D692, D1073 and D242, respectively. AggregatedHilA are generally required to be strong,
sound, and properly graded; to have a clean surfétt@ut deleterious materials; to consist of
angular particles with low porosity and appropriabsorption for asphalt cement.

The specific gravity of an aggregate is a basiapater for HMA mix design. It is used to
make weight-volume conversions and to calculatevihid content in a compacted HMA. The
specific gravity is defined as the ratio of the gieiof a unit of volume of the material to the
weight of an equal volume of water at approxima@8yC (73.4°F). Two different aggregate
specific gravities are often used for HMA basedius method used to define the volume of the
aggregate particles: (a) bulk specific gravity; dndeffective specific gravity.

When the sample aggregates consist of separategaggrfractions of coarse aggregate, fine
aggregate and mineral filler, the bulk specificvifsaof total aggregate can be calculated from
the following equation:
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Gy = ) P (2-6)
L S A |
G1 G2 Gn
Where,
Gsb = bulk specific gravity for the total aggregates,
P; = individual percentages by mass of aggregatd,,i2, ..., n;
Gi = individual bulk specific gravity of aggregaie; 1, 2, ..., n.

The effective specific gravity of aggregate,. cludes all void spaces in the aggregate pasticle
excluding voids permeable to asphalt. It is deteadiby the following equation:

P.-R
G.. G,
Where,
Gse = effective specific gravity of the aggregate,
Gmm = maximum specific gravity of the mixture,
Pmm = % by mass of total loose mixture = 100,
Po = asphalt content,
Go = specific gravity of asphalt cement.

2.3.2 Aggregate Gradation

Aggregate gradation is the distribution of partislees expressed as a percent of the total
weight. It is one of the most important propertiésan aggregate. The gradation of an aggregate
is normally expressed as total percent passingowsrisieve sizes. It affects the HMA
performance in many respects including stiffnessalkility, stability, permeability, workability,
resistance to rutting and fatigue cracking, andtibnal resistance. Therefore, gradation is a
critical consideration in asphalt mix design. Aggate gradations are described as dense (well-
graded), open (uniformly-graded), and gap-gradedshewn in Figure 2-10. Most states place
limits on the aggregate gradations for HMA. Fubexd Thompson (1907) proposed one of the
best known gradations for maximum density. The ggador Fuller's maximum density curve
is:

P =100{d/ D)" (2-8)
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Where d is the diameter of the sieve size in qaes® is the total percent passing or finer than
the sieve and D is the maximum size of the aggeedtudies by Fuller and Thompson showed
that a maximum density can be obtained for an gggeewhen n=0.5. In the early 1960s, the
Federal Highway Administration introduced an aggteggrading chart which is based on the
Fuller gradation but uses a 0.45 exponent in theton. The maximum density lines can be
conveniently obtained by drawing a straight linenirthe origin at the lower left corner of the
chart to the actual percentage point of the nommakimum size, which was defined in the
specification as the largest sieve size retainimg material. The maximum aggregate size is
normally limited to about one-half of the lift thigess in construction. The use of large stone
mixes has been increased in recent years in cod@irtimize rutting. However, large maximum
aggregate size (e.g. greater than 1 inch, or 25%) mmsually results in segregation during

placement of HMA. Special attention is required whigese large stone mixes are used.
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Figure 2-10: Typical aggregate gradations.

Some guidance for developing gradation limits aoteptial problem areas were proposed
by Hveem in 1940. Theoretically, the gradation giges the densest packing provides enhanced
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stability and reduces void space in the mineralegate through increased interlocking between
mixture particles. However, gradations of maximuenglty may not provide enough voids in the
aggregate. There must be sufficient air void spa¢#MA to permit enough asphalt cement to be
incorporated to provide adequate film thicknessnfiaximum durability. In addition, appropriate
HMA air voids content must be ensured in the migttor avoid bleeding or rutting. Therefore,
deviations from the maximum density curves are &g in order to increase the total voids in
the mineral aggregate (VMA). VMA is an important@aeter and minimum values of VMA are
required and suggested by most pavement agenci@sndieg on the maximum nominal
aggregate size of the mixture design. It is prefibrthat the gradation curve be approximately
parallel to the maximum density line with a few gertage points offset, either above or below
the line. Most specifications for HMA define aggaég gradation band and tolerance for each
nominal maximum size mixture according to accunadatield experiences. In particular, the
Superpave mix design developed by the Strategibwhy Research Program (SHRP) requires a
selected number of control points on the gradatiwert. The Superpave mix design system uses
the following aggregate size definitions:

Maximum size: one sieve size larger than the nohmr@imum size.

Nominal maximum size: one sieve size larger thafitlst sieve to retain more than 10%.

The maximum density line is obtained in Superpayednnecting the origin at the lower
left of the 0.45 power gradation chart to the maximaggregate size at the upper right of the
chart (FHWA 1995).

Birgisson and Ruth (2001) developed a power lawehtm evaluate and classify gradation
curves according to mixture performance. Ruth e{24102) expanded the parametric study and
provided an experience-based methodology whiclodinired aggregate gradation factors based
on regression analysis of power law constandsdad @) and exponents {pand r,). These
gradation factors were used to evaluate relatigsshiith tensile strength, fracture energy, and
failure strain of the mixtures. The findings apmehto imply that the gradation characterization
factors relate well to mixture properties. Birgisst al. (2004) and Ekingen (2004) established a
correlation between dynamic modulus and aggregatdatjon factors at high temperature (40°C)
based on the power law model. The relationship éetwa low p and a high dynamic modulus
at 40°C has been identified, which indicates tlavgr law parameters can be used to optimize

mixture gradations for the dynamic modulus andrdte of change in the gradation on the fine
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side affects the stiffness and rutting resistaricee@mixture. In addition, it was also found tlaat
high n4 results in a low dynamic modulus when controlliog ns,. More recently, Roque et al.
(2006) developed a conceptual and theoretical agprdo evaluate the relationship between
coarse aggregate structure based on gradatiorhamghvement rutting performance. They found
that the relative proportion of particles from twontiguous size ranges can be no greater than

70/30 and the porosity must be no more than 5086der to form an interactive network.

2.3.3 HMA Mix Design

Most HMA produced before 1990s in the United Statas designed using the Marshall or
Hveem method. The Superpave mix design proceduees adeveloped by the Strategic Highway
Research Program (SHRP) and were adopted by até®s $or some pavement projects starting
in 1995. The key points for all three design methatk the same: to determine an appropriate
asphalt content level with which to begin field staction.

The concept of the aggregate maximum density kimetHe densest packing of HMA was
first validated by Nijboer (1948). Goode and Luf¢2962) then proposed that aggregates should
be graded using a mathematical concept of packiag/bid space between aggregates of large
diameter with aggregates of smaller diameter. Tiagd that if the gradation corresponding to
the exponent of 0.5 is used as proposed by FulldOD7, then the VMA may be too low to
ensure both sufficient air void content and enoagphalt cement for durability and stability.
Therefore, the FHWA included the suggested usehef @.45 power curve as well as the
maximum density line to evaluate and adjust aggeegeadations. Huber and Shuler (1992)
presented the relationship of VMA to aggregate gtiad and particle characteristics for a
controlled experiment. They investigated differemthods of drawing maximum density lines
that produces the densest packing.

Hveem first noticed that there was a relationshgpmeen the gradation of the mineral
aggregate and the amount of oil required to maingaconsistent color and appearance of the
mixture. Then he realized that having the propkecantent did not guarantee good performance
relative to rutting. This led to the developmentyeem stabilometer test to evaluate the ability
of HMA mixtures to resist the shear forces applsdtraffic loads. The basis for selecting the
optimum asphalt content in the Hveem method is 4e a well-graded aggregate with high
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friction and appropriate amount of fines and addmagh asphalt cement as the mixture will
tolerate without losing stability. A detailed acobvwf the evolution of the Hveem mixture design
method was given by Vallerga and Lovering (1985tdils of specimen preparation and testing
by Hveem apparatus are given in ASTM D1561 and D]1E&spectively.

A detailed introduction of the Marshall mix desigrethod is given by a few researchers
(Foster 1982; White 1985). The acceptance testshenaggregates and asphalt cement are
conducted at the beginning. If the materials phesd tests, the test procedure for the Marshall
method can be performed (The Asphalt Institute 198Be test protocol calls for fabricating 18
test specimens for the volumetric analysis. Thosese mixture specimens are made near the
optimum asphalt content to measure Rice specifavity or theoretical maximum density
(TMD). Three compacted specimens each are premrdéde different asphalt contents with
0.5% increments with at least two above the es@thaptimum asphalt content and two below
the estimated optimum. The approximate optimum @sglontent can be based on experience or
specific guide.

The amount of compaction is selected based onidrédivel. The test specimens are
compacted using a Marshall hammer with 35, 50 dol@®/s per side for light, medium or heavy
traffic, respectively. The bulk specific gravity tisen measured for each specimen after proper
handling. The Rice specific gravity () is calculated for each of the asphalt contentesix
using the equation (relationship betweepnG Gse and B). Other volumetric parameters,
including air voids (VTM), VMA, and VFA, are alscalculated using the related equations
presented earlier. The compaction procedure wiltipce specimens with decreasing air voids as
a function of increasing asphalt binder contente Thmpacted specimens are usually 4 inches
(200 mm) in diameter and 2.5 inches (63.5 mm) iglite

These specimens are then used for conducting tihehlelastability and flow test. The test is
performed at 140°F (60°C), which is considered #icat temperature for permanent
deformation. A load at 2 inches/minute (50.8 mmjnis applied to the specimen until the
maximum load is reached. The stability is the maximoad in pounds (Newtons) and the flow
is the deformation in 0.01 inch (0.25 mm). The #itgbgenerally increases with increasing
asphalt content, reaches a peak, and then decr8dsesasphalt content at the peak stability
value is a good indicator of optimum binder contemsed on the idea that constant compaction

effort across varying asphalt content produces &irman stability value near the optimum
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asphalt content. In addition, the % VMA will decseawith increasing asphalt content, reach a
minimum, and then increase. Since the mixture gtremcreases as the VMA decreases, the mix
with minimum VMA should have the maximum strengthstability at the optimum asphalt
content. Finally the optimum asphalt content isedatned by averaging the three asphalt
contents at maximum stability, maximum density amdpoint of the specified air voids range
(typically 4 %). All parameters are checked at tbigimum binder content for acceptability
according to the Marshall mix design criteria.

2.3.3.1 Bailey Method

The Marshall mix design method was broadly usetthénUnited States before the 1980s. It
provides some guidance on the use of coarse aedrfikes. However, numerous trial and error
process still have to be conducted to obtain agrraggregate blend. The Bailey method gives a
good starting point for mix design when adjustmeants required to improve the volumetric
properties of the mix (Vavrik et al. 2001; Asphhstitute and the Heritage Group 2005). The
detailed methodology is summarized herein.

The Bailey mix design method was originally develdpoy Robert. D. Bailey in the early
1980s. The primary purpose of this methodology ascontrol the mix properties during
construction including volumetric properties, segtgon, workability, and compatibility by
focusing on aggregate packing. There are four kiegiples in the Bailey method:

1. Determine the coarse and fine aggregate. The chas#on creates voids and the fine

fraction fills in the voids.

2. Analysis of coarse fraction which influences thekpag of fine fraction.

3. Analysis of coarse part of the fine fraction, whrelhates to the packing of the overall fine

fraction in the blend.

4. Analysis of fine part of the fine fraction, whichlates to the packing of the fine portion

of the gradation in the blend.

Figure 2-11 shows the four principles on a typigeddation curve for a coarse gradation
mix. The Bailey method defines the break betweesrss and fine fractions as the primary
control sieve (PCS). The PCS is the closest sievbd result of 0.22xNMPS, where the NMPS

denotes the nominal maximum particle size, whictegsivalent to the nominal maximum
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aggregate size (NMAS) used in the Superpave syStemBailey method uses AASHTO T19 to
determine the loose unit weight (LUW) and the ratidait weight (RUW) of each individual

aggregate used in the mix. The suggested chosemweight ranges for each mix type are shown
in Table 2-2. It should be noted that stone mastghalt (SMA) references the RUW condition
of coarse aggregate, while coarse-graded and famed mixtures reference the LUW condition.
The combined blend evaluation for coarse-gradediiaeegraded mixes is shown in Figure 2-12
and Figure 2-13, respectively. SCS and TCS derexterslary control sieve and tertiary control

sieve, respectively.
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Figure 2-11: The four principles of Bailey methad €oarse-graded mix

Table 2-2: Chosen unit weight ranges by mix type

Fine-Graded Coarse-Graded SMA
95% — 105% 110% - 125%
0,
90% or less LUW LUW RUW
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Coarse . | paif Sieve = 0.5 x NMPS (2}~ CA Ratio
Fraction
PCS=0.22 xNMPS  (1)—»/ CA CUW
_ FA. Ratio
Fre - SCS=0.22 % PCS ©),

TCS=022x5CS  (4)—»FARatio

Figure 2-12: Combined blend evaluation for coanselgd mixes.
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Figure 2-13: Combined blend evaluation for fineelgé mixes.

The coarse aggregate ratio (CA), coarse part ef diggregate ratio (R and fine part of
fine aggregate ratio (FAcan be calculated by the following equations:
% passing half sieve—% passing PCS

CA Ratio = : : (2-9)
100-% passing half sieve

% passing SCS

: (2-10)
% passing PCS

FA, Ratio=
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. % passing TCS
FA; Ratio= - (2-11)
% passing SCS

Table 2-3 shows the recommended values of therdifteratios for coarse and fine mixes.
The Bailey mix design method provides a useful amdctical approach for evaluating
volumetric properties and compactability and thefpé in better understanding the aggregate

structure in asphalt mixtures as well as qualitytad at the plant or in the field.

Table 2-3: Recommended aggregate ratios

NMPS (mm) 375 25.0 19.0 125 95 475
T Coarse| 0.80-0.95| 0.70-0.88 0.60-0.75 0.50-0.65  0.40-0,55.304D.45
CA Ratio =2
Fine 0.6-1.0
T Coarse 0.35 - 0.50
FAc Rattio =0 0 0.35 - 0.50
— Coarse 0.35 - 0.50
FAs Ratio —F 0.35 - 0.50

2.3.3.2 Superpave Mix Design

Since the early 1980s, traffic volume and axle $ohdve been increasing remarkably in the
United States. There emerged a need to develomproved mix design method that could be
used in various traffic conditions and environmem&th this as a primary goal, the Strategic
Highway Research Program (SHRP) was initiated B81&hd completed in 1993 resulting in the
Superior Performing Asphalt Pavement (Superpavejefy. The Superpave system consists of
the following components: new grading system fgohad#t binder (performance graded (PG)
grading system), consensus properties of aggregate, mix design procedure, and mixture
analysis procedures (FHWA 1995; Asphalt Institl@83; TRB 1994).

