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Abstract

More than ninetyfive percent of the US surface transportation infrastructure system is paved with
Hot Mix Asphalt (HMA). Recycling of reclaimed asphativement (RAP) is a critical necessity

to save precious aggregates, and reduce the use of costly asphalt binder. The production
temperature limits the amount of recycled HMA. Warm Mix Asphalt (WMA) technology
provides the option of recycling at a lower thaonventional temperature, and hence recycling a
higher percentage of RAP, and saving energy and cuttinge@@sion. The purpose of this
experimental study (funded by the Maine Department of Transportation) was to evaluate the
effects of WMA additives $asolWax Sasobit® and Advera® Zeolite) on the rutting, cracking
and moisture susceptibility of HMA containing 100% RAP. The following five mixes were
prepared and tested for volumetric properties, stiffness and strength: a control mix (RAP with
1.0% PG58&8 virgin binder), two mixes with 1.0% PG&8 virgin binder plus 2.0% or 4.0%
Sasobit® and two mixes with 1.0% PG28 virgin binder plus 0.2% or 0.4% zeolite. Contact
angle measurements showed no statistically significant difference between the diffgpieat
binders.Density, dynamicmodulus indirect tensile strength, and contact anglsults indicate

better performance of recycled HMA with WMA additives compared to conventional recycled
HMA.
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Capstone Design Requirement

In accordance with the Accreditation Board of Engineering and Technology (ABET)
Accreditation requirements, each Major Qualifying Project (MQP) at Worcester Polytechnic
Institute (WPI) must include a description of how the project considered economic,
environmental, sustainability, manufacturability, ethical, health and safety, social and political
factors. The objective of this project wasdwaluate the effect of warm mix asphalt (WMA)
additives on moisture susceptibility and bonding of asphalt witheggteand ABET factors
were prominent considerations through the duration of the project.

Manufacturability

Manufacturability is an essential factoradopting angperfecting a new technologyhe design

of a warm mix aided recycled asphalt mix is a complicated procedure because it involves
combining reclaimed Hot Mix Asphal(HMA) pavement with the least amount of virgin
materials and additives possibléhile meeting desired performance staddaihe challenge
arisesduring thecharacteriation of the ReclaimedAsphaltPavement(RAP) materialsand the
development of adesigqh that is economical with satisfactory performance. This significant
challenge lies in the obstacle of achieving the reguiworkability of the RAP without
compromising the physical properties of the aged binder through high heating temperatures. This
predicament can be relieved through the use of WMA addiidesh lower the viscosity of the

aged binder at lower mixing temtures

The goal was to produce a standard Maine Department of Transportation (Maine DOT) 50
gyration mix design withapproximately4% air voidswith 100% RAP. The amount of virgin
asphalt binder must be accurateltablished to meet the desi#¥d airvoids To determine the
amount of virgin asphalt binder needed for the mix, the RAP was bufimdt@ut how much
binder was ineach gradeMaine DOT specifications assisted time development of the mix
design.Initially, this takes more time than stiag with completely virgin materials and using
HMA, but over timeas the process is perfected, WMA mixaegig RAP will be manufactured at

an appropriate cost to consumers

Environmentalssues

Environmental considerations are the basis of this reseafidi&A and the use of RAP are studied

to reduce energy costs and emissions by reducing heating temperatures of the pavement mix.
RAP is HMA pavementmaterial that is remixed to make more HMA or WMA pavement.
Generally new materials such as virgin binder,raggte and additives are added to the mix
design, but the goal is to produce the most durable pavement with the least afmoant
material possible.

In this research, environmental factors were directly addressed by reducing the amount of virgin
materids used. The mix design was completely comprised of reclaimed pavement and 1.0% by
mass virginasphaltbinder. Varying amounts d?Q Corporation Advera&eolite andSasolWax
Sasobi® (WMA additives) were used in each mix to improwerkability of the mix. WMA
additives allow for reduced mix temperatures by lowering the viscosity and/or expanding the
volume of the asphalt binder at lower temperatures.

Sustainability

Sustainability practices are extremely i mportanr
greeno and reducing the negati ve i mpact on n a



engineering, sustainability requires engineers and scientists to improeat practices to meet

the needs of consumers without compromising those of future gener@ii@&nvironmental
Protection Agency , 2009 WMA and RAP technologies are perfected, aged HMA pavements
will be able to be relaimed, regraded, and mixed witlninimal virgin binder and aggregate than

is conventionally used. The addition of additives, as mentioned before, will lower emissions
which should reduce the negative effects.

Ethics, Health and Safety

Ethics, health, ahsafety all go hand in hand with WMA and RAP technologies. With any new
technology, extra precautions must be taken to ensure the safety of vehicle travelers along the
road. This research performatechanical propertyesting to guarantee that the new RA#X

was equivalent or stronger thaonventionaHMA mixes

No state allows complete RAP mix to be used without any additives, but studies such as this one,
help close the gap between 100% hot mix and 100% warm mix reclaimed pavement. However,
public saéty is considered first and foremosttive feasibility analysis and it would be unethical

to compromise public safety in the interest of research.