The aggregate properties that are specified byStHRBP are the coarse and fine aggregate
angularity, flat and elongated particles, and sagudvalent results. The angularity of aggregate is
related to the shear strength of the HMA mix angstinfluences the rutting performance of
HMA pavement. The coarse aggregate angularity ieroéned by measuring the percentage of
coarse aggregate particles with fractured facegreds the angularity for fine aggregate is
measured by determining the amount of voids byNh#&onal Aggregate Association (NAA)
flow test in accordance with AASHTO TP33 Method Aat or elongated patrticles tend to lie
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flat or even break down during compaction, whiclyratiect the workability of the mixtures. In
addition, flat or broken aggregates will make thgtore VMA lower than designed or expected.
The test procedure for flat or elongated partidespecified in ASTM D4791, “Flat or Elongated
Particles in Coarse Aggregate.” The clay contentelated to the stripping problem of the
mixture. Excessive amounts of clay may result poar bond between the asphalt binder and
aggregate. The clay content is measured by theesgundalent test conducted in accordance with
AASHTO T176 or ASTM D2419.

Aggregate blend is one of the most important factor consider in HMA mix design to
ensure that a satisfactory gradation skeleton faimed and volumetric requirements are met.
According to the definition given by Superpave]estst 90 — 100 % of the aggregate must be
finer than the nominal maximum aggregate size. @bpbints are also set on the 2.36 mm (No.
8) and the 0.075 mm (N0.200) sieve sizes. Superpayd@res the aggregate gradation curve to
be within the control limits. Another part of theigrpave specification for gradation curve is
the restricted zone. The restricted zone providgsi@e to help avoid too much natural rounded
sand being used in the mixture and to help ensurenmam VMA requirements are met.
However, Kandhal et al. (2001) showed that potegbad mixes may get rejected because their
gradations pass through the restricted zone. Chorydét al. (2001) found that there is no
relationship between the restricted zone and pesntadteformation when crushed aggregates are
used in the mixture design. In practice, theresgigregate blends that pass through the restricted
zone while not using an excessive amount of rouradgplegates that meet the minimum VMA
requirements. A typical gradation curve along vtttk corresponding gradation limits is shown
in Figure 2-14.

The Superpave gyratory compactor (SGC) is a keypoont of the Superpave mix design.
The compaction equipment is designed to compact Hdiples to conditions similar to those
obtained in the field under traffic loads. The catipon effort is controlled by three parameters:
vertical pressure, angle of gyration, and numbegwftions. In the Superpave mix design
procedure the vertical pressure is set at 600 &8P 4i), the angle of gyration is set at 1.25°, the
rate of gyration is 30 revolutions per minute, #mel number of applied gyrations depends on the
design traffic level and average high air tempegatiN, Ny, and N, are three numbers of
gyrations specified for the Superpave gyratory cactqr. N is N-initial which measures the

mixture compactibility to ensure that the mix wilbt compact too quickly. Nis N-design and
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represents the number of gyrations required toywmed density in the mixture similar to that
ultimately obtained in the field when subjectedttaffic. Ny, is the N-maximum and is the
number of gyrations that provides a compacted themsiich should not be exceeded in the field,
for a too-densified mix will result in low VMA whitmay cause a rutting problem. Generally N
is determined based on lab and field test datauffirocomparison of in-place density and
laboratory density at various numbers of gyratidssand N, are then given by the following
equations:

N, =(N,)** (2-12)

N, =(N4)™° (2-13)

Superpave defines the optimum asphalt contenteasrth that produces 4% air voids at N
An estimate of the optimum asphalt content is setedrom aggregate blend trials. Three
samples each are prepared at 0.5% below estimatedumn, at estimated optimum, at 0.5%
above, and at 1.0% above estimated optimum. Allpéasnare put into an oven to be aged at
135°C (275°F) allowing absorption of the asphaltmeat into aggregate pores before
compaction. Each sample is compacted up to The estimated bulk specific gravity at each
number of gyrations is calculated by using the spec weight, diameter (6 inches, or 150 mm)
and height which is measured and recorded duriegctimpaction process. This estimated
density is slightly lower than the actual densigcéuse usually the raw compacted specimens
have many surface voids on the top, bottom anchdytial sides. The actual bulk specific
density at N, is measured by weighing the samples in air ancémvdthe correction factor is
calculated at N by the following equation:

G,, (actual)
CF = _ (2-14)
G,, (estimated)

The actual bulk specific gravity ati dnd Ny can be back-calculated using the correction
factor and the estimated density at the correspgndiumber of gyrations. The theoretical
maximum density (TMD) is measured from the ricd t@s loose mixtures. The air voids can
then be determined by knowing thg,&and the actual & at various compaction levels. The air
voids of three samples at each asphalt content eeaveraged and plotted on a graph. The

actual optimum asphalt content that provides 4 %vaids at N can be determined by
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interpolation. It is required that the air voidsdreater than 11% at; ldnd greater than 2% at,N

Other requirements that must be satisfied includdAvVand VFA according to Superpave

specifications.
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Figure 2-14: lllustration of gradation requiremefais12.5 mm (1/2 in.) nominal size

2.4 Mechanical Tests for Characterization of AsphalMixtures

2.4.1 Introduction

Flexible pavements constructed with asphalt mgune subjected to a wide range of traffic
loads and environmental conditions. CharacterinatioHMA mixtures is the measurement and
analysis of their response to these conditions. pbdormance of any HMA mixture is
dependent upon the entire pavement structure,fendttuctural capacity of the pavement layers
is dependent on the quality of materials and tb@mpositions in the mixture. An understanding
of fundamental engineering properties of HMA mixtsiis required for satisfactory performance
of pavement structures in service. There have lmany testing protocols developed in the
laboratory for measuring mixture properties relatedhermal cracking, fatigue cracking, and
permanent deformation over the past few decadesseltest procedures are used to evaluate the

31



distress of HMA mixtures under various types ofd@d different loading rates and temperature
levels similar to those encountered in the field.

The test methods can be categorized into in-pladelaboratory tests. The testing program
developed for this study is conducted on lab-preghddMA specimens with a complete set of
equipment. Laboratory mechanical tests can bedughouped based on the test mode, such as
direct tension, indirect tension, compression,dtak shear, and torsion. Pavement design using
elastic layer theory needs two elastic parameteredch material layer used: Young’'s modulus
(stiffness) and Poisson’s ratio. In the NCHRP 9€d®ort (2001), many tests had been proposed
as a simple performance test, including the dynamaclulus test, the indirect tensile creep
compliance test, resilient modulus test, tensilengjth test and other test methods. Details of the
test methods utilized in this study are discusadtie following sections.

2.4.2 Indirect Diametral Tests in Tension

The indirect diametral test is used extensivelyskgte highway and other agencies for
routine tests. The 1986 AASHTO Pavement Design Guwhich recommended the use of
resilient modulus to characterize pavement magerizds led to accelerated use of this type of
test. This test is usually conducted on cylindrispecimens subjected to a compressive load
along two opposite generators resulting in a nedfytiuniform tensile stress acting perpendicular
to and along the diametral plane of the appliedl.ld® splitting failure generally occurs as a
result along the diametral plane (Figure 2-15).alfrepetitive pulsating load is applied
diametrically to the sample, the dynamic load rssih dynamic deformations across the
horizontal diametral plane. The transducers mouwotecach side of the horizontal specimen
axis record these deformations. The resilient mosl(ik) of HMA mixtures can be determined
by the dynamic load and deformation. The indireenetral test is originally specified by
ASTM D4123-82 Standard Test Method for Indirect Jien Test for Resilient Modulus of
Bituminous Mixtures, which was withdrawn in 200J€eTresilient modulus (N) has been used
in the AASHTO Design Guide (AASHTO 1993) since 1998e resilient modulus laboratory
test procedure is described in AASHTO TP 31. Tt i® defined as a repetitive 0.1 second
haversine load followed by a 0.9 second rest pedodtinued at 1 Hz intervals. Many empirical
relationships have been developed throughout tleesyeelating M to other tests like the
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California bearing ratio (CBR) and the Marshallogity test (AASHTO 1993), since it has long
been considered the defining characteristic for Hislyers.
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Figure 2-15: Indirect diametral test during loadargl at failure

After the specimens were well prepared, they wdeeed in a controlled temperature
cabinet and brought to the specified test temperafithe specimen was placed into the loading
apparatus and the loading strips were positionetetgarallel and centered on the vertical
diametral plane. The specimen was preconditione@gdptying a repeated haversine or other
suitable waveform load without impact for a minimymariod sufficient to obtain uniform
deformation readout. Depending upon the loadingueacy and temperatures, a minimum of 50
to 200 load repetitions is typical; however, thenimum for a given situation must be
determined so that the resilient deformations taels. Resilient modulus evaluation will usually
include tests at three temperatures, for examgle74, and 104°F (5, 25, and 40°C), at one or
more loading frequencies. The horizontal and valrieformations were continuously monitored
during the test.

The required test equipment is a loading devicalol@pof applying a load pulse over a range
of frequencies, load durations and load levels. &darm of temperature control system is
required. The temperature-control system shoulddpable of control over a temperature range
from 41 to 104°F (5 to 40°C). The measurement acdrding system should include sensors for
measuring and recording horizontal and verticalodeétions. The values of vertical and
horizontal deformation can be measured by lineaiakike differential transducers (LVDTS) or
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other suitable devices. LVDTs should be at mid-heigpposite each other on the specimen’s
horizontal diameter. A metal loading strip with @hcave surface having a radius of curvature
equal to the normal radius of the test specimemqgsired to apply load to the specimen. The
specimens should have a height of at least tweemealmd a minimum diameter of four inches for
aggregate up to one inch maximum size, and a height least three inches and a minimum
diameter of six inches for aggregate up to 1.5ésanaximum size.

Hondros (1959) derived the stress equations to htbdeactual test conditions as well as to
determine Young’'s modulus and Poisson’s ratio ef niaterial. The theoretical distribution of
stresses for a concentrated load is shown in Figudré and Figure 2-17.

Roque and Buttlar (1992) developed a measurememtaaalysis system to determine
asphalt concrete properties, primarily thermal kirag, using the indirect tensile testing mode,
which was incorporated in AASHTO TP9-96, StandaedtiMethod for Determining the Creep
Compliance and Strength of Hot Mix Asphalt (HMA)ibg the Indirect Tensile Test Device.
They proposed the gauge-point-mounted device tesuaneahorizontal and vertical deformations
across a gauge length of 25.4mm (1 inch). Poissatie was also obtained from the horizontal
and vertical deformations instead of using assuwades. Correction factors from 3-D finite
element analysis were used to account for: (1)efifect of specimen bulging on deformation
measurement, and (2) approximation of 2-D planesstassumption. Roque et al. (1997) made
further modifications and improvements on the SHRF system for characterizing relevant
asphalt mixture properties. The test procedures datd reduction methodologies were also
summarized in Long-Term Pavement Performance (LH?&pcol PO7 (2001): Test Method for
Determining the Creep Compliance, Resilient Modwiod Strength of Asphalt Materials Using

the Indirect Tensile Test Device.
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Figure 2-16: Theoretical stress distribution onzmmtal diametral plane for indirect tensile test
(After Yoder et al. 1975)
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Figure 2-17: Theoretical stress distribution ortical diametral plane for indirect tensile test
(After Yoder et al. 1975)
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2.5 HMA Fracture Mechanics Concepts

2.5.1 Background

It is commonly considered necessary to study restking growth mechanisms in order to
essentially understand the crack damage in HMAe&es conducted by Roque et al. (2002) on
top-down cracking of asphalt pavement indicated thea tearing-apart effect from vehicle tires
can cause a certain level of tensile stress leadirogacking of the pavement surface and crack
propagation. The conventional linear elastic frecttnechanics presume that there are intrinsic
flaws in a material. A crack initiates from thevil® and is propagated continuously under a
critical loading condition. The crack growth ratelioear elastic materials is assumed to follow
Paris’s law:

da

oy = ALK’ (2-15)

where a is crack length, N is number of load rejoeis, K is stress intensity factor, and A and n
are constants.

However, Jacobs (1996) investigated the fracturehar@ics for HMA mixtures and pointed
out that the non-homogeneity of asphalt concreteldc@ause the discontinuity of crack
propagation in the mixture. It was shown that akra asphalt concrete grows discontinuously.
Zhang (2000) and Zhang et al. (2001) found thattminuous crack growth assumption cannot
characterize the cracking performance of asphaltrede mixtures observed in the field, which
occurs in a stepwise manner rather than a contsioae. They indicated that there is a specific
threshold below which the damage is considerecetorba micro scale and healable with a rest
period or temperature increase, whereas the damaglel be permanent on a macro scale when
the threshold is reached or exceeded.

Shen et al. (2005) introduced the plateau value) (@Wicept using the ratio of dissipated
energy change (RDEC) to show its relationship wliéimage and failure at normal or low strain
levels (70 — 500 micro-strains). Carpenter et 2006) applied this RDEC approach to analyze
healing and HMA fatigue behavior at normal and ktvain levels using the standard four-point
bending beam fatigue test procedure specified I8 AAO standards (21): constant strain at 500

micro-strains, 20+0.5°C temperature, 10Hz frequemdth haversine load waveform, etc.
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Healing was observed at low strain conditions omgloest period, and hence may increase the
fatigue life of HMA material.

2.5.2 HMA Fracture Mechanics Model from IDT

An HMA fracture model for predicting pavement crexgkwas developed by Zhang et al.
(2001) and Roque et al. (2002, 2004). Crack grdawvs were identified for asphalt mixtures
using IDT. The linear elastic finite element methwas used to simulate the IDT specimens at
different cracking lengths. They established ati@ighip between the theoretical crack length
and the deformation measured between the vertag@ goints. Besides the three types of regular
IDT tests (resilient modulus, creep compliance, @mmdile strength), another type of fracture test
was performed. The specimens for the fracturehage 150 mm diameter and 25 mm thickness
with an 8 mm hole in the center. The fracture ves$ conducted under the same load mode as
Mg test but at higher deformation levels in ordedétermine the crack growth characteristics of

the specimen. The test was performed at 10°C. @beated load was applied until the specimen
failed. The crack growth rate parameters for Pams(da/dN = A(K)" were determined by the

following steps:
Establish the relationships of cracking length@)sus horizontal deformatiody) and
stress intensity factor (K) using theoretical #nglement analysis.
Establish a relationship between horizontal defdiona®y) and loading repetitions (N)
from fracture test.
Incorporate the theoretical calculation into thstteesults to develop a relationship
between cracking length growth rate (da/dN) anelsstintensity factor (K).
Obtain the fracture parameters, A and n, by regresalysis.

The regression models were used to evaluate thiuraigracking resistance. Discrepancies
between laboratory tests and field performance warserved. Regression analyses were
conducted to determine the relationship betweennthéure properties (tensile strength, m-
value, fracture energy and resilient modulus) aedsuared crack growth rates. It was determined
that dissipated creep strain energy to failureasdependent on mode of loading and could be
used as a threshold to explain the inconsistentgtoénd field observations, as shown in Figure

2-18 (Roque et al. 2002). There are two possildsaes for fracture to occur: 1) a number of

37



continuous repeated loads can cause damage actiomutme to creep strain energy, and
fracture can develop if the DCSE threshold is redcleven when the loading stress is below the
tensile strength. It also should be noted thatntitdure may never crack if the healing effect
makes the induced dissipated energy below thehbl@gegardless of the load repetitions; 2)
fracture may occur if any large single load excebeésfracture energy (FE) threshold. Case 3 in
Figure 2-18 shows that cracking would not occurirduma single load application unless the

upper FE threshold is exceeded, even when thepdissi energy (DE) is exceeded.