Economiclssues

Each of the aforementioned factors depends greatly on the economic feasibility of the lflesig

the positive environmental and sustainability factors do not outweigh the economical costs, the
design will not be manufactured. This research evaluated the costs and benefits of 100% warm
mix RAP as compared to 100% virgin miXhe comparisorincluded the cost of warm mix

asphalt additivesas well as tb cost of burner fuel in plants and is included in the Results
Chapter.



1 Intro duction
The United States has 4 million miles of roads covered with asphalt pavement and about 4,000

aphalt plants across the counfidational Atlas of the United States, 20(8)ational Asphalt
Pavement Association, 200%iot Mix Asphalt (HMA) is comprised of about 80% fine and
coarse aggregates, 15% asphalt binder and 5% air (oydgolume)and is often mixed at
temperatures of 14€@ (300F) to 176C (350F) (Anderson, Youtcheef, & ZupanicRD09)(US
Department of Transportation, 2008)MA can be produced in two different plants: a batch plant
oradrumplantBat ch pl ants produce HMA one fAbatcho
aggregates before moving tiheix to anothemixer and adding the asphdfommunications,

2009) Drum plants are different because they dry the aggregate and then mix in the asphalt in a

continuous manner.

Warm Mix Asphalt (WMA) is the process of usindditives to reduce the mixing temperatures of
HMA by 10C (50 F) to 37.8C (100F) (Warm Mix Asphalt , 2009) The reduction in
temperature is beneficial because it reduces the amount of fuel used to heat the mix, minimizes
the expulsion of greenhouse gasses, and minimizes the paving temperature necessary in the field
(Warm Mix Asphalt , 2009)Energy reductions have been shown to be over 54% when heating
temperatures #e reduced from 13C to 130C(Pakula & Mallick, 2007)However, the WMA

process still uses 100% virgin materials.

Reclaimed Asphalt ®#ement (RAP) uses recycled HMA pavement as the foundation for a new,
re-graded, remixed pavement material. The procesd us this research treated the RAP as a
WMA and thus, included additives to reduce thenpactiortemperatures. Benefits of using RAP

are similar to WMA in that they minimize temperatures and greenhouse gas emissions, but they
also have been proven to e the cost of construction and the useigfin naturalmaterials

andresource®$y recycling old material.

Maximizing the amount of RAP that can be incorporated in HMA technologies is ideal to
minimize the amount of virgin materials used in pavemerdystion.There is a limited amount

of published materiabn studies that have used 100% RAPthe United Stateto produce a
warm mix designThere are standards on how WMA processes should be ruonlua few
about the effect opecifically using RA? with additives.In fact, in many states, regulations
requirethat only 30% RAP can be added to HMA mixes because of conokeusing recycled
material and asphalt binder as well as the lack of a regulated mix design proCetu&
Mallick, 2008) PQ Corporation Advera@eolite and Sasol Wax Sasobit® help reduce mixing

1
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and compaction temperaturagile maintaining desired workability of asphalt concrete mixes
andareconsidered appropriate additives &rabling HMA mixeswith high RAP contentsFor
example, a recent experimental study performed at WPI confirmed the feasibility of making
100% RAP HMA base material with the aid of Sas®li8 or zeolite(Tao & Mallick, 2008)

The goal of this study wago evaluate the effects of warm mix additives on moisture
susceptibility and bond of asphalt with aggregates. By startingh RAP and using WMA
technologieswe were able to close the gap between Hot Mix Aspti®i©% virgin magrials)

and 100% recycled materials.

To achieve this goathe RAP properties were identified by determining the amount of aged
binder andhenmodifying the amount of virgin binder added to the mix to achégygoximately

4% air voids on a 50 gyratiotcompactionmix. Once the contranix was designeda batch mix

plant was simulated aratiditives werencluded to make a total of thregix designs: one control

mix, one mix with Sasobi®, andone mix with zeolite. Three testing proceduresontact angle
measurement, indirect tensile strength, and dynamic modulus, were employed to characterize
moisture susceptibility of these mixes. For contact angle tdistss svere prepared to determine

the contact angle between water and asphalt binderdifferent levels ofzeolite and Sasolst.
Compacted cylindrical specimens were tested for their indirect tensile strength and dynamic

moduli.

This report includes our findings rellag dynamic modulus and indirect tensile strength of the
100%RAP mix designwith contat angle analysisConsideration of all three tests simultaneously
offers insight into the moisture susceptibility of the miXésonomicand environmentabenefits

were determined through a cost analysis of using Reclaimed Asphalt Pavement, Warm Mix
Asphdt or Hot Mix Asphalt.



2 Literature Review
The use of Warm Mix Asphalt (WMA) technology for utilizing Reclaimed Asphalt Pavement

(RAP) materials demands a complete understanding of Véllfitives asphaltobinder, and the
significance ophysical properties such as comahdity, air voids, rutting potential, and Surface
Free Energy (SFE). This chapter discusses relevant research on warm mix additives on the SFE

using contact angleendthe moisture susceptibility of HMA mixes

2.1 Warm Mix Asphalt
Hot Mix Asphalt (HMA) is typically produced in either batch or drum mix plants at a discharge

temperature ranging frorh37.8C (280°F to 162.8C (325°F (Button, Estakhri, & Wimsatt,
2007) Current and impending reglons regarding emissions are making it more attractive to
consider greater reductions in HMA production temperd@ieecomb, 2006)These regulations
have put pressure on the industry to reduce tempesatitteout compromising performance or

economics.

In recent years, there has been some focus of producing WMA behausien ofthis approach

is toreduce the production temperature by using additives to increase the workability of binder at
lower temperatres.Other benefits of WMA include a longer paving season, reduced emissions
and the ability to travel over longer distance to paving Jiezhnology is now available to
decrease HMA production temperature by @30 F) to over 55C (100 F). These relately

new processes and products use various mechanical and chemical means to reduce the shear
resistance of the mix at construction temperatures while reportedly maintaining or improving

pavement performand&ewcomb, 2006)

In addition to the focus on WMA, there has also been anieemrasing interest in using RAP

with WMA technologies to decrease the environmental impacts by using less virgin material and
reducing CQ emissions. According to Mallick et al., it is possibte manufacture mixes with

75% to 100% RAP with similar properties to HMA mixes through the use of add{Madtck,
Kandhal, & Bradbury, Using Warm Mix Asphalt Technology to Incorporate High Percentage of
Reclaimed Asphalt PavemefRAP) Material in Asphalt Mixtures, 200&Mallick, Bradley, &
Bradbury, 2007)Higher mixing and compaction temperatures age the binder in the RAP which
has negative effects on the entire mix. The us®/MA additives helg reduce temperatures
while achieving desired workabilityhusenabling HMA to contain higér percentages of RAP.



2.2 Additives
A mix produced in the temperature range of 1% 135C (220 F to 275F) is considered to be

WMA and the goal of such aimis to obtain a strength and durability that is equivalent to or
better than a HMA mixNewcomb, 2006)Currently, a common way of achieving this is through

the use of additives. All of the currdMA additives in uséacilitate the lowering of production
temperature by either lowering the viscosity and/or expanding the volume of the asphalt binder at
a given temperatur¢Button, Estakhri, & Wimsatt, 200 urley & Prowell, Evaluation of
Sasobit(R) for Use in Warm Mix Asphalt, 2008y lowering the viscosityr expanding the
volume of the asphalt binder, the aggregates are completely coated in asphalt binder at a lower
than conventional temperatugapproximatelyl50°C). Additives such ageolite and Sasobit®,

are fiviable tools for reducing mixing and comp:
allow an extended construction season by increasing the versatility of tifelumiey & Prowvell,
2005)Hurley & Prowell, Evaluation of Potential Processes for Use in Warm Mix Asphalt, .2006)
Neither Sasobit@or zeolite require an extended cure period before opening the road to traffic
(Hurley & Prowell, Evaluation of Sasobit(R) for Use in Warm Mix Asphalt, 2(9G)ey &

Prowell, 2005)

Reductions in temperature decrease energy costs and emissions but the lowered temperatures are
often criticized. Palda and Mallick found that the only impact on emissions is temperature, so
additives such as Sasobit® mhbglp reduce emission@Pakula & Mallick, 2007)Hurley and

Prowell evaluated Asphain® Zeolite and found that lower asphplant temperatures led to a

30% reduction in energy consumption and &8@6 cutin overhead costs to the plahturley &

Prowell, 2005) Regardless of reduced energy costs, researchers are concerned that lower
compactiontemperatures used in WMA will reduce tensile strength, increase moisture damage,
and increase the rutting potentigdurley & Prowell, 2005Hurley & Prowell, Evaluation of
Sasobit(R) for Use in Warm MiAsphalt, 2005) The increased rutting potential may be due to

the decreased age of the binder at lower mixing temperdtimesy & Prowell, 2005)

221 Sasobit®
SasobitE is a wax addiitmpreokeimrownb eca waane fiats pefafl &

viscosity of asphalt binder. With a lower asphalt viscosity, the working temperatures can be
decreased by 1€ - 54 C (Hurley & Prowell, Evaluation of Sasobit(R) for Use in Warm Mix
Asphalt, 2005) Made of Sasol Wax, Sasobit® is a lecigain aliphatic polymethlene
hydrocarbon produced from the Fiscieopsch (FT) chemical process with a congealing

temperature of 10Z and a melting temperature of 120 Sasobit® should be addatla rate of



0.8-3.0% by mass of binder for maximum effectiveness. When added in temperatures below
120 C, the Sasobit® strengthens the binder by forming crystalline network structures. However,
the antiaging properties of Sasobit® are thought to occadipneduce the tensile strength of the
asphalt.