+Case 1 Case 2 Case 3
Repeated Load ;
Cyclic Fatigue s
5 Y 2 Critical Load
i:-'“:J """""""""""""""""""""" F l """ e BB
&4 Fail W No Failure
K{ """""""""""""""""""" e DE ¢ rehold
/ |
& /! /
;‘K / /
i * ol
_z/ :—J'// I,J/

N (Number of Load Replications)

Figure 2-18: lllustration of potential loading catioh (Roque et al. 2002)
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Figure 2-19: Determination of fracture energy ars$ighated creep strain energy
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The concepts of fracture energy (FE) and dissiparegp strain energy (DCSE) were
introduced in the model to account for the pavensnicture crack performance. The two
energy values are determined using the tensilagitidest along with the resilient modulus test.
The schematics used to calculate these limitstaeis in Figure 2-19. The values are calculated

by the following equations:

FE=["oie (2-16)

€ee =& T & :MiR (2-17)
1 (8)°

EE==[¢% = 2-18
e (5 =5 0 @19

DCSE = FE - EE (2-19)

Where
FE = fracture energy, total energy applied to thexsnen till fracture
EE = elastic energy, recoverable energy
DCSE = dissipated creep strain energy absorbeldébggecimen prior to fracture
S = tensile strength of the mixture
g = failure strain
Mg = resilient modulus of the mixture
It was shown that the dissipated creep strain gnatrdailure (DCSH is the threshold that
controls crack propagation, which can be describgeda step function consisting of crack
initiation (DCSE below the threshold) and crackpagation (DCSE over the threshold). It was
also found that micro-damage in HMA can be healddenmacro-damage cannot be healed at
rest period or temperature increase conditions. D& cycle and number of load repetitions
can be further estimated using the following eaureti

DE

CreepStrain

Icycle= % O ave (O pe DIM(L00™) (2-20)

N, = DCSE, /(DCSE/ cycle) (2-21)
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wherecave iS the average stress near the crack tip, m anat®power law parameters obtained
from the creep compliance test, andd\the number of cycles to failure.

Villiers (2004) used the HMA Cracking Model alongftwthe IDT sweep of tests to evaluate
the sensitivity of Superpave mixtures with regai@sracking performance. The mixtures were
tested at 10°C to determine the cracking performaviten subjected to the acceptable variances.
A statistical evaluation was conducted to examime vtariation in the IDT testing parameters.
Significant variation was observed for all the IpArameters which were consistent with
research conducted by Roque et al. (2004). It wasd that the average values used from the
IDT test parameter could be used to distinguistwbeh pavements that exhibited top-down
cracking and those that did not.

Roque et al. (2004) showed that cracking perforrmarfidcdMA is complex and controlled by
multiple mixture properties. The energy ratio cqriceas derived as a fundamental material
property using the HMA fracture mechanics modeis ltlefined as the ratio of dissipated creep
strain energy threshold of the mixture to the mimimdissipated creep strain energy required,
which can be determined from Superpave IDT inclgdiesilient modulus, creep compliance,
and tensile strength tests; bf 6000 was set as the critical value that distisiges mixture
performance. The equations to calculate the Eneedip are presented below:

_axDCSE,

M D, (2-22)

a= 00299 (636~ S,) + 246x10°® (2-23)

Where

o = Tensile stress of the asphalt layer in psi (paam structure)

St = Tensile strength in MPa (IDT tensile strergtt)
The other parameters are the same as those defanker. The HMA fracture mechanics were
implemented to examine all test sections, basedloch performance criteria of ER greater than
1 and DCSE greater than 0.75 were defined to etealracking performance. They showed that
no single property can be an accurate performandeator since fracture properties are
interrelated as a system. The Energy Ratio appé¢ared a suitable parameter for evaluating top-

down cracking situations of sections within a paeatrsystem at low in-service temperatures.
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Kim (2005) developed an HMA thermal fracture motlaked on the same principle and
failure criteria used in the HMA fracture modelroduced above. The Superpave IDT tests were
designed at three temperatures (0, 10, and 20°@hvaine typical low in-service temperatures in
Florida. The performance evaluation of the modeiwadd potential to reliably evaluate the
performance of asphalt mixtures subjected to thiyrmaluced damage.
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CHAPTER 3
MATERIALS AND EXPERIMENTAL PROGRAM

3.1 General

The method of measuring fracture mechanics prasedi HMA in this research study was
the indirect diametral tension test (IDT). The tegthod was reviewed in more detail in Chapter
2. Originally, the IDT resilient modulus test wasesified by AASHTO TP31-94 and ASTM
D4123-82. This study adopts the SHRP IDT Testind) Analysis System (Roque et al. 1997) to
measure the resilient modulus, creep compliancd, tansile strength. A complete dynamic
testing system was acquired to perform the temyperatontrolled dynamic tests to determine the
engineering properties of Florida HMA mixtures.this study, a Servopac Gyratory Compactor
and an Interlaken Asphalt Test System were usednpact the asphalt mixture and measure the
dynamic response of asphalt concrete, respectively.

The experimental program involved two standard designs as control mixes. For each
control mix, two modified gradations were selectddle using the same base asphalt binder (PG
67-22). In addition, each of the two Superpave r@dmhixes was modified using three levels of
SBS polymer-modified asphalt binder instead of thiginal asphalt binder to evaluate SBS
polymer effects on fracture mechanics propertiesagiphalt concrete mixes. Therefore, the
overall experimental program involved a total oelve HMA concrete mixtures. All specimens
were prepared at targeted optimum air voids of 4%.

The physical properties of the materials useduihidlg their aggregate properties, aggregate
gradation, asphalt binder characteristics, andurgxtiesign series, are presented in detail in this

chapter according to the purpose of the studies.
3.2 Mix Designs and Aggregate Gradation Modificatias
One Georgia granite mix (SP 04-3034A, TL-D, Ga588grred to as “F2C,” and one South
Florida limestone mix (LD 02-2529A, TL-D, SFL), dgsated as “FAC,” were selected as the

control mixes for the fracture mechanics tests. e Superpave mix designs are commonly
used in Florida and were approved by Florida Depant of Transportation (FDOT). They are
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both coarse mixes with the gradation curves padse#haw the Superpave restricted zone, which
were selected with the intention of making adjusttado their coarse aggregate proportions to
study the effect of gradation on mixtures’ fractarechanics properties.

The nominal maximum aggregate size for both F2C BAG is 12.5 mm. They are
commonly used FDOT gradations and are known tooparfwell in the field. Both gradation
curves of the two control level mixtures go beldwe trestricted zone and then sharply rise
upward across the maximum density line at No. #esigize, and continue a certain amount
higher than the maximum density line through tharse sizes. The main purpose of this shape is
to assure sufficient air voids content of the afipimaxture. In order to facilitate study of the
coarse aggregate effect on asphalt concrete msxttive coarse part (No. 4 sieve size and larger)
of each mix design was modified to two differenmpmsitions with the fine parts of the mixes
kept unchanged. The job mix formulas of the origiseandard mix designs and associated
gradation modifications are summarized in Table Aftd Table A-6. The corresponding
gradation charts for all mix design series (sieize saised to 0.45 power mm) are presented in
Figure 3-1 and Figure 3-2 for illustration. As show the charts, the first set of modified
gradations, named F2G1 and F4G1, have gradatioreswlightly lower than the original mix
design in the coarse part, but still above the maxrn density line. The second set, denoted as
F2G2 and F4G2, have gradation curves further Idahen the first modified one, and go below
the maximum density line in the coarse part. Figgs& and Figure 3-4 show comparisons of
percent retained on top three sieves between d¢datrel and modified gradations. The asphalt
content levels for mixtures with modified gradatiware kept the same as for the original control

mixes.

3.3 SBS Polymer-modified Asphalt Binder

The grade of asphalt cement used in mixtures isimp®rtant factor that can affect the
strength of asphalt concrete and amount of ruttiich occurs in the mix. The unmodified
asphalt PG 67-22 (AC-30), which is commonly useé&lorida, was selected as the base asphalt
for both fracture mechanics tests and the dynanodutus test. The asphalt binder PG67-22
grading report is summarized in Appendix Table AThe base asphalt to which varying
amounts of polymer were added was the same unraddfic 67-22 (AC-30). Three levels of
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SBS polymer-modified asphalt are produced and usethe SBS effects study. The SBS
modified asphalt binder grading reports are sunuadrin Table A-2 through Table A-4. The
base asphalt and the other three levels of polynatified asphalt (PMA) are listed as follows:

1. Control level
Base asphalt A (PG 67-22) + Aggregates = Contiial M
Mixtures are referred to as F2C and F4C.

2. Mix plus 3% SBS polymer A
[Base asphalt A + 3% SBS polymer A] = PMA PG 76-22
PMA PG 76-22 + Aggregates = Mix with 3% PMA
Mixtures are referred to as F2P1 and F4P1.

3. Mix plus 4.5% SBS polymer A
[Base asphalt A + 4.5% SBS polymer A] = PMA PG222-
PMA PG 82-22 + Aggregates = Mix with 4.5% PMA
Mixtures are referred to as F2P2 and F4P2.

4. Mix plus 6% SBS polymer A
[Base asphalt B (softer) + 6% SBS polymer A] = PM& 82-22
PMA PG 82-22 + Aggregates = Mix with 6% PMA
Mixtures are referred to as F2P3 and F4P3.
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Figure 3-1: Gradation curves for F2 and its trdjuatments
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Figure 3-3: Change of percent retained on top\&siéor F2 series
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Figure 3-4: Change of percent retained on top\&siéor F4 series

Figure 3-5: Cutting of raw specimen
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3.5 Specimen Preparation and Volumetric Properties

Raw gyratory specimens with dimensions of 150 mr {®.) in diameter by 165 mm (6.5
in.) in height were first prepared on the requiagdvoid content (4%) using a Servopac Gyratory
Compactor for the selected HMA mixtures. The Seagopompaction parameters used for the
design were a 1.25° gyratory angle, a 600-kPa reeaspre, and 30 gyrations per minute. The
maximum theoretical specific gravity was measursthgl Rice maximum theoretical specific
gravity method specified in AASHTO T 209/ASTM D Z204tandards. In this case, the mixtures
were allowed to cool down in the loose state. Tdrae preparation for the IDT test was based
on the findings from the NCHRP Project 1-28A, “Hamzed Test Methods for Laboratory
Determination of Resilient Modulus for Flexible Ravent Design.” The mixture design process
was verified for the mixture volumetric propertiesfore the production of test specimens. Test
specimens were prepared by sawing at least 6 mrhotiff sides of each gyratory specimen to
provide smooth, parallel surfaces for mounting tfeasurement gauges. The gyratory specimen
was then further sawed to the required thickness @pecimens out of each compacted pill,
Figure 3-5, referred to as A and B) to producefihal test specimen. This sample preparation
procedure was done to make eight test specimersafdr HMA mixture. The & values were
measured for the prepared test specimens to asgirthe air voids were within targeted range.
Resilient modulus test, creep compliance test,tandile strength test were performed on these
150 mm (6 in.) in diameter by 63 mm (2.5 in.) thtekt specimens. Table 3-1 through Table 3-3
show a summary of the specimens prepared for eachand the corresponding volumetric
properties measured in the lab.

Table 3-1: Number of specimens prepared

Mixes F2 Control (F2C) F4 Control (F4C)
# of Specimens 8 8
Gradation Modifications F2G1 F2G2 - FAGQL F4G2
# of Specimens 8 8 - 8 8 -
SBS Polymer Modification] F2P1 F2PR2  F2R3 F4P1  F4P24P3F
# of Specimens 8 8 8 8 8 8
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Table 3-2: Specimens tested for fracture mechamimserties

Gradation Study
Mix F2C F2G1 F2G2 F4C F4G1 F4G2
1A, 1B 1A, 1B 1A, 1B 1A, 1B 1A, 1B 1A, 1B
Specimen 2A, 2B 2A, 2B 2A, 2B 2A, 2B 2A, 2B 2A, 2B
Number 3A, 3B 3A, 3B 3A, 3B 3A, 3B 3A, 3B 3A, 3B
4A, 4B 4A, 4B 4A, 4B 4A, 4B 4A, 4B 4A, 4B
SBS Modifier Study
Mix F2P1 F2pP2 F2P3 F4P1 FAP2 F4P3
1A, 1B 1A, 1B 1A, 1B 1A, 1B 1A, 1B 1A, 1B
Specimen 2A, 2B 2A, 2B 2A, 2B 2A, 2B 2A, 2B 2A, 2B
Number 3A, 3B 3A, 3B 3A, 3B 3A, 3B 3A, 3B 3A, 3B
4A, 4B 4A, 4B 4A, 4B 4A, 4B 4A, 4B 4A, 4B
Table 3-3: Specific gravities and air voids of thixtures
Gradation Study
Mix F2C F2G1 F2G2 FAC FA4G1 F4G2
Gmm 2.589 2.585 2.585 2.253 2.260 2.260
Gmp 2.479 2.487 2.490 2.173 2.179 2.179
VTM (V) 4.3 3.8 3.7 3.5 3.6 3.6
SBS Modifier Study
Mix F2P1 F2P2 F2P3 F4P1 FAP2 FAP3
Gmm 2.573 2.573 2.573 2.253 2.253 2.253
Gmp 2.472 2.463 2.479 2.179 2.130 2.187
VTM (V) 3.9 4.3 3.7 3.3 54 3.0

3.6 Test Procedures

3.6.1 Resilient Modulus Test

After the specimens were prepared, they were placcadcontrolled-temperature cabinet and
brought to the specified test temperature. Theispats were placed into the loading apparatus;
and the loading strips were positioned in a pdrédienat and centered on the vertical diametral
plane (Figure 3-6). Tests were performed at tempera of -10, 5, 25, and 40°C at 1.0 Hz
frequency. Testing began with the lowest tempeeas&md proceeded to the highest temperature.
Typical load and deformation outputs that formslrent modulus test are shown in Figure 3-7.
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On the night before testing, extensometers wereedlan the test specimen using glue. The
specimen was then placed in a controlled temperatabinet overnight at -10°C to ensure
temperature equilibrium. On the morning of testinthe specimen was placed in the
environmental chamber at -10°C and allowed to éayate for two hours.

To begin testing, the extensometers were zeroetaaninimal contact load was applied to
the specimen. Each stress cycle was made up df se@ond haversine pulse followed by a 0.9
second hold cycle to simulate moving wheel loadse @lata acquisition system was set up to
record the last six cycles at each frequency withus 400 points per cycle. The raw force and
displacement data were manipulated to obtain thiéeret modulus for each specimen. After the
entire cycle of testing was complete at -10°C, éheironmental chamber was set to the next
temperature. After two hours of conditioning, theoee steps were repeated until the entire
sequence of temperatures was completed.