The evaluation of rutting potential (permanent deformation), resilient modulus (elastic
deformation), and compattility are important in determining the lifespan of the pavement. In
general, Sasobit® redes the rutting potential of asphalfests show that samixing and
compactiontemperatures decrease the rutting potential increasesh could be a result of the
binder being less agedHurley & Prowell, Evaluation of Sasobit(Rdr Use in Warm Mix
Asphalt, 2005)Regardless of this finding, Hurley and Prowell found that mixes with Sasobit®
were less affected by decreased temperatures than control mixes with the same amount of asphalt
binder.There is some concern about tHieets of Sasobit at lower temperatures because below
80°Ci 90°C (176°F194°F) it forms a crystalline network and increases the stiffness of the mix,
which can lead to an increased potential of thermal cracking. However, Mallick, Kandhal and
Bradbury suggst adding a lower grade binder to RAP with Sasobit® because the lower grade
binder can actually reduce the stiffness of Sasobit at lower temper@latisk, Kandhal, &
Bradbury, Using Warm Mix Asphalt Technology to IncorporaighHPercentage of Reclaimed
Asphalt Pavement (RAP) Material in Asphalt Mixtures, 2008 addition of Sasobit® does not
affect the resilient modulus when compared to other asphalt mixes with the same performance
grade (PG) binder. Sasobit® improvedmpactabilityof mixtures in the Superpave Gyratory
Compactor (SGC) and vibratory compactor and air voids were reduced by 0.87% in temperatures
as low as 88C (Hurley & Prowell, Evaluation of Sasobit(R) for Use in Warm Mix Asphalt,
2005) Adding Sasobit® reduced air voids and lead to greater compaction and longer lasting
pavementidKeeches & LeBlanc, 2007)

2.2.2 Zeolite
Advera® WMA Zeolite, often shortened to just zeolite, is an additive ideal for typical paving

projects and is produced by PQ Corporation with headquarters in Pennsylvania. Another brand
more commonly used outside of the United States, Asih® Zeolite, 5 produced by Eurovia
Services GmbH in Bottrop, Germangeolite is composed of hydithermally crystallized
framework silicates with spaces that allow large cations and are perfect for adjusting to moisture
levels without damaging the asph&Hurley & Prowell, 2005) Both brands are practical in
WMA with only minor differences(US Department of Transportation Federal Highway
Administration, 2008)



1 Advera® is a finer grade zeolite than Asphan® and passes through a 750mm (No.
200) sieve.
1 PQ Corp. recommends that Advera® be added at 0.25% by weight, while Eurovia
suggests Asphmin be added at 0.3% by weight.
1 Advera has 121% of its mass as water, while Aspiin is 21% water.
1 Advera reducg HMA production temperatures of HMA by $0-70°F and Asphanin
reduces production temperatures byf4
1 Adverais released in temperatures aboveR ¥thile Asphamin is released in 185°F
360°F.
Zeolite is known as a foaming additive because it foamswthie added to the mix and comes in
contact with the binder. After the binder is added in a drum plant, Advera® Zeolite is added as a
powder through the fiber port of the plafRQ Corp, 2007)Advera® is naturally 181%
moisture and this small amount of water (about 0.03% of the entire mix) immediately turns to
steam at temperatures above 98.9°C (210°F) and mixes with the binder or is compressed out of
the mix. The addition of this additive increased the volume of the bihgetlys but improves the
workability of the mix. Any remaining moisture is absorbed by the Advera®.e abi | ity t o 0
and absorbo water and ot her |l iguids is positiyv
because the moisture does not always detaly evaporate during mixing at lower temperatures
(Hurley & Prowell, 2005)When Zeolite is added to binder between®@2and 182C, 21% of
water by mass is released but the remaining moisture may lead to increased \Viynesabi

moisture damagéHurley & Prowell, 2005)

Physical testing has shoveeoliteto improve thecompactabilityat temperatures as low as 88

with an air void reduction of 0.65%Hurley & Prowell, 2005) (PQ Corp, 2007)Similar to
Sasobit®,zeolite does not affect the resilient modulus or increase the rutting potential of the
asphalt pavement. Hurley and Powell recommend optimizing the asphalt content before the

additon of zeolite and then taking additional samples to adjust for the additive.

Hurley et. al. performed a field study in Orlando, Florida with Aspina® aided warm mix RAP

put down at 66C and a control RAP mix put down at temperatures betwee@ ahd 82C

(Hurley & Prowell, 2005) Cores were taken after the pavement cooled and one year later.
Laboratory testing completed on the cores determined that there were no significant differences
between the RAP control and the warnxnThe density and air voids were essentially equal
with exception to the gyratory air voids where the warm mix voids were slightly higher. No
differences in strength gain were present and the warm mix and control were equally resistant to

moisture damage



2.3 Moisture Susceptibility
Moisture susceptibility is dendency of asphalt mixe® lose the bond between asphalt and

aggregate and is one of the biggest concerns with pavement performance, wiethatrritix,

warm mix, or RAP(Hunter, 2001) Moisture damage happens when the presence of moisture
through air voids negatively affects the strength and durability oHM¥A (Zollinger, 2005)

Two types of moisture damage can occur: adhesive falwlecohesive binder. Adhesive failure

is between the binder and aggregate while cohesive failure is the reduced strength of the binder
through moisture damaggollinger, 2005)

There is an increased possibility for moistusmége when using WMA additives due to the
lower compaction temperatufelurley & Prowell, Evaluation of Potential Processes for Use in
Warm Mix Asphalt, 2006)The results suggest that this is possibly because lower mixing and
compaction temperatures can result in incomplete drying of the aggregate. Hurley et. al
recommend that moisture sensitivity testing be performed at proposed field production
temperatures to ensure the longevity of the pavehtutey & Prowell, Evaluation of Potential
Processes for Use in Warm Mix Asphalt, 2008¢veral different procedures have been used to

evaluate moisture susceptibility.