The test was conducted based on the SHRP IDT gegtotedures. The resilient modulus is
the ratio of the applied stress to the recoveratslen as shown in Equation 3-1. During the test,
the load was carefully measured so that the hot@astrain was within 100 and 300 micro-
strains. These limits were established based cgarels conducted by Roque et al. (1997) to
accurately evaluate the resilient modulus and BoissRatio of bituminous materials. The upper
limit was set to make sure that the horizontalissravere within the linear viscoelastic range and

the lower limit was set to obtain sufficient amgpdle of strain against system noises.

M, =0, !¢ (3-1)

The resilient modulus and Poisson’s ratio wereutated using the equations developed by
Roque et al. (1997) based on a three-dimensioni felement analysis (Equation 3-2 through
Equation 3-4).

= PxGL (3-2)
AH xtx D XxCqyp.
Coum = 0.6354%(X()™ ~0332 (3-3)
v =-01+1480% (X())* - 0.778x (1)* x (X4))? (3-4)

Where
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Mg = Resilient Modulus P = Maximum Load GL =ged_ength
AH = Horizontal Deformation t = Thickness D abeter
CcwvpL = Non-dimensional Factorv = Poisson’s Ratio

(X/Y) = Ratio of Horizontal to Vertical Deformation

Figure 3-6: Indirect diametral resilient modulustteetup
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Figure 3-7: Load & deformations in a typical resili modulus test
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3.6.2 Creep Compliance Test

Creep compliance is a function of time-dependenairste;) divided by constraint stress)(
(Equation 3-5). Once the resilient modulus test e@spleted, the creep test was conducted by
applying a static load on the specimen for 100 sésoSimilar to the M test, the horizontal
strain was limited from 150 to 300 micro-strainsl@0 seconds to avoid excessive permanent
deformation of the specimen. The equation usedltmutate the creep compliance is presented in

Equation 3-6.
piy =<0 (3-5)
g

AH xtx D xC,p,
PxGL

D) = (3-6)

where D(t) is the creep compliance at time t witln@& of 1/GPa, other parameters are the same
as defined in resilient modulus equations. The igpa&t set-up and transducers attachment are
the same as for the resilient modulus test. Fi@4B: displays typical load and deformation

curves of the creep compliance test.
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H (¢}
0 - Deformation )
3
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S Horizontal S
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0
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Figure 3-8: Load and deformation curves of creepm@nce test
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3.6.3 Tensile Strength Test

The strength test is a destructive test. The stihetagt, along with the Mtest, was used to
determine asphalt mixture fracture mechanics ptagsewhich included the tensile strength)(S
fracture energy (FE), dissipated creep strain gn@@SE), and Failure Strain. The procedures
used to calculate these limits are presented ifolleving equations (Roque et al. 1997):

_ 2P(Cs) _ 2P{0.948- 0.01114{t/ D) - 0.2693 +1.436({t/ D) ")

3-7
> nitibD nitib 3-7)
FE = J’OS o e (2-16)
1 (8)?
EE ==& = 2-18
5 Fee (5 20M (2-18)
DCSE = FE - EE (2-19)

Where Gy is the stress correction factor, t is specimeoktiess, D is specimen diameteris
Poisson’s ratio, and other variables are the santkefined in section 2.5.

The specimen set-up and transducers attachmernhergame as for the resilient modulus
test. However, the tensile strength test was cdedu a displacement control mode by
applying a constant rate of displacement of 12.5mimat -10°C, 25 mm/min at 5°C, and 50
mm/min at 25 and 40°C. Figure 3-9 displays a speugifroken along the diametral direction
after the strength test.

3.7 Testing Program
One coarse mix of Georgia granite and one coarseafiimestone were selected from
typical Florida HMA Superpave mixtures as contraes to study aggregate gradation and SBS

polymer-modified binder effects using the SHRP [@%ting and data processing method. Each
mix was modified to two gradation levels and th&R&S polymer content levels. The Superpave
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mixture designs were selected because they are coimmsed FDOT gradations and are known
to perform well in the field.

The HMA mixtures were compacted in the laboratargl the specimens were prepared for
the IDT. A flowchart is shown in Figure 3-10 touditrate the experimental program for
measuring fracture mechanics properties of HMA ores$. The standard granite (Ga553, 04-
3034A) and South Florida limestone (SFL, 02-2528#A)tures at control level are named F2C
and F4C, respectively.

Figure 3-9: Specimen fails after tensile strengst t
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F2C (Ga553, 04-3034A)
&
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Figure 3-10: Flowchart of the experimental progfammeasuring fracture mechanics properties
of HMA mixtures
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CHAPTER 4
FRACTURE MECHANICS PROPERTIES FROM IDT

The laboratory testing program conducted in thiglgtincluded resilient modulus testing,
creep compliance testing, and tensile strengthntesAll types of testing were conducted in
unconfined conditions. An Interlaken dynamic testem was used for testing all of the sliced
specimens to obtain the fracture mechanics preagsemicluding resilient modulus @ creep
compliance (B, fracture energy (FE), and dissipated creep rsteiergy (DCSE). The data

reductions were performed according to the proeeipresented by Roque et al. (1997).

4.1 Resilient Modulus Testing Procedures and Resslt

4.1.1 Test Procedures

After the specimens were prepared, they were placcactontrolled temperature cabinet and
brought to the specified test temperature. Theispets were placed into the loading apparatus;
the loading strips were positioned in a parallelhfat and centered on the vertical diametral
plane. Tests were performed at temperatures of5105, and 40°C and at 1.0 Hz frequency.
Testing began with the lowest temperature and pdee to the highest. On the night before
testing, extensometers were placed on the tesinspecusing glue. The specimen was then
placed in a controlled temperature cabinet ovetragh10°C to ensure temperature equilibrium.
On the morning of testing, the specimen was placdgte environmental chamber at -10°C and
allowed to equilibrate for two hours.

To begin testing, the extensometers were zeroetaaninimal contact load was applied to
the specimen. Each stress cycle was made up df se@ond haversine pulse followed by a 0.9
second hold cycle to simulate moving wheel loadse @lata acquisition system was set up to
record the last six cycles at each frequency wiibua 400 points per cycle. The raw force and
displacement data were manipulated to obtain tilsdieet modulus for each specimen as
described in section 3.2. The load was selecte#tetep the horizontal strain in the linear
viscoelastic range which is typically 150 to 35Ccraistrains. After the entire cycle of testing

was complete at -10°C, the environmental chambear seh to the next temperature. After two
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hours of conditioning, the above steps were repeai¢il completion of the entire sequence of
temperatures. Upon completion of the resilient nhagluests, all samples were placed in the
environmental chamber for overnight conditionindobe creep compliance testing and tensile

strength testing.

4.1.2 Resilient Modulus Data Analysis and Results

For the measurement and analysis system used, @vtical and horizontal measurements
were obtained for each specimen. Data from fivel logcles were recorded after 100 cycles of
equilibrium. The maximum load and the maximum defation were determined for each cycle
from the load and deformation curves. Linear regjimswas performed on the unloading and
recovery portion of each deformation wave to deteenthe instantaneous and total recoverable
deformations (Figure 4-1). The trimmed mean defdiona and the average load were obtained
from the replicate specimens tested. The averagé resilient modulus for each mixture was
calculated using Equation 3-2 through Equation 3-dble 4-1 through Table 4-8 show the

resilient modulus test results for all mixtures.

Total
Resilient
Deformation

Instantaneous
Resilient
Deformation

Deformation

Regression
Line 2

Regression
Line 1

Time

Figure 4-1: Instantaneous and total resilient deédions
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Table 4-1: Resilient modulus test results at -1(BQunits)

Mixtures with Modified Gradations
Control Gl1 G2
F2 F4 F2 F4 F2 F4
Prl 0.35 0.35 0.25 0.32 0.29 0.31
PrT 0.35 0.35 0.25 0.32 0.28 0.31
Mrl (GPa) 28.91 20.98 30.08 21.79 29.19 20.55
MrT (GPa)| 28.15 20.61 29.62 21.41 28.50 20.26
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.33 0.28 0.35 0.26 0.31 0.33
PrT 0.33 0.27 0.35 0.26 0.31 0.33
Mrl (GPa) 27.10 19.24 24.93 16.42 23.06 14.49
MrT (GPa)| 26.61 18.91 24.49 16.14 22.45 14.01
Note: Prl: Poisson’s Ratio, instantaneous; Pris$am’s Ratio, total;
Mrl: Resilient Modulus, instantaneous; MrT: Risit Modulus, total.
1 GPa = 145 ksi 1 ksi = 6.89475 MPa

Table 4-2: Resilient modulus test result at -1E@g(ish units)

Mixtures with Modified Gradations
Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.35 0.35 0.25 0.32 0.29 0.31
PrT 0.35 0.35 0.25 0.32 0.28 0.31
Mrl (ksi) 4193 3043 4363 3160 4234 2981
MrT (ksi) 4082 2989 4296 3105 4134 2939
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.33 0.28 0.35 0.26 0.31 0.33
PrT 0.33 0.27 0.35 0.26 0.31 0.33
Mrl (ksi) 3931 2790 3616 2382 3345 2102
MrT (ksi) 3860 2743 3552 2340 3256 2032
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Table 4-3: Resilient modulus test results at 5°u(fRs)

Mixtures with Modified Gradations
Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.36 0.31 0.32 0.33 0.36 0.32
PrT 0.36 0.32 0.32 0.33 0.36 0.33
Mrl (GPa) 19.22 13.40 18.57 13.31 19.50 11.90
MrT (GPa)| 18.25 12.90 17.59 12.81 18.52 11.36
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.35 0.36 0.35 0.27 0.29 0.39
PrT 0.34 0.36 0.35 0.27 0.29 0.39
Mrl (GPa) 19.71 12.49 17.24 10.97 14.80 7.93
MrT (GPa)| 18.86 11.98 16.39 10.57 13.57 7.26
Table 4-4: Resilient modulus test result at 5°CgBh units)
Mixtures with Modified Gradations
Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.36 0.31 0.32 0.33 0.36 0.32
PrT 0.36 0.32 0.32 0.33 0.36 0.33
Mrl (ksi) 2788 1944 2693 1930 2828 1726
MrT (ksi) 2647 1871 2551 1858 2686 1648
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.35 0.36 0.35 0.27 0.29 0.39
PrT 0.34 0.36 0.35 0.27 0.29 0.39
Mrl (ksi) 2859 1812 2500 1591 2147 1150
MrT (ksi) 2735 1738 2377 1533 1968 1053
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Table 4-5: Resilient modulus test results at 25 0ugits)

Mixtures with Modified Gradations
Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.43 0.43 0.28 0.34 0.32 0.46
PrT 0.44 0.45 0.31 0.33 0.34 0.44
Mrl (GPa) 6.21 4.80 5.58 4.96 5.29 4.90
MrT (GPa) 5.53 4,22 4.92 451 4.56 4.36
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.37 0.37 0.30 0.39 0.28 0.29
PrT 0.37 0.35 0.31 0.39 0.29 0.30
Mrl (GPa) 6.15 4.32 4,90 4,53 3.54 2.21
MrT (GPa) 5.24 3.78 4.29 4.04 3.06 1.99

Table 4-6: Resilient modulus test result at 25°6glEh units)

Mixtures with Modified Gradations

Control Gl G2

F2 F4 F2 F4 F2 F4

Prl 0.43 0.43 0.28 0.34 0.32 0.46
PrT 0.44 0.45 0.31 0.33 0.34 0.44
Mrl (ksi) 901 696 810 719 767 711
MrT (Ksi) 802 612 713 654 661 633

Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)

F2 F4 F2 F4 F2 F4
Prl 0.37 0.37 0.30 0.39 0.28 0.29
PrT 0.37 0.35 0.31 0.39 0.29 0.30
Mrl (ksi) 892 627 711 657 513 321
MrT (Ksi) 760 548 622 586 444 289
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Table 4-7: Resilient modulus test results at 4&Qugits)

Mixtures with Modified Gradations

Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.35 0.39 0.32 0.32 0.38 0.36
PrT 0.38 0.36 0.32 0.31 0.33 0.39
Mrl (GPa) 1.39 1.48 1.40 1.66 1.65 1.42
MrT (GPa) 1.19 1.03 1.23 1.47 1.45 1.28
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.41 0.41 0.45 0.36 0.44 0.47
PrT 0.40 0.43 0.46 0.38 0.47 0.41
Mrl (GPa) 1.96 1.28 2.09 1.40 1.22 1.25
MrT (GPa) 1.67 1.13 1.93 1.25 1.08 1.10

Table 4-8: Resilient modulus test result at 40°6glEh units)

Mixtures with Modified Gradations
Control Gl G2
F2 F4 F2 F4 F2 F4
Prl 0.35 0.39 0.32 0.32 0.38 0.36
PrT 0.38 0.36 0.32 0.31 0.33 0.39
Mrl (ksi) 202 215 203 241 239 206
MrT (Ksi) 173 149 178 213 210 186
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
F2 F4 F2 F4 F2 F4
Prl 0.41 0.41 0.45 0.36 0.44 0.47
PrT 0.40 0.43 0.46 0.38 0.47 0.41
Mrl (ksi) 284 186 303 203 177 181
MrT (Ksi) 242 164 280 181 157 160
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4.2 Creep Compliance Testing Procedures and Results

4.2.1 Test Procedures

The mounting of LVDTs and the preloading for theegy compliance test were the same as
those for the resilient modulus test. A static leas applied on specimen for 100 seconds. The
horizontal strains at the $&econd were controlled to be between 100 and 26@+strains to
ensure the specimen was tested in viscoelastierdhthe range limit was exceeded, the load
was immediately removed from the specimen and anmim of three minutes rest period was
allowed for the specimen to recover before relogichh another appropriate level. The data
acquisition program records the loads and specidegarmations at a rate of 10 Hz. Matlab
scripts were generated to analyze the load andrrdefmn data and to calculate the creep
compliance values at points of specified time. ggkecimens were placed in the environmental

chamber for at least one overnight recovery podhe tensile strength test.

4.2.1 Creep Compliance Data Analysis and Results

For each creep compliance data file collected, dieep test start point and the initial
extensometer reading were determined first. Thenddgformations for each creep time point
were calculated by determining the correspondirtgresometer readings. The deformations and
axial load were averaged for the replicate specintested. The creep compliance for each time
point was calculated using Equation 3-6. The cremppliance test results are summarized in
Appendix B.

4.3 Tensile Strength Testing Procedures and Results

4.3.1 Test Procedures

The tensile strength test was conducted in a dispient control mode by applying a
constant rate of displacement until the speciméadalt was observed that the specimens were
failed too quickly to obtain sufficient data pointshe rate of displacement was relatively high at
a certain level of temperature. In order to make dacords and reduction more accurate, the

displacement rate was set as 12.5 mm/min (0.5 m)/ati-10°C, 25 mm/min (1.0 in/min) at 5°C,
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50 mm/min (2.0 in/min) at 25°C and 40°C. The hartab and vertical deformation and the
applied load were recorded at a rate of 20 Hz duitire test. The dissipated creep strain energy
(DCSE) and fracture energy (FE) can be determimeth fthe tensile strength and resilient
modulus of the specimen. The schematics used tole&d these limits are described in section
2.5 and are displayed in Figure 4-2 for convenience

4.3.2 Tensile Strength Data Analysis and Results

Similar to the data reduction procedures for restlimodulus and creep compliance, the
load and deformations at each time point were geterd first for each tensile strength data file.
Specifically, the instant of failure is identifieas the time when the difference between the
vertical and horizontal deformations reaches a &) peak). The tensile strength was then
calculated using Equation (3-7). The strength efrttixture was obtained by taking the average
value of the replicated specimens tested. Stragstaain at each time point were calculated from
the start of the load cycle to the instant of spexi failure using the following equations (Roque
et al. 1997):

2[Load

o(t) =
® nitib

[{0.948- 0.01114t / D) - 0.2693¥ +1.436{t / D) ) (4-1)

£(t) = 1.0720P eforgi“o”(t) [(L03- 0.189[{t/ D) - 0.081F + 0.089[(t/ D)%)  (4-2)

Where,o(t) is stress and is strain. Other variables are the same as defm&ection 3.6. The
fracture energy is obtained by integrating the armeder the stress-strain curve until failure as
shown in Figure 4-2 for reference. All fracture magcics parameters obtained from the tensile
strength test were calculated using Equations §2Hr6ugh (2-19) and are presented in Table 4-
9 and Table 4-12.
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Figure 4-2: Determination of fracture energy argbigiated creep strain energy
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Table 4-9: Tensile strength test results for Fsanixtures (Sl units)

F2 Control
Temperature ("C) -10 5 25 40
EE (KPa) 0.45 0.27 0.07 0.04
DCSE (KPa) 2.37 5.16 3.37 1.84
FE (KPa) 2.82 5.43 3.44 1.88
TS (MPa) 5.04 3.11 0.90 0.32
FS (10 micro) 0.86 4.35 5.56 10.78
F2G1
Temperature ("C) -10 5 25 40
EE (KPa) 0.28 0.30 0.10 0.05
DCSE (KPa) 1.07 4.82 2.79 1.26
FE (KPa) 1.35 5.12 2.89 1.31
TS (MPa) 4.07 3.23 1.00 0.35
FS (16 micro) 0.54 2.04 3.75 5.13
F2G2
Temperature (°C) -10 5 25 40
EE (KPa) 0.39 0.28 0.15 0.06
DCSE (KPa) 2.34 4.69 2.46 2.41
FE (KPa) 2.73 4.97 2.61 2.47
TS (MPa) 4,72 3.22 1.15 0.43
FS (10 micro) 0.87 2.00 2.95 7.63
F2P1 (3.0%)
Temperature (°C) -10 5 25 40
EE (KPa) 0.30 0.50 0.15 0.06
DCSE (KPa) 1.99 6.93 3.14 1.06
FE (KPa) 2.29 7.43 3.29 1.12
TS (MPa) 3.88 4.33 1.23 0.43
FS (16 micro) 0.77 2.28 3.73 3.55
F2P2 (4.5%)
Temperature ("C) -10 5 25 40
EE (KPa) 0.41 0.20 0.46 0.03
DCSE (KPa) 2.58 5.06 4.73 2.37
FE (KPa) 3.00 5.25 5.19 2.40
TS (MPa) 4.44 2.52 1.99 0.34
FS (10 micro) 3.04 2.64 3.30 9.00
F2P3 (6.0%)
Temperature (°C) -10 5 25 40
EE (KPa) 0.42 0.19 0.15 0.08
DCSE (KPa) 3.12 7.27 3.76 2.65
FE (KPa) 3.53 7.46 3.91 2.72
TS (MPa) 4.33 2.25 0.96 0.41
FS (10 micro) 1.66 5.90 5.29 9.19
Note
EE: elastic energy DCSE: dissipated creep saa@rgy
FE: total fracture energy TS: tensile strength  : fRfBure strain
1 MPa = 145 psi 1 ksi = 6.89475 MPa 1 micro-stralt0® mm/mm (in./in.)
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Table 4-10: Tensile strength test results for Fzsanixtures (English units)

F2 Control
Temperature (°C) -10 5 25 40
EE (psi) 0.066 0.040 0.010 0.005
DCSE (psi) 0.343 0.748 0.489 0.268
FE (psi) 0.409 0.787 0.499 0.273
TS (psi) 730.8 450.6 130.1 46.0
FS (16 micro) 0.86 4.35 5.56 10.78
F2G1
Temperature ("C) -10 5 25 40
EE (psi) 0.041 0.043 0.015 0.007
DCSE (psi) 0.155 0.699 0.405 0.183
FE (psi) 0.196 0.743 0.419 0.191
TS (psi) 590.0 469.0 144.9 51.3
FS (16 micro) 0.54 2.04 3.75 5.13
F2G2
Temperature ("C) -10 5 25 40
EE (psi) 0.057 0.041 0.021 0.009
DCSE (psi) 0.340 0.680 0.357 0.349
FE (psi) 0.397 0.720 0.378 0.358
TS (psi) 684.0 466.6 166.7 62.6
FS (16 micro) 0.87 2.00 2.95 7.63
F2P1 (3.0%)
Temperature (°C) -10 5 25 40
EE (psi) 0.043 0.072 0.021 0.008
DCSE (psi) 0.289 1.005 0.455 0.154
FE (psi) 0.332 1.077 0.477 0.162
TS (psi) 562.2 628.4 178.8 62.4
FS (16 micro) 0.77 2.28 3.73 3.55
F2P2 (4.5%)
Temperature ("C) -10 5 25 40
EE (psi) 0.060 0.028 0.067 0.004
DCSE (psi) 0.375 0.733 0.686 0.344
FE (psi) 0.434 0.762 0.753 0.348
TS (psi) 644.1 365.4 288.8 49.4
FS (16 micro) 3.04 2.64 3.30 9.00
F2P3 (6.0%)
Temperature ("C) -10 5 25 40
EE (psi) 0.060 0.027 0.022 0.011
DCSE (psi) 0.452 1.054 0.545 0.384
FE (psi) 0.512 1.081 0.567 0.395
TS (psi) 627.2 326.9 139.2 59.2
FS (16 micro) 1.66 5.90 5.29 9.19

Note

EE: elastic energy
FE: total fracture energy
1 MPa = 145 psi

DCSE: dissipated creep sta@igy
TS: tensile strength  : fRlBure strain
1 ksi = 6.89475 MPa 1 micro-stralt0® mm/mm (in./in.)
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Table 4-11: Tensile strength test results for Féesanixtures (S| units)

F4 Control
Temperature ("C) -10 5 25 40
EE (KPa) 0.41 0.49 0.11 0.07
DCSE (KPa) 1.69 4.57 3.86 1.91
FE (KPa) 2.11 5.06 3.98 1.98
TS (MPa) 4.10 3.57 0.98 0.37
FS (10 micro) 0.86 1.95 9.85 6.36
FAG1
Temperature ("C) -10 5 25 40
EE (KPa) 0.25 0.40 0.09 0.04
DCSE (KPa) 2.25 4.21 2.01 1.52
FE (KPa) 2.51 4.61 2.10 1.56
TS (MPa) 3.30 3.21 0.88 0.36
FS (10 micro) 1.12 1.84 3.13 5.56
FAG2
Temperature (°C) -10 5 25 40
EE (KPa) 0.36 0.45 0.07 0.04
DCSE (KPa) 1.92 4.72 2.80 1.90
FE (KPa) 2.28 5.18 2.87 1.94
TS (MPa) 3.81 3.21 0.77 0.30
FS (10 micro) 0.93 2.16 4.66 8.52
F4P1 (3.0%)
Temperature (°C) -10 5 25 40
EE (KPa) 0.52 0.48 0.10 0.10
DCSE (KPa) 2.44 5.76 4.18 3.68
FE (KPa) 2.96 6.24 4.31 3.79
TS (MPa) 4.42 3.38 0.85 0.48
FS (10 micro) 1.09 2.50 6.25 10.24
F4P2 (4.5%)
Temperature ("C) -10 5 25 40
EE (KPa) 0.67 0.47 0.15 0.06
DCSE (KPa) 1.85 5.83 3.20 3.00
FE (KPa) 2.52 6.29 3.35 3.06
TS (MPa) 4.62 3.14 1.09 0.38
FS (10 micro) 0.89 2.62 4.08 11.00
F4P3 (6.0%)
Temperature (°C) -10 5 25 40
EE (KPa) 0.68 0.31 0.13 0.13
DCSE (KPa) 8.09 6.38 4.80 5.62
FE (KPa) 8.77 6.69 4.92 5.75
TS (MPa) 4.36 2.12 0.71 0.54
FS (10 micro) 3.10 4.24 11.10 13.70

Note

EE: elastic energy
FE: total fracture energy
1 MPa = 145 psi

DCSE: dissipated creep sta@igy
TS: tensile strength  : fRlBure strain
1 ksi = 6.89475 MPa 1 micro-stralt0® mm/mm (in./in.)
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Table 4-12: Tensile strength test results for Féesanixtures (English units)

F4 Control
Temperature (°C) -10 5 25 40
EE (psi) 0.060 0.072 0.017 0.010
DCSE (psi) 0.246 0.662 0.560 0.277
FE (psi) 0.305 0.734 0.577 0.286
TS (psi) 593.9 517.5 141.4 54.1
FS (16 micro) 0.86 1.95 9.85 6.36
F4G1
Temperature ("C) -10 5 25 40
EE (psi) 0.037 0.059 0.012 0.006
DCSE (psi) 0.327 0.610 0.292 0.221
FE (psi) 0.364 0.668 0.304 0.227
TS (psi) 478.3 465.8 1275 51.6
FS (16 micro) 1.12 1.84 3.13 5.56
F4G2
Temperature ("C) -10 5 25 40
EE (psi) 0.052 0.066 0.010 0.005
DCSE (psi) 0.279 0.685 0.407 0.276
FE (psi) 0.330 0.750 0.416 0.281
TS (psi) 552.3 465.3 111.2 43.8
FS (10 micro) 0.93 2.16 4.66 8.52
F4P1 (3.0%)
Temperature (°C) -10 5 25 40
EE (psi) 0.075 0.069 0.015 0.015
DCSE (psi) 0.354 0.836 0.607 0.534
FE (psi) 0.429 0.905 0.625 0.549
TS (psi) 640.8 490.1 123.6 69.4
FS (10 micro) 1.09 2.50 6.25 10.24
FAP2 (4.5%)
Temperature ("C) -10 5 25 40
EE (psi) 0.097 0.067 0.021 0.008
DCSE (psi) 0.268 0.845 0.464 0.436
FE (psi) 0.365 0.912 0.486 0.444
TS (psi) 670.4 454.7 158.2 54.5
FS (16 micro) 0.89 2.62 4.08 11.00
F4P3 (6.0%)
Temperature ("C) -10 5 25 40
EE (psi) 0.098 0.045 0.018 0.019
DCSE (psi) 1.173 0.925 0.695 0.814
FE (psi) 1.272 0.970 0.714 0.834
TS (psi) 632.4 307.2 103.2 78.7
FS (16 micro) 3.10 4.24 11.10 13.70
Note
EE: elastic energy DCSE: dissipated creep sta@igy
FE: total fracture energy TS: tensile strength  : fRfure strain
1 MPa = 145 psi 1 ksi = 6.89475 MPa 1 micro-stralt0® mm/mm (in./in.)
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CHAPTER 5
EVALUATION OF FRACTURE MECHANICS PROPERTIES

In this chapter the effect of gradation modificatand the effect of SBS polymer-modified
asphalt binders are further evaluated with respmethe fracture mechanics properties presented
in Chapter 4. The evaluation of each factor willfbeused on the following parameters obtained
from the sweep of IDT tests: resilient modulus,eprecompliance, tensile strength, fracture
energy, and dissipated creep strain energy. A buaimary of analyses and discussions will be
given at the end of this chapter.

5.1 Aggregate Gradation Effects

5.1.1 Evaluation of Gradation Curves for Modified Gadation Mixtures

The power law model developed by Ruth et al. (2002 used to fit the gradation curve for
each mixture. As described in section 4.3, coaigns of the control mixtures (percent
passing 1/2 in. and 3/8 in. sieves) were modifiadd the fine portions were maintained.
Therefore, power law constant and exponegt (&) for only coarse aggregate were calculated

by regression for the mixtures. The format of thever law equation is

Pca = aca Qd)”ca (5-1)

Where, R, is the percent of material by weight passing &gisieve having opening of width d.
The break sieve size to distinguish coarse anddgwegate is defined by the primary control
sieve (PCS) based on the Bailey method:

PCS = NMPSx 022 (5-2)

where PCS is the primary control sieve for the alldslend which defines the break between
coarse and fine aggregate, and NMPS is the nomiaglmum particle size for the overall blend
as defined in Superpave mix design, which is oegesiarger than the first sieve that retains
more than 10%. The NMPS for F2 control and F4 a@drdre both 12.5 mm in this study. The

break sieve size should be 12.5 x 0.22 = 2.75 mmmc¢hwcorresponds to the No. 8 sieve.
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However, since the percent passing No. 4 and smsibees are all the same for control and
modified gradations, the parameters used for theeptaw regression are No. 4 and higher sieve
sizes. The regression coefficients are also showigure 5-1 and Figure 5-2. For each series,
granite or limestone, the regression parametessaf@a n,) decreased by a small amount as the
coarse size aggregate increased. As expecteditdtedurves are in the same order as their real
gradation curves. Table 5-1 summarizes the regressoefficients for the control mixes and
those with modified gradations. According to Bigpa et al. (2004), a high.gimplies a low
dynamic modulus at high temperature of 40°C whaertrodiing for n,. The fine portions of the
control gradations were maintained in this studyd #he mixtures with modified gradations
obtained a lower 4 This implies that the modified gradations woulavé higher dynamic

moduli than control mixes at high temperature lswehich are favorable characteristics for
HMA performance.

Power Law Regression F2 Series
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Figure 5-1: Power law regression for F2 gradatenes
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Power Law Regression F4 Series
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Figure 5-2: Power law regression for F4 gradatienes

Table 5-1: Power law regression coefficients fodified gradation mixes

Mixture F2 F2G1 F2G2 F4 FAG1 FAG2
Aca 25.693 25.228 24.917 30.548 29.605 28.95
Nca 0.491 0.4851 0.4676 0.4295 0.4256 0.4095
R’ 0.9178 0.9708 0.9979 0.8941 0.9792 0.9819

5.1.2 Evaluation of Resilient Modulus for ModifiedGradation Mixtures

Figure 5-3 and Figure 5-4 show the resilient moslldamparisons at various temperature
levels. Using the resilient modulus values at adr@vel in abscissa and the values at modified
gradation in ordinate, a trend line can be plotteg@resent the relationship of resilient modulus
between control and modified gradation mixes, aswvshin Figure 5-5. The linear regression
coefficient ranges from 0.96 to 1.03. The correlatcoefficients (B are all higher than 0.99,
which indicates the linear relationship is verypag. From these results, it can be concluded that
no significant difference in resilient modulus wassent between the control mix design and the
mixes with modified gradations. The increase of ibV2coarse aggregate with range of 5% to

15% appeared to have minimum influence on mixturesilient modulus.
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5.1.3 Evaluation of Creep Compliance for Modified Gadation Mixtures

The creep compliance test results were analyzedyuke power law relationship presented

by Roque et al. (1997):

It was showed that the parameters obtained frosiadel are fairly accurate indicators for

the viscous response and rutting performance of HM#¥ures. Kim et al. (2005) recommended

D(t) = D, + D,t"
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a fixed Oy value (0.0483 1/GPa, or 3.33%1fsi) to obtain more consistent Bnd m values for
the tests conducted at 0, 10 and 20°C. Master aamstruction for creep compliance curves in
this study included Pin the parametric analysis since the lowest tgstémperature of -10°C
was used as the reference temperature. Table rieF5-6 and Figure 5-7 show the regression
coefficients Q and m for all mixes at control level and modifgg@dations. The comparisons of
creep compliance master curves for F2 and F4 dgadaeries are shown in Figure 5-8 and
Figure 5-9, respectively. The creep compliance esiwithin each aggregate type are very similar
to each other, with the exception of the contreklegranite mixture (F2 Control), which is a
little less compliant at high temperature (40°Grthhe other two mixes that were blended with
higher portions of coarse aggregate. This impliegt the increase of 5% to 15% of 1/2 in.
aggregate did not make a significant differencéhancreep compliance properties for the HMA

tested.