2.3.1 Indirect Tensile Strength
Indirect tensile strength (ITS) is a very common perforceatest used in the pavement industry.

ITS testing offers a reliable indication of the crack potential for a mix. Testing a mix with and
without moisture conditioning can aid in measuring the moisture susceptibility of the mix
(Washington State Department of Transportation, 20@9%pecimen is loaded diametrically to a
cylindrical specimen until failure; a high strain at failure suggests the mix will resist cracking
(Mallick & El-Korchi, 2009)

In 1998, Maine DOT accepted the Superpave method of mix design. This method recommends
considering the tensile strength ratio (TSR) of the moisture conditioned and unconditioned
samples as the most appropriate measure of moisture suscept{ldaghington State
Department of Transportation, 2009)his conventional measure of moisture susceptibility can

be reinforced by the consideration of contact angle measurements and dynamic modulus results
which were proposedrecentlyto be promising alternatives to assess moisture susceptibility of
asphalt mixeg¢Tao & Mallick, 2008)

2.3.2 Surface Free Energy and Wettability
Two determinations of moisture susceptibility are the wettability and adhesion of the binder.

Greater wettability leads to less adhesion and greater moisture susceptibility. Wasiuddin et al.
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used the Surface Free Energy (SFE) Method to determine contact angles between two asphalt
binders (PG 642 and PG 7@28) and three liquid solvents (wateryggrine and formamide)

with known properties (Wasiuddin). The binders were tested with two additives added as
percentages by weight: Sasobit® (0%, 2%, 4%, 8%) and Asph®R (0%, 1%, 4%, 6%). The

SFE is calculated using the Youbgu pr e e g u a t ipastalatianrsttbwnGigoatiohls

Uy 1+ cdi—= 2z Oa® 2z O 22 O

where,

ar”, @y, andii; = SFE components of liquid solvent,

%y, b, anddiy, = SFE components of asphalt binder, and
—= Contact angle.

Wassiuddin et.al. efinedwettability as the spreading coefficient of the chosen solvents dropped
on the asphalt binder with and without additives. The spreading coefficient is determined using
Equation2.

Noy= Oy Oy O

where,

Sus = Spreading coefficient of liquid L on solid S,

Gs = Advancing/wetting SFE of solid S, ergsfcm

Gs, = Advancing/wetting solidiquid interfacial energy, ergs/émand
G.v = Advancing/wetting SFE of liquid L, ergs/ém

Wasiuddin et. al. found that Sasobit® reduced the adhesion and increased wettability. The
increase in wettability may have been due to the hydrophobic (water repellent) qualities of the
Sasobit® wax. Asphanin® had an insignificant effect on adhesion and wettability of the binder
(Wasiuddin, Zaman, & O'Rear, 2007)

2.3.3 Dynamic Modulus
A common physical property of interest is antus. Modulus is the ratio of stress over strain

during a loading sequend@ynamic modulus|E*|) is the absolute value of the complex modulus

of a materiaMallick & El-Korchi, 2009) Evaluating theg*| of a mix is a suitable coiteration

in the quest of moisture susceptibility because it is an indicator of the viscosity of the mix
(Washington State Department of Transportation, 20@Jaluating |E*| before and after
moisture conditioning can aid irugporting the TSR results for a mix, in turn supporting
hypothesis of moisture susceptibility of different mixes.



The research presented in the Literature Review assisted in the formation of the following
methodology and design procedude.basic understating of moisture susceptibilitgan be
gained by conductingontact angle measurements, dynamic modulus and indirect tensile testing.



3 Methodology

The goal of this research was to evaluate the effect of WMAIaeslion moisture susceptibility
of HMA mixes containing1l00% RAR To achieve this, the researchergasurectontact angles
of various asphalt bindeend determined the dynamic modulus and indirect tensile strength of

various warm mix designs with and wailt additivesThe research methodology is presented in

Figurel.
Obtain Materials
1 All-State RAP
9 Virgin Binder
1 Advera® zeolite
1 SasolWax Sasobit®
A
Determinemoisture content,
asphalt content, and gradation
RAP
A\ 4
Design Mix
1 Regrade RAP to meet Maine DOT specifications
1 Determine the amount of virgin binder
A 4 A\ 4
Mix Tests Binder Test
1 Dynamic Modulus Extracted binder from RAP and determined
1 Indirect Tensile Strength contact angles with a goniometer.
A 4
3 Mixes
1 Control