Table 5-2: Power model regression coefficientaviodified gradation tests

F2C F2G1 F2G2 FAC FAG1 FAG2
D, (1/GPa) 0.012 0.007 0.009 0.013 0.007 0.010

m 0.360 0.410 0.398 0.369 0.404 0.370
1.5E-02
1.2E02 4 [ ]
<
& 9.0E-03 - o Control
d oGl
= 6.0E-03 - 0G2
3.0E-03 -
0.0E+00
F2 Mixes F4 Mixes

Figure 5-6: Power model parameterfdr modified gradations
(1/GPa = 6.89x18/psi)
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5.1.4 Evaluation of Tensile Strength and Fracture Bergy for Modified Gradation

Mixtures

The indirect tensile strength (TS) of control mbesi and the modified gradation mixtures is
presented in Figure 5-10 and Figure 5-11. The leessiength clearly shows the expected trends
that the strength value decreases as the tempeiatreases. A comparison of strength values
between control and modified gradation mixtureshiswn in Figure 5-12. At mid to high service
temperatures (25 and 40°C), the tensile strengthesafor all mixtures are similar and the
differences appear to be negligible. However, at &ervice temperatures (-10 and 5°C), the
tensile strength of mixtures with modified gradatare clearly lower than that of control level
mixtures. This tends to indicate that increasing timarse aggregate in the standard control
mixture has an adverse effect on the tensile stngm@perty of the HMA at low temperatures.

Figure 5-13 through Figure 5-16 show the test teafl fracture energy (FE) and dissipated
creep strain energy (DCSE), respectively, for aktares of modified gradation. It is observed
that fracture energy values are lower at both 1el@°C) and high (40°C) temperatures than at
mid-level temperatures (5 and 25°C). The reasontHir trend is that the fracture energy is
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calculated as the area under the stress-straire afrthe tensile strength test. At low testing
temperatures, the tensile strength of HMA is ldbge the failure strain is very small. At high
temperatures, in contrast, the tensile strengtHMA is the lowest but the failure strain reaches
the highest due to the ductile effect of asphatider. At some mid-level temperatures, the
integration of stress and strain curve attainsak palue. The trend of dissipated energy (DCSE)
is essentially the same as for the fracture endbgynparisons of fracture energy and DCSE
between control mixtures and modified gradatiorspmesented in Figure 5-17 and Figure 5-18,
respectively. The distributions of the points ie tivo figures are very similar. A majority of the
point falls close to or under the equality line @himeans that the fracture energy values (or

DCSE values) of modified gradations are less thasé of the control mixes.
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Figure 5-10: Tensile strength for control and miedifgradation mixes (MPa)
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5.2 SBS Polymer-modified Binder Effects

5.2.1 Evaluation of Resilient Modulus for SBS Polyer-modified Mixtures

Similar to the comparison of resilient modulus begw control level and modified gradation
mixtures presented in the last section, Figure 3kt8ugh Figure 5-22 show comparisons of
resilient modulus values at various temperatureltevor the SBS polymer-modified asphalt
mixes of F2 and F4 series, respectively. It cararbjebe seen that at low to mid-range
temperature levels (-10, 5, and 25°C), the rediliendulus values of PMA mixtures are less than
those of control mixtures; and that an incremenSBES polymer content lowers the resilient
modulus magnitude. The only exception is that thediF2P1 at 5°C is a little higher than F2
control. On the other hand, at a high testing teatpee (40°C), the resilient modulus values of
PMA mixtures do not show any clear trend. In gehgr@a PMA mixtures tend to keep the same
stiffness levels as the mixtures with base asphalt,an optimum SBS content may exist within
the 3% to 6% range depending on the practical mgixand distribution conditions of SBS
polymer, base bitumen, and aggregate, which appedes consistent with the findings presented
by Chen et al. (2002, 2003) for SBS modified asphialders.

Trend lines are developed in Figure 5-23 for ed@lAPnixture versus the control mixture.
As shown in the figures, the linear regression foefnt decreases as the content of SBS
polymer modifier increases, and all correlationfficient (R%) values are greater than 0.97. The
linear regression indicates an obvious trend thateasing SBS polymer content makes the
resilient modulus of HMA lower at low and mid-leveéémperatures. Based on the above
evaluations, the Mresults show that SBS modifiers make HMA softeméd to low service
temperatures and tend to maintain the stiffnessldeat the higher testing temperature (40°C).
These are favorable attributes for the improvenwnthe HMA performance issues of low
temperature thermal cracking and high temperatutmg.
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5.2.2 Evaluation of Creep Compliance for SBS Polymenmodified Mixtures

Table 5-3, Figure 5-24 and Figure 5-25 show theessgion coefficients Dand m from
creep compliance test results for all mixes withSSpolymer-modified binders. The creep
compliance master curves are developed and showigure 5-26 and Figure 5-27 for the F2
and F4 series, respectively. As demonstrated irfigjuges, at low reduced time of about 0 to
10 seconds, the PMA mixtures are all more compliaantthe control mixes. This means the
polymer modifier makes the HMA more ductile at Itemperatures which would be beneficial
to the reduction of thermal cracking. At higherueed time, the master curves come across each
other and the PMA mixture master curves tend tamgder the control ones, indicating that the
PMA mixes are stiffer and more resistant to ruttdiigh temperatures. The temperature effect
for creep compliance of PMA mixtures can be alsgseobed clearly from the direct testing
results plotted in Figure 5-28 through Figure 586:10°C, all the CP values of PMA mixtures
are higher than those of control mixes. On therdtla@d, at 40°C, the points all drop below the
equality line except that F4P2 is a little highleart the F4 control. These observations further
verify the SBS polymer effect discussed in the lied#i modulus results. At mid-level
temperatures (5°C and 25°C), the specimens did hawe significant difference in creep
compliance. In addition, the linear regression ¢atks that at a specific temperature level for
each mix series, an increment of SBS polymer canisumally results in higher creep compliance
values. The two exceptions are that the creep dangd of F2P1 is a little higher than that of
F2P2 at 5°C, and the creep compliance of F4P2ylsehithan that of F4P3 at 40°C.

Table 5-3: Power model regression coefficientdtA mixture tests

F2P1 | F2P2 | F2P3| F4P1]  F4P2  F4PR
D,(1/GPa)| 0.011| 0.014] 0034 0016 0015  0.017
m 0.413 | 0365| 0279] 0353 0365  0.318
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5.2.3 Evaluation of Tensile Strength and Fracture Bergy for SBS Polymer-modified
Mixtures

Figure 5-36 through Figure 5-39 show the test tesofl Tensile Strength (TS) for control
mixtures and polymer-modified asphalt mixtures. Toeparison of tensile strength between
control and PMA mixtures is presented in Figure05-Fhe SBS polymer did not seem to
critically affect the HMA tensile strength.

Figure 5-41 through Figure 5-48 show the test texfl fracture energy (FE) and dissipated
creep strain energy (DCSE) for control mixtures 8&MA mixtures. As discussed in modified
gradation mixes, the trend of dissipated energy§EYLis the same as for the fracture energy,
since the elastic energy part of HMA mixture isesgmlly determined by tensile strength and
resilient modulus, which did not differ noticeablgnd for a specific HMA specimen, the
magnitude of the elastic energy observed (0-0.7) Kasually much lower than the magnitude
of the total fracture energy (1-9 KPa). Comparisohdracture energy and DCSE values are
displayed in Figure 5-49 and Figure 5-50. Most loé tpoints fall above the equality line
indicating that SBS polymer tends to increase thetfire energy or DCSE and hence improve
the fatigue cracking performance of HMA mixturesowéver, no specific relationship was
observed between the fracture energy parameterthar&8BS polymer content.

At mid to high temperatures (25°C and 40°C), the APMixtures exhibit complicated
behavior on failure strains which did not show atgar trend, probably due to the enhanced
viscous effect of the polymer-modified binder, whienake the mixture properties more
dependent on the overall particle distributionstloé SBS polymer, the asphalt, and the
aggregate. At low testing temperatures (-10°C a),5t is found that the failure strain of PMA
mixtures tends to increase with an increase of g&@Igmer content, as shown in Figure 5-51.
This phenomenon is in agreement with the findirggorted by Kennedy et al. (1992).
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5.3 Effect of Aggregate Type

Another important factor that influences the HMAgereering properties is aggregate type.
As introduced in the preceding chapter, two maggragate types, granite and limestone, were
used in this HMA fracture mechanics study. For maixes (F2C and F4C), the mix designs
with two different types of aggregate have the sammainal maximum aggregate size (1/2 in. or
12.5 mm), the same control limit points, the sarestricted zone, and hence very similar
gradation curves (Figure 5-52). For the modifieddgtion mixes, the adjustment of aggregate
amount for each gradation level (G1 or G2) at esiefie size is also close, and this makes the
adjusted shapes of gradation curves for the twieréifit types of aggregate appear to be similar.
For the mixtures with SBS polymer-modified asplmttder, the polymer content is identical at
each level (3.0%, 4.5%, and 6.0%). All these anatsgprovided a basis for evaluating the
differences of fracture mechanics properties beatvibe two types of aggregate. It is commonly
known that limestone aggregate is usually softanthranite aggregate. Figure 5-53 shows a
comparison of resilient modulus between granite landstone mixtures. All points fall below
the line of equality, which confirms that the gtanmixtures are stiffer than limestone mixtures.
In particular, the difference of resilient modultedues between the two types of aggregate at mid
to low temperature levels (-10°C and 5°C) is muarenremarkable than that at elevated testing
temperatures (25°C and 40°C). From this point efwithe limestone mixtures would appear
more ductile under low service temperature conadtiand, as a result, be capable of improving
the performance of thermal cracking of pavemenicsires.

The comparisons of creep compliance between gramite limestone mixtures at each
testing temperature are shown in Figure 5-54 thideigure 5-57. The result is not as simple as
that the limestone would be always more compliaanhtgranite. At low temperatures (-10°C and
5°C), the creep compliance values of limestone unég are all higher than those of granite
mixtures. At 25°C, the data points are distributdmbely along the line of equality. When the
temperature goes up to 40°C, most of the data pgimtunder the line of equality, which means
that the limestone specimens become less comptizam the granite specimens. These
characteristics exhibited by limestone mixtures advantageous to pavement structures in
improving the performance of thermal cracking atvlservice temperature and the rutting
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resistance at high service temperatures. Thisteffecreep aspect of view, is analogous to that
of SBS polymer-modified asphalt binders.

It was expected that the granite mixtures havedrig@nsile strength values than limestone
mixtures because generally the granite materiaib&sha higher hardness nature than the
limestone material. Figure 5-58 shows the comparisbtensile strength between granite and
limestone mixtures. The strength values of the &ggregate types are generally in the same
magnitude. The zero interception linear trend lirdicates that the limestone mixtures have less
tensile strength than the granite mixtures by allsamaount. The comparison of fracture energy
between granite and limestone mixtures is displape&igure 5-59. The plot shows a poor
correlation of fracture energy between granite lmestone mixtures. The reason for this poor
correlation may be due to the fact that the fractemergy result depends on a few other basic
variables including tensile strength, failure straind the dynamic stress-strain behavior of each
specific mixture.
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5.4 Summary of Analysis and Findings from FractureMechanics Tests

In gradation modifications, the amount of aggregegtaining on coarse sieves was
increased. However, the power law regression cuoresach mix design series turned out to be
close to each other. The effect of gradation adjast by increasing the 12.5 mm (1/2 in.) coarse
aggregate with a range of 5% to 15% appeared teekgible on mixtures’ resilient modulus.
Similarly, the proposed gradation modifications dat make a significant difference in the creep
compliance properties for the HMA tested in thigdst But, the tensile strength test results
indicated that the increase of coarse aggregatagiaged the HMA tensile strength property at
low temperature levels. In general, the binder c¢ffehould be relatively important at low
temperature levels and the aggregate would plagjarmole at high temperature levels. In this
study, since the coarse aggregate gradation i®rhevariable when performing comparison
based on the assumptions of the testing prograenrabults imply that the effect of coarse
aggregate gradation also plays an important roleht tensile strength of HMA at low
temperature levels. In addition, it was found tmaist of the fracture energy values of modified

gradations were lower than those of control mixdu@verall, the increase of coarse aggregate
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amount in this study had negligible or slightly atse effect on HMA fracture mechanics
properties.

The SBS polymer-modified asphalt binder was fouodoé beneficial to HMA fracture
mechanics properties in a few aspects. First oftal SBS polymer improved the stiffness
behavior of asphalt mixtures. The SBS polymer-medibinder made the PMA mixtures less
stiff than control mixes with unmodified asphalbhéer at low-to-mid range temperature levels (-
10°C and 5°C). The resilient modulus values of PMixtures decreased with an increase of
SBS polymer content throughout the concentratiogeatested. At the testing temperature of
40°C, the PMA mixtures appeared to maintain thénss levels. The increment of SBS
polymer dosage did not result in a consistent eftac resilient modulus of the mixtures.
However, it should be noted that when the SBS petyooncentration increased from 3.0% to
6.0%, the resilient modulus values of PMA mixtufegtuated around in small amounts. It
appeared to imply that an optimum SBS content edistithin the 3.0% to 6.0% range which
would make the HMA stiffest at the high testing perature. These observations were analogous
with the results reported by many other reseanatiiess (Collins et al. 1991; Shih 1996; Chen et
al. 2002, 2003) on polymer-modified binders and PM¥xtures. The analysis on resilient
modulus results based on this study indicated wien SBS polymer is used in the HMA,
although increasing the SBS polymer content wilvagls improve pavement low temperature
performance, limiting the concentration within gotimal range is especially important at high
service temperatures.