1 Control+2.0% Sasobit®
1 Control+0.4% Advera® zeolite

Figure 1: Flow Chart of Procedures

10



3.1 Re-gradation of RAP
The purposeof re-grading the All State Asphalt, Inc (ASA, Inc) RAFasto meet gradation

standards set forth by the Maine Department of Transportatl@mné DOT), which began by
characterizing the RAP, grading the RAP, and thetorabining the RAPThe RAP used ithis

study was pulled from a stockpile in Holliston, Massachusetts that consisted of RAP milled from
Eastern Massachusetts roads. The RAP was milled from the surface course of low to medium
volume roads.The asphalt binder of althe RAP in the stockpile as originally AC20
(approximately PG6£28) grade asphalt binder. The RARgradation process consisted of the

following steps:

1. Three batches of RAP, all weighing approximately 1000 grams, were prepared.

2. The Moisture Content of each batch was determined.

3. The Asphalt Content of each batch was determined in accordancASWid D 6307
98: Standard Test Method for Asphalt Content of-Mot Asphalt by Ignition Methad

4. A complete washed sieve analysis was run on each batch in order to determine the
gradationof the RAP, in accordance wWit'ASHTO T 2-83: Sieve Analysis of Fine and
Coarse Aggregate.

5. The entire available RAP was separated into four fractions in order to determine the
feasibility of developing a mix design in accordance with aggregate sizeaslarset
forth by Maine DOT for a 50 gyration mix design. Fraction definitimshown inTable
1. Fractions 2 and 3 were most predominant among the ASA, Inc. RAP.

Table 1: RAP Fractions

Fraction Number

Passing Sieve

Holding Sieve

12.5 mm (1/2 in)

12.5mm (1/2 in)

2.36 mm (No. 8)

2.36 mm (No. 8)

0.075 mm (No. 200)

AIWIN|FP

0.075 mm (No. 200)

Pan

Figure2 shows a visual comparison of the three fractions used in the final mix design.

Figure 2: Fractions 1 through 3 (from left to right)

6. The sieve analysis (gradation) results of the burnt RAP and the fractioned RAP were
plotted. The percent passing was plotted against the sieve size raised to the .45 degree.
The supeimposed plotsFigure 3, show the fines were not adequately represented in
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7.

8.

Fraction 4. As a result, the two prominent fractions needed to be burnt, washed, and
graded in order to determine the distribution of the fines.

100% V
/
90%
80% //
70%

60%
50%

40%
g 7
30%
/A
20% / /
10%
0% 4/

0.000 1.000 2.000 3.000 4.000

Percent Passing

—&— |nitial Washed Gradatior—#— Fractioned RAP Gradatiol

Figure 3: Gradation Comparison

Steps 2 through 4 were repeated using two batches each from Fraction 2 and 3 of
approximately 1000 grams.

The gradation results of the fractioned RAP, the burnt fractioned RAP, and the target for
anMaineDOT 50 gyration mix design were plotted in order to determine the percentage
of each fraction needed. The percent passing was plotted against the sieve size raised to
the .45 degree. The percentages of the burnt fractioned RAP curve were adjuktled unti
curve resembled the target gradation curve in a satisfactory manner.

The available ASA, Inc RAP was -ggaded by recombining the RAP using the
percentages of each fraction determined in step 8, only Fractions 1,2, and 3 were used in
the regradation The final mix of RAP included the desired percentage of each fraction
and was in accordance with the gradation standardertietby theMAINE DOT for a

50 gyrations mix design.

3.2 Asphalt Content Approximation of Re-graded RAP
To limit the amount of matéal being used for characterizatiae asphalt content of the-re

graded RAP was approximated. This approximation was used to gain a base point to build the

mix design for 4% air voids.

1. The asphalt content of Fraction 2 and 3 was determined in accordancAS¥iM D

630771 98: Standard Test Method for Asphalt Content of-Mot Asphalt by Ignition
Methodduring the preparation of the fractions for a complete sieve analysis.
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2. The asphalt@ntent of Fraction 1 was estimated to be 2.5%. This fraction was not burnt
because it was the control fraction.

3. The amount of asphalt was approximabgdconsidering the percent efchfractionin
the final regradation, determined in Section 3dnd theamount of asphalt in each
fraction.

%060 aan = 3
»n, v Ty o e Iy v Ty n o

% Odl  %00qup1 + % OWER  %00¢ip, +

%D %0 i 3

3.3 Mix Design for 4% Air Voids

In order to create a mix desigh 4% air voids, several different mixes at different temperatures
shown inTable 2, were prepared and the air voidere calculated. The percent air voids was
determined by modification tAASHTO T269: Percent Air Voids in Compacted Dense and Open
Bituminous Paving MixesThe AASHTO procedure was modified by determining the bulk
specific gravity (BSG) and theoretical maximutensity (TMD) of the mixes using CoreLok®

procedures

Table 2: Percent Air Void Mix Variations

Sample ID Temp (°C)
100% Regraded RAP 125
100% Regraded RAP 150
Regraded RAP + 1.5% SH 125
Regraded RAP + 1.5% SH 130
Regraded RAR 1.0% VB 150