Secondly, the SBS polymer helped the HMA obtainupgraded creep performance. The
PMA mixtures were more compliant than the controtea with unmodified asphalt binders at
the low temperature level (-10°C). On the otherdhahe PMA mixtures became less compliant
than the control mixes at the high testing tempeea(40°C). At a specific temperature level, a
higher SBS polymer concentration generally resultedagher creep compliance values. At some
mid-range temperature levels, the PMA mixtures sftbwimilar creep property to the control
mixes. These effects should lead to improved r@st& to rutting and thermal cracking of HMA
mixtures, and provided a good verification to saniindings drawn by the past research studies
(Lalwani et al. 1982; Carpenter et al. 1987; Pradh@93). Thirdly, the SBS polymer modifier
improved the asphalt mixture fracture propertidse Tndirect tensile strength test showed that
the SBS polymer did not make significant changel®lfA tensile strength as Jones et al. (1998)
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observed at low temperature levels (around 0°Cyvéder, the SBS polymer generally increased
the fracture energy and the creep strain energglware indicators of mixtures’ resistance to
fatigue cracking. At low temperatures (-10°C an@)5the failure strain of PMA mixtures tended
to increase with an increase of SBS polymer cont€hese performances provided further
justification to the benefits of using polymer-mioelil binder documented by other researchers in
the past (Kennedy et al. 1992; King et al. 1993).

Comparison between the two different types of agmpe showed that the limestone
mixtures were less stiff than the granite mixtufes all specimens tested in this study. The
difference of resilient modulus values betweentte types of aggregate was more noticeable at
low temperature levels (-10°C and 5°C). In additithe limestone mixtures were more compliant
than granite mixtures at low temperatures. As émeperature increased, the limestone mixtures
showed a similar creep property as the granite umést at 25°C, and then turned to be less
compliant than the granite at high temperature @30°These characteristics exhibited by
limestone mixtures are advantageous to pavemaunttstes in improving the performance of
thermal cracking at low service temperature and theing resistance at high service

temperatures.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

6.1 Summary

The primary objectives of this study were to eveduengineering properties of Florida HMA
mixtures by changing the coarse aggregate gradéitiuts or SBS polymer-modified binder
percentage. The specific goals of the study weevéaluate the coarse aggregate gradation effect
by adjusting the coarse part of the mix designs tandvaluate the styrene-butadiene-styrene
(SBS) polymer-modified asphalt binder effect utiig the fracture mechanics tests in indirect
diametral tension (IDT) testing mode. To achieve dbjectives and goals, a complete dynamic
testing system was established to perform the teastyre controlled dynamic tests. A laboratory
experimental program was developed to evaluate steadard control mixes including four
modified mixes with coarse aggregate gradationsjants and six modified mixes with SBS
polymer-modified binder.

The two control mix designs included one granitéemal (F2C) and one limestone material
(F4AC). The coarse part of the gradation was adjustieevaluate the effect of gradation coarse
side limits specified in the Superpave mix desigtega. The two control mixtures were further
modified by using SBS polymer-modified binder dfetient concentrations instead of the base
asphalt to study the polymer binder effect on frstmechanics properties of the mixtures.

The sweep of IDT tests included the resilient modukst, the creep compliance test, and
the tensile strength test to characterize theudraamnechanics properties of the asphalt mixtures.
The tests were conducted at four temperature lgvé®s 5, 25, and 40°C) covering a typical
range of asphalt concrete pavement service tempesatThe creep compliance master curves
and the fracture mechanics parameters were analgrg the fracture energy model developed
by Roque et al. (2004). The analysis indicated that modification of coarse part of the
gradation of the mix designs did not influence fiteeture properties noticeably. However, the
increasing amounts of SBS polymer modifier improtkd creep parameters as well as the
stiffness characteristics at both low and high terafures.
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6.2 Findings and Conclusions

Based on the test results and analyses of thig,sthd findings and conclusions may be

drawn for the effects of gradation, SBS polymer ified and aggregate type as follows:

6.2.1 Gradation Effect

1. The increase in percent of % in. coarse aggregata 5% to 15% had minimal or
negligible influence on the resilient modulus valwé the mixtures and did not make a
significant difference on the creep compliance praps for the tested HMA mixtures.

2. At low test temperatures (-10°C and 5°C), the terstrength values of mixtures with
modified gradations were less than that of corigeél mixtures, which indicated that
increasing the amount of coarse aggregate in taedatd control mixture had an
adverse effect on the tensile strength properth®HMA at low temperatures. At mid-
to-high test temperatures, the differences werdgiblg.

3. The fracture energy and dissipated creep strainggnelues of modified gradations
were slightly less than those of the control mixgkich meant that the mixtures with
modified gradations would probably have less rasist to fatigue cracking than the
control mixtures.

Based on the above findings, it appeared that tjgregate gradation percentage of

maximum nominal size should not exceed 10% to 2@%ge since mixtures with modified
gradations showed similar or slightly downgradedture mechanics characteristics.

6.2.2 SBS Polymer Modifier Effect

The test results showed that the SBS polymer nmevdiould improve the HMA properties

in the following aspects:

1. The SBS polymer modifier made the HMA mixture softat mid-to-low test
temperatures and maintained the stiffness levehigh temperatures, which are
favorable attributes for the improvement of HMA foemance in terms of low
temperature thermal cracking and high temperatutmg.
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2. The creep compliance test results showed that Bf& golymer modifier made the
HMA mixtures more ductile at low temperatures whigbuld be beneficial for the
reduction of thermal cracking. At high temperatutbe PMA mixtures were stiffer and
thus more resistant to rutting.

3. The SBS polymer did not critically affect the HMArsile strength. However, it tended
to increase the fracture energy limit, and henceuley improve the fatigue cracking
performance of HMA mixtures.

4. The failure strain of PMA mixtures tended to in@eavith an increase of SBS polymer
content at low testing temperatures (-10°C and 5W@)ich is a desired attribute to

improve the low temperature cracking of HMA pavemen

These findings are in agreement with the theoresigapositions and other practical studies.
Furthermore, the effect of SBS concentration forAPMixtures appears to be related with the
findings for SBS modified asphalt binders reportad other researchers. An optimum SBS
content may exist between 3.0% and 6.0% range depgion the actual conditions of mixture
production. Excessive amount of polymer contenthtnignprove the stiffness, creep, and failure
strain behavior at low temperatures; however,fiesceon the PMA resilient modulus property at
high temperatures is not always favorable, whicls wabably due to a combined performance

of mixing and distribution of SBS polymer modifiérase asphalt binder, and aggregate.

6.2.3 Effect of Aggregate Type

The limestone mixtures were less stiff than thenigea mixtures, especially in low
temperatures. In addition, the limestone mixturdowsed favorable behavior in creep
performance compared with the granite materialallatesting temperatures. These properties
implied that limestone materials are much more itudhan granite under low service
temperature conditions and hence presents an adefdr the cracking performance of HMA.
At high temperatures, limestone materials haveptitential to increase rutting resistance while
maintaining the stiffness of pavement structuréshbuld be noted that these findings were
observed in the laboratory for the two specificetypf aggregate commonly used in Florida.
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6.3 Recommendations

Based on the conclusions and limitations of thseaech study, the recommendations are
made as follows:

1. The effect of aggregate gradation should bénéurevaluated by studying more commonly
used HMA mixtures. The dynamic complex modulushaf HMA mixtures may also be adopted
as an additional indicator for evaluation. The gtamh adjustment for fine aggregate could also
be taken into consideration with a desire to rediheemix design cost while maintaining the
quality of HMA mechanical properties.

2. A broad range of mixtures could be tested tduata the effect of SBS polymer modifier
and to obtain a more confident range of optimalcentration. These optimal concentrations
should be determined to be worth cost based orased performance.

3. The relationship between fracture energy angé&ature should be further evaluated by

studying the engineering properties at wider rasfgemperature levels.
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APPENDIX A LABORATORY ANALYSIS REPORTS

Table A-1: Lab analysis report for 0.0% polymeréasphalt (Graded as PG67-22)

m-value, @60 sec.

Report Date: 10/1/08 Bituminous 374208
Tech. Lab No:
Terminal: Mariani Address: 500 North 19st.
Asphalt Co. Tampa, FL 33605
Sample: 0.0% Polymer Date Tested: 9/10/08 — 9/11/08
Test Test Method Specification Test Results
Original Binder
Absolute Viscosity, T202 3290 Poise
Poise
Solubility, % soluble T44 99.0% minimum 99.98%
Spot Test Negative Negative
Flash Point, °C T48 230°C minimum 316°C+
Smoke Point, °C 260°C
Softening Point, °F 125°F
Rotational Viscosity, T316 3.0 maximum 0.5 Pas
Pa.s, @135°C
Dynamic Shear, kPa T315 1.0 minimum at 64°C 1.97 kPa
(G*/sind, 10 rad/sec) 1.0 minimum at 67°C 1.32 kPa
1.0 minimum at 76°C 0.9617 kPa
RTFOT Residue
Mass Change, % T240 1.0 maximum +0.028%
Dynamic Shear, kPa T315 2.2 minimum at 64°C 3.42 kPa
(G*/sing, 10 rad/sec) 2.2 minimum at 67°C 2.64 kPa
2.2 minimum at 76°C 1.659 kPa
R28, PAV @100°C Residue
Dynamic Shear, kPa T315 5000 maximum at 25°C 4070 kPa
(G*/sing, 10 rad/sec) 5000 maximum at 22°C 5840 kPa
Creep Stiffness, S, T314 300 maximum at -12°C 213
@60 sec. 300 maximum at -18°C 479
Creep Stiffness, T314 0.3 minimum at -12°C 0.321
0.3 minimum at -18°C 0.248
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Table A-2: Lab analysis report for 3.0% polymertedp(Graded as PG76-22)

Report Date: 10/1/08 Bituminous 374108
Tech. Lab No:
Terminal: Mariani Address: 500 North 10St.
Asphalt Co. Tampa, FL 33605
Sample: 3.0% Polymer Date Tested: 9/10/08 — 9/11/08
Test Test Method Specification Test Results
Original Binder
Absolute Viscosity, T202 19583 Poise
Poise
Solubility, % soluble T44 99.0% minimum 99.83%
Spot Test Negative Negative
Flash Point, °C T48 230°C minimum 316°C+
Smoke Point, °C 260°C
Softening Point, °F 145°F
Rotational Viscosity, T316 3.0 maximum 1.57 Pa.s
Pa.s, @135°C
Dynamic Shear, kPa T315 1.0 minimum at 76°C 1.359 kPa
(G*/sing, 10 rad/sec) 1.0 minimum at 82°C 0.9178 kPa
RTFOT Residue
Mass Change, % T240 1.0 maximum -0.026%
Dynamic Shear, kPa T315 2.2 minimum at 76°C 2.37 kPa
(G*/sing, 10 rad/sec) 2.2 minimum at 82°C 1.38 kPa
R28, PAV @100°C Residue
Dynamic Shear, kPa T315 5000 maximum at 31°C 1880 kPa
(G*/sind, 10 rad/sec) 5000 maximum at 28°C 2330 kPa
5000 maximum at 25°C 3450 kPa
5000 maximum at 22°C 4870 kPa
5000 maximum at 19°C 6100 kPa
Creep Stiffness, S, T314 300 maximum at -12°C 176
@60 sec. 300 maximum at -18°C 371
Creep Stiffness, T314 0.3 minimum at -12°C 0.329
m-value, @60 sec. 0.3 minimum at -18°C 0.266
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Table A-3: Lab analysis report for 4.5% polymertedp(Graded as PG82-22)

m-value, @60 sec.

Report Date: 10/1/08 Bituminous 374008
Tech. Lab No:
Terminal: Mariani Address: 500 North 10St.
Asphalt Co. Tampa, FL 33605
Sample: 4.5% Polymer Date Tested: 9/16/08 — 9/19/08
Test Test Method Specification Test Results
Original Binder
Absolute Viscosity, T202 Too viscous
Poise
Solubility, % soluble T44 99.0% minimum 99.49%
Spot Test Negative Negative
Flash Point, °C T48 230°C minimum 316°C+
Smoke Point, °C 288°C
Softening Point, °F 197.5°F
Rotational Viscosity, T316 3.0 maximum 7.40 Pa.s
Pa.s, @135°C
Dynamic Shear, kPa T315 1.0 minimum at 76°C 3.47 kPa
(G*/sing, 10 rad/sec) 1.0 minimum at 82°C 2.40 kPa
1.0 minimum at 88°C 1.70 kPa
1.0 minimum at 94°C 1.26 kPa
1.0 minimum at 100°C 0.3799 kPa
RTFOT Residue
Mass Change, % T240 1.0 maximum -0.030%
Dynamic Shear, kPa T315 2.2 minimum at 76°C 4.45 kPa
(G*/sing, 10 rad/sec) 2.2 minimum at 82°C 2.82 kPa
2.2 minimum at 88°C 1.78 kPa
R28, PAV @100°C Residue
Dynamic Shear, kPa T315 5000 maximum at 31°C 969 kPa
(G*/sing, 10 rad/sec) 5000 maximum at 25°C 1860 kPa
5000 maximum at 19°C 3530 kPa
5000 maximum at 16°C 4780 kPa
5000 maximum at 13°C NA
Creep Stiffness, S, T314 300 maximum at -12°C 87.7
@60 sec. 300 maximum at -18°C 368
Creep Stiffness, T314 0.3 minimum at -12°C 0.371
0.3 minimum at -18°C 0.262
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Table A-4: Lab analysis report for 6.0% polymertedp(Graded as PG82-28)

Report Date: 10/1/08 Bituminous 373908
Tech. Lab No:
Terminal: Mariani Address: 500 North 10St.
Asphalt Co. Tampa, FL 33605
Sample: 6.0% Polymer Date Tested: 9/16/08 — 9/19/08
Test Test Method Specification Test Results
Original Binder
Absolute Viscosity, T202 Too viscous
Poise
Solubility, % soluble T44 99.0% minimum 99.89%
Spot Test Negative Negative
Flash Point, °C T48 230°C minimum 316°C+
Smoke Point, °C 280°C
Softening Point, °F 204°F
Rotational Viscosity, T316 3.0 maximum 5.75 Pa.s
Pa.s, @135°C
Dynamic Shear, kPa T315 1.0 minimum at 76°C 3.32 kPa
(G*/sing, 10 rad/sec) 1.0 minimum at 82°C 2.17 kPa
1.0 minimum at 88°C 1.47 kPa
1.0 minimum at 94°C 1.05 kPa
1.0 minimum at 100°C 0.8748 kPa
RTFOT Residue
Mass Change, % T240 1.0 maximum -0.030%
Dynamic Shear, kPa T315 2.2 minimum at 76°C 6.94 kPa
(G*/sing, 10 rad/sec) 2.2 minimum at 82°C 4.52 kPa
2.2 minimum at 88°C 2.95 kPa
2.2 minimum at 94°C 1.91 kPa
R28, PAV @100°C Residue
Dynamic Shear, kPa T315 5000 maximum at 31°C 947 kPa
(G*/sind, 10 rad/sec) 5000 maximum at 25°C 1960 kPa
5000 maximum at 19°C 3840 kPa
5000 maximum at 16°C 5340 kPa
Creep Stiffness, S, T314 300 maximum at -12°C 105
@60 sec. 300 maximum at -18°C 231
300 maximum at -24°C 380
Creep Stiffness, T314 0.3 minimum at -12°C 0.369
m-value, @60 sec. 0.3 minimum at -18°C 0.314
0.3 minimum at -24°C 0.250
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Table A-5: Gradations for F2C and its adjustments