The percent of air voids in the samples were calculaded) Equatiod, which considers the
TMD and BSG of a sample in order to determine the vpidsent in the sample.

o, 100
Y O

3.4 Determination of the Total Amount of WMA Additive s
For this study three mix variations were analyzed. The controlconmtained RAP and 1.0%

%ONCET = 1

PG5828 Virgin Binder and the second and third mes were comprised of the RAP with
specified amounts oither Sasob® or zeolite Typically the amount of virgin binder to be
included in a mix design would need to be determinedutih trial and error. However, this
study was a continuation of a Tao and Mallick study, so 1.0% was considered appropriate based
on that researchn order to determine the correct amounts of binder or additives to add to the

RAP, theexactasphalt contet had to be established.
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3.4.1 Determination of Asphalt Content
Three batches of rgraded RAP of approximately 1000 grams were burnt and the asphalt content

determined in accordance Wit8TM D 6307 98: Standard Test Method for Asphalt Content of
Hot-Mix Asphalt by Ignition Methodt was found thaB.38% of the total rggraded mass of RAP
was ageebinder (AB).

3.4.2 Adding Virgin Binder (VB)
The control for this study is a base mix of RAP with 1.0% P&58/B added. For this mix

preparationthe amount of VB added is based on the amount of aggregates in the mix. Knowing
the amount of aged binder (AB) in the mix, the amount of VB to be added can be determined
using Equatiorb. After burning the RAP, the aged asphabntent was determined to B&38%.
Generally, the mass of the aggregates in an HMA mix are assumed to be 100% of the mass
considered for asphalt content determinatidrsample calculation ish®wn in conjunction with
Equationb.

06 + 0O 338+ 10 5

v o, \!\r\n"\\"r\““: — — - =4.(y
Y4 "ADOI NBR0OEEAE O T+ 0B 100+ 10 3%

3.4.3 Adding Sasobit® to Control Mix
For testing2.0% Sasob® was added tdhe control mixand wascalculated using Equatiof

The amount of Sasobit to be added was calculated by considering the mass of the entire asphalt

binder.
WM = %EQYiERQ 00538 YOO Qv + WO ("R ) 6

3.4.4 Adding Zeolite to Control Mix
When a mix containingeolite was preparedhe total sample mass of the control mix was

consideredaggregate, AB, and VB. Fe¢esting0.4%zeolite was considereghdEquation7 was

used to determine the required mass of the additive
G QA = % £ QIGEOZ YOO + «b ("Qexi) 7

3.5 Contact Angles
Contact angles weragnalyzed to determine the effects of virgin asphalt binder and RAP with and

without additives. AL% by mass proportion @irgin binder was added to all samples because it
was part of the mix design used for physical testing. The asphalt binder waseeixfract the
ASA, Inc RAP, slides were prepared and a rdragé Model 10600 Goniometer was used to

obtain contact angle measurements.
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3.5.1 Extraction of Asphalt Binder from RAP
In order to obtain aged binder from the ASA, Inc RAP for the contact angle sheeagé

binder was extractedTo ensure the extraction process did not negatively affect the slide
preparation an HMA virgin mix was also extracted. The extracted asphalts were placed in vials
and the desired combinations of aged binder, virgin binder\\viéd additives were obtained.

The extraction apparatus presente#figure4 performed all extractions in this study.

1. The binder was extracted from the mix.

N
—

L1 TS

Figure 4: Extraction Apparatus

. extraction vessel

: holding flask (1) for toluene/binder mixture

: filter to catch fines

: holding flask (2) (contains extracted asphalt after distillation)

- distillation column

. holding flask (3) for distilled toluene

: oil bath

: control panel for regulating flow of vacuum and nitrogen to apparatus

<XTmoOO >

The extraction process began lbgqging a specified amount the RAP in the extraction vessel (A)
with a specified amount of toluene. A motor that is attached to A rotates the vessel for a
specified time that corresponds with the amount of toluene added. A was then placed vertically

in a sand and the quick release valve was attached to tubing. This allowed the toluene/binder
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mixture to flow into the first holding flask (B). From B the mixture was conveyed through the
filter (C) and stood in the second holding flask (D). D rotates in thieatiil (X) as the toluene
was distilled out of the mixture through the Rotovaps distillation column (E) and stood in the
third holding flask (F). This process wasnductedto comply with theprocedure outlined in
SHRP D B006: Standard Practice for Extrdaon and Recovery of Asphafement for
Rheological Testing

2. The extracted binder was placed in vials, approximately 5 grams was placed in each vial.
3. The additives were placed in the vials and the contents of each vial are pres@&atald in
3.