Sieve Size (um) F2C F2G1| Adjustment | F2G2 | Adjustment
1 25000
3/4 19000 100 100 0 100 0
1/2 12500 95 90 -5 80 -15
3/8 9500 84 78 -6 71 -13
4 4750 52 52 0 52 0
8 2360 32 32 0 32 0
16 1180 21 21 0 21 0
30 600 15 15 0 15 0
50 300 9 9 0 9 0
100 150 6 6 0 6 0
200 75 5.2 5.2 0 5.2 0
Table A-6: Gradations for FAC and its adjustments
Sieve Size (um) FAC FAG1| Adjustment | FAG2 | Adjustment
1 25000
3/4 19000 100 100 0 100 0
1/2 12500 94 89 -5 79 -15
3/8 9500 89 80 -9 71 -18
4 4750 56 56 0 56 0
8 2360 30 30 0 30 0
16 1180 20 20 0 20 0
30 600 15 15 0 15 0
50 300 10 10 0 10 0
100 150 6 6 0 6 0
200 75 3.6 3.6 0 3.6 0
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APPENDIX B CREEP COMPLIANCE TEST RESULTS

Table B-1: Creep compliance test results at -107GRa)

Mixtures for Gradation Effects
Control G1 G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.044 0.055 0.040 0.058 0.048 0.058
2 0.048 0.062 0.045 0.062 0.053 0.062
5 0.055 0.069 0.049 0.068 0.059 0.068
10 0.061 0.076 0.055 0.073 0.064 0.078
20 0.067 0.081 0.061 0.078 0.071 0.07p
50 0.078 0.099 0.069 0.086 0.085 0.093
100 0.091 0.111 0.079 0.091 0.09¢ 0.098
Pr 0.382 0.347 0.299 0.322 0.296 0.35p
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.044 0.069 0.076 0.077 0.054 0.091
2 0.049 0.076 0.087 0.084 0.060 0.101
5 0.057 0.087 0.104 0.093 0.069 0.116
10 0.064 0.098 0.116 0.104 0.078 0.128
20 0.072 0.109 0.123 0.118 0.088 0.14p
50 0.091 0.126 0.156 0.134 0.109 0.178
100 0.105 0.149 0.184 0.151 0.13( 0.196
Pr 0.387 0.378 0.380 0.377 0.356 0.29p
Table B-2: Creep compliance test results at -1076s{)
Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 3.06E-07| 3.81E-07 2.77E-07 3.97E-07 3.28E;07 HE-01
2 3.32E-07| 4.28E-07 3.08E-07 4.30E-07 3.63E;07 HE-Q7
5 3.78E-07| 4.78E-07 3.41E-07 4.67E-07 4.07E;07 HEB7
10 4.18E-07| 5.23E-07 3.76E-07 5.01E-07 4.38E;07 S5B07
20 4.63E-07| 5.60E-07 4.18E-07 5.38E-07 4.92E;07 3B@7
50 5.41E-07| 6.81E-07 4.78E-07 5.90E-07 5.85E;07 2E@7
100 6.30E-07| 7.62E-07 5.45E-07 6.27E-pD7 6.61E-0776E6:07
Pr 0.382 0.347 0.299 0.322 0.296 0.35p
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 3.01E-07| 4.36E-07 3.47E-07 5.08E-07 3.81E;07 HK0B
2 3.38E-07| 4.78E-07 3.75E-07 5.51E-07 4.30E;07 68
5 3.91E-07| 5.45E-07 4.27E-07 6.08E-07 5.02E;07 H-@2
10 4.39E-07| 6.04E-07 4.59E-07 6.69E-07 5.67E;07 1H-@7
20 4.98E-07| 6.85E-07 5.09E-07 7.44E-07 6.37E;07 7B@7
50 6.24E-07| 7.59E-071 6.13E-07 8.45E-07 8.07E;07 S5B.07
100 7.27E-07| 8.63E-07 7.12E-07 9.39E-07 9.70E-0758B.07
Pr 0.387 0.378 0.380 0.377 0.356 0.296
Note: 1/GPa = 6.89x1psi 1/psi=0.145x10/GPa
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Table B-3: Creep compliance test results at 5°GRPH)

Mixtures for Gradation Effects

Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.093 0.120 0.099 0.117 0.125 0.131
2 0.117 0.148 0.127 0.138 0.152 0.168
5 0.158 0.198 0.172 0.183 0.200 0.216
10 0.198 0.246 0.221 0.230 0.244 0.26p
20 0.268 0.313 0.297 0.295 0.309 0.32p
50 0.377 0.449 0.421 0.402 0.43( 0.43f
100 0.516 0.598 0.557 0.529 0.555% 0.54D
Pr 0.317 0.334 0.371 0.343 0.357% 0.41p
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.092 0.126 0.077 0.140 0.116 0.182
2 0.109 0.145 0.095 0.164 0.140 0.2238
5 0.138 0.185 0.121 0.198 0.187 0.288
10 0.171 0.220 0.156 0.246 0.227 0.344
20 0.209 0.268 0.187 0.304 0.297 0.40[
50 0.292 0.364 0.269 0.424 0.367 0.53p
100 0.388 0.476 0.335 0.512 0.44( 0.658
Pr 0.428 0.452 0.489 0.303 0.294 0.433
Table B-4: Creep compliance test results at 5°@s{}/
Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 6.44E-07| 8.29E-07 6.85E-07 8.07E-07 8.60E;07 B01
2 8.09E-07| 1.02E-06 8.74E-07 9.48E-07 1.05E;06 H-0R
5 1.09E-06| 1.36E-0§ 1.18E-06 1.26E-06 1.38E{06 H-@®
10 1.36E-06| 1.69E-06 1.52E-06 1.59E-p6 1.72E06 3B-@6
20 1.85E-06| 2.16E-06 2.04E-06 2.04E-06 2.13E+06 2R-06
50 2.60E-06| 3.09E-06 2.90E-06 2.77E-06  2.96E{06 1E3:06
100 3.55E-06] 4.12E-06 3.84E-06 3.64E-p6 3.83E-0673B-06
Pr 0.317 0.334 0.371 0.343 0.357% 0.41p
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 6.33E-07| 8.70E-07 5.28E-07 9.62E-07 7.99E;07 H-06
2 7.52E-07| 9.97E-071 6.52E-07 1.13E-06 9.68E{07 H-G8&
5 9.51E-07| 1.27E-06 8.31E-07 1.37E-06 1.29E{06 H-O8
10 1.18E-06| 1.51E-06 1.08E-06 1.70E-p6 1.57E{06 7236
20 1.44E-06| 1.85E-06 1.29E-06 2.09E-06 2.05E{06 OER-@6
50 2.01E-06| 2.51E-06 1.85E-06 2.92E-06 2.53E+06 9B-66
100 2.67E-06| 3.28E-06 2.31E-06 3.53E-p6  3.04E-0654E-06
Pr 0.428 0.452 0.489 0.303 0.294 0.433
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Table B-5: Creep compliance test results at 25/GRA)

Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.692 0.699 0.744 0.839 0.794 1.108
2 0.899 0.962 1.045 1.146 1.075 1.54y
5 1.420 1.400 1.547 1.662 1.546 2.285
10 1.954 1.819 2.107 2.257 2.197 3.028
20 2.535 2.420 2.854 2.997 2.904 3.88b
50 3.626 3.259 4.159 4.359 4.206 5.28P
100 4.733 4.028 5.604 5.778 5.509 6.534
Pr 0.338 0.358 0.269 0.265 0.304 0.35)
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 0.488 0.542 0.709 0.824 1.126 0.881
2 0.669 0.734 1.006 1.077 1.460 1.11y
5 1.054 1.084 1.540 1.542 1.932 1.589
10 1.463 1.460 2.066 1.968 2.413 2.020
20 1.916 2.056 2.724 2.524 3.043 2.576
50 2.754 2.854 3.780 3.426 4.043 3.53p
100 3.625 3.679 4.725 4.278 4.93¢ 4.306
Pr 0.352 0.352 0.374 0.246 0.304 0.37p
Table B-6: Creep compliance test results at 257as{)L
Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 4.77E-06| 4.82E-0§ 5.13E-06 5.78E-06 5.47E{06 H-68
2 6.20E-06| 6.63E-0§ 7.21E-06 7.90E-06 7.41E{06 H-0
5 9.79E-06| 9.65E-06 1.07E-05 1.15E-05 1.07E;05 BE-G8
10 1.35E-05| 1.25E-08 1.45E-05 1.56E-05 1.51E{05 8E-06
20 1.75E-05| 1.67E-08 1.97E-05 2.07E-05 2.00E05 8R-@5
50 2.50E-05| 2.25E-03 2.87E-05 3.01E-05 2.90E{05 4B3.85
100 3.26E-05| 2.78E-0% 3.86E-05 3.98E-05 3.80EF0551E-05
Pr 0.338 0.358 0.269 0.265 0.304 0.35)
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 3.37E-06| 3.74E-06 4.89E-06 5.68E-06 7.76E{06 B-0F
2 4.61E-06| 5.06E-0§ 6.94E-06 7.43E-06 1.01E;05 H-U®
5 7.27E-06| 7.47E-06 1.06E-05 1.06E-05 1.33E;05 BH-0B
10 1.01E-05| 1.01E-08 1.42E-05 1.36E-05 1.66E{05 9H-35
20 1.32E-05| 1.42E-05 1.88E-05 1.74E-05 2.10E}05 8H-05
50 1.90E-05| 1.97E-083 2.61E-05 2.36E-05 2.79E{05 4R-@5
100 3.625 3.679 4,725 4,278 4.938 4.306
Pr 0.352 0.352 0.374 0.246 0.304 0.37p
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Table B-7: Creep compliance test results at 40/GRA)

Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 3.994 2.266 1.734 1.670 1.976 1.616
2 5.019 2.727 2.242 2.196 2.5685 2.195
5 6.800 3.588 3.294 3.400 3.597 2.965
10 8.073 4.468 4.178 4.377 4.584 3.696
20 9.383 5.543 5.055 5.374 5.817 4,706
50 11.049 7.884 7.134 7.139 8.153 6.30b
100 12.721 9.516 8.817 8.764 10.921 7.950
Pr 0.291 0.325 0.268 0.312 0.29§ 0.306
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 1.357 1.562 1.931 2.080 3.628 1.899
2 1.793 1.840 2.476 2.655 4.147 2.268
5 2.671 2.370 3.323 3.495 4.98(0 2.972
10 3.457 2.783 4.142 4.897 5.747 3.506
20 4.490 3.299 4.910 6.384 6.669 4.034
50 6.033 4.175 6.089 8.189 8.137 5.179
100 8.108 5.423 7.359 9.983 9.533 6.128
Pr 0.373 0.396 0.383 0.272 0.291 0.418
Table B-8: Creep compliance test results at 407as{)L
Mixtures for Gradation Effects
Control Gl G2
Time (sec.) F2 F4 F2 F4 F2 F4
1 2.75E-05| 1.56E-03 1.20E-05 1.15E-05 1.36E{05 H-03
2 3.46E-05| 1.88E-03 1.55E-05 151E-05 1.77E{05 H-GA
5 4.69E-05| 2.47E-03 2.27E-05 2.34E-05 2.48E{05 R-08
10 5.57E-05| 3.08E-03 2.88E-05 3.02E-05 3.16Et05 5285
20 6.47E-05| 3.82E-05 3.48E-05 3.71E-05 4.01E{05 4B-@5
50 7.62E-05| 5.44E-03 4.92E-05 4.92E-p5 5.62E+05 5E@5
100 8.77E-05| 6.56E-0% 6.08E-05 6.04E-05 7.53EF0548K-05
Pr 0.291 0.325 0.268 0.312 0.29§ 0.306
Mixtures with SBS Polymer-modified Binder
P1 (3.0%) P2 (4.5%) P3 (6.0%)
Time (sec.) F2 F4 F2 F4 F2 F4
1 9.36E-06| 1.08E-03 1.33E-05 1.43E-05 2.50E{05 H-(33
2 1.24E-05| 1.27E-03 1.71E-05 1.83E-05 2.86Ei05 H-GB
5 1.84E-05| 1.63E-03 2.29E-05 2.41E-05 3.43E{05 PR-05%
10 2.38E-05| 1.92E-0§ 2.86E-05 3.38E-05 3.96Et05 2R2-@5
20 3.10E-05| 2.27E-03 3.39E-05 4.40E-05 4.60E+05 8ER-05
50 4.16E-05| 2.88E-05 4.20E-05 5.65E-05 5.61E+05 78385
100 5.59E-05| 3.74E-0% 5.07E-05 6.88E-D5 6.57E-0522E05
Pr 0.373 0.396 0.383 0.272 0.291 0.418
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Creep Compliance for F2 Series at -10 Degree C
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Figure B-1: Creep compliance of F2 control ancpalymer-modified levels at -10°C.

Creep Compliance for F4 Series at -10 Degree C

0.25
= 0.20
a —a— Control
9 0151 _aF4P1
2 0.10 1 —x—F4P2
()

0.00 ‘

0 50 100
Time (sec.)

Figure B-2: Creep compliance of F4 control ancpalymer-modified levels at -10°C.

Creep Compliance for F2 Series at 5 Degree C
0.6

Creep (1/GPa)

Time (sec.)

Figure B-3: Creep compliance of F2 control ancballymer-modified levels at 5°C.
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Creep Compliance for F4 Series at5 Degree C
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Figure B-4: Creep compliance of F4 control ancballymer-modified levels at 5°C.
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Figure B-5: Creep compliance of F2 control ancpalymer-modified levels at 25°C.
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Figure B-6: Creep compliance of F4 control ancpalymer-modified levels at 25°C.
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Creep Compliance for F2 Series at 40 Degree C
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Figure B-7: Creep compliance of F2 control ancbalymer-modified levels at 40°C.
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Figure B-8: Creep compliance of F4 control ancbalymer-modified levels at 40°C.

Creep Compliance for F2 Series at -10 Degree C

0.15
E 0.10
Clhe —a— Control
< —a—F2G1
g 005 —x—F2G2
®)

0.00 ‘

0 50 100
Time (sec.)

Figure B-9: Creep compliance of F2 control and rfiedigradation levels at -10°C.
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Creep Compliance for F4 Series at -10 Degree C
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Figure B-10: Creep compliance of F4 control and ified gradation levels at -10°C.
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Figure B-11: Creep compliance of F2 control and ified gradation levels at 5°C.
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Figure B-12: Creep compliance of F4 control and ified gradation levels at 5°C.

125



Creep Compliance for F2 Series at 25 Degree C
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Figure B-13: Creep compliance of F2 control and ified gradation levels at 25°C.
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Figure B-14: Creep compliance of F4 control and ifiedl gradation levels at 25°C.
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Figure B-15: Creep compliance of F2 control and ified gradation levels at 40°C.
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Creep Compliance for F4 Series at 40 Degree C
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Figure B-16: Creep compliance of F4 control and ified gradation levels at 40°C.
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