Table 3: Extraction Vial Preparation

ID # Sample Content

D
1 Aged Binder(AB) + 1.0%Virgin Binder(VB)
2
3

AB + 1.0%VB + 2.0%SS
AB +1.0%VB + 0.4%eolite

4. The binder mixes were then diluted with 20 mL of toluene and roBftedvolutions per
minutefor about 48 hours or until the mix was completéssolved

3.5.2 Slide Preparation

Once the mix was fully dissolved, the slides were prepasuly a centrifuge on the slowest
speedThe slide was placed on the stage and 3 mL ofligenlved asphatiinder was pulled into

a pipette. After 6 seconds of spinning, the 3 mL was dispensed on the slide. At 30 seconds, the
centrifuge was stopped atmbk about 18 seconds to completely stop rotating. After the slide was
prepared, it was removed from the centrifuge and the base was cleaned so it would not stick to
surrounding surfaces. Slides containing Sa@hitere heated to 70° for approximately 20

minutes to dissolve the Sasdbibefore they were put into the centrifuge.

3.5.3 Goniometer
Once the slides were prepared, contact angles were measured using thartavieédel 10600

Goniometer, shown ifrigure 5, in the Surface Characterization Laboratory in Gateway Park at
WPI. The goniometer uses the sessile drop method to determine the contact angle of liquids,
called probe liquids, with known pperties. Water, a popular probe liquid, was used in this
testing because it does not change the chemical properties of the asphalt binder and its surface

energy components are known.
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Label Instrument
Raméhart Automated
Dispensing System
Pipette for dispensing onto slid
Camera
Backlight
2x3 leveling specimen stage

g~ lwiN

Figure 5: Goniometer

The goniometer used a lnfeed camera and DROPimage Standard software to determine the

contact angles.

1. The Auto Dispensing System, backlight and camera were turned on before the software
was opened and before any contact angles were taken, thepipigte was rinsed out.

The program has a @ADrop Volume Control o
appropriate amount of rinse cycles to ensure a sterile process.

2. After the pipette is rinsed, in the same
the probe liquid. If using a probe liquid other than water, there should be an air bubble
between the water present in the pipette and the probe liquid to ensure that the probe
liguid does not dilute or mix with the water. This air bubble was obtained byingess
Al nput stepd an appropriate number of ti
pipette.

3. Next the test slide was placed on the stage and the camera was focused. When necessary,
the backlight intensity was altered to get the best contact esagleng.

4. The pipette was pivoted over the slide so that both the slide and the pipette tip were
visible on the computer screen as a live feed.

me

me n

me s

5. Using the ADrop Volume Control o meny, dropl e

and 3nL were selected andi spensed (by pressing the #fAOut
slide.

6. Contact angles were measured wusing | imits se
Angl eo Options menu, the Circle Method was s
were set by thaiser to determine the Region of Interest (ROI). After the ROI was
determined, the user pressed ASTARTO and t h
tool bar . Once the contact angle reading appe

was pressed to reset thgstem and prepare for the next reading.

Calculations were coputedentirely by the program and presented in tabular form. Each
table presented calculatedeft and right contact angle, mean contact angle
measurementsind theheight, and width of the dplet. Contact anglesere measured
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using Youngos HBguwebtTheofigure sksotvsothenright aontact angle,
which is calculated using the free energy lestwthe solid, liquid and air vapor.

T

Ycoso

6 1s the contact angle

v*v 1s the solid/liquid interfacial free energy
v 15 the solid surface free energy

vvis the liquid surface free energy

Figure 6: Contact Angle Conception

7. After the row was filled and no more contact angles could fit on the slide, it was removed
and airdried. It was important not to wipe the slides clean because the asphalt was thin
and could be easily rubbed off.

The sessile method depends greatly on the homogeneity of the slides. A hydrophobic liquid,
shown inFigure 6, produces a high contact angle and thus low wetting ewdsurface energy.
Hydrophilic liquids produce a low contact angle, and thus high or complete wetting with high
surface energy. With asphalt, it is desirable for the liquids to be hydrophobic so as to not damage

pavement during extreme weather conditions.

3.5.4 Contact Angle Analysis
Statistical analysis is important to any experiment. Analysis of contact angles included

determining average contact angleslculating standard deviatignusing a 4distribution to

determine a 95% confidence lewld performing a Analysis of Variance (ANOVA).

Confidence testing is used to determine how likely a value is to be in a certain interval. A 95%
confidence means that 95% of the time, the contact angle measured will be in the range specified.

Accordingly, 5% of the timethe contact angle will not be within the specified range.

ANOVA is a hypothesis test that was used to determine if there was a statistical difference in
contact angles among different asphalt binders and warm mix agpbaiiccéi, Nandram, &
Chen, 1999)The ANOVA is illustrated irmable4 for easier conception but the basic principle is

that if the calculated F was equaldogreater thamrica, then the null hypothesis would have
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been rejected. On the contrary, if calculated heas tharki.a, the null hypothesis could not be

rejected.

Table 4: Hypothesis Testing

Ho [U= W = Mo = U3 = g = Us If this is true, values are statistically the
same.

Ha W W Mo Mg Mg Mg | [fthisistrue, values are statistically differe
and the additives have a significant impacf
on contact angles.

The calculated F value must be compared to the tabulated critiedli€: If R Was equal to

or less than the calculated F value, the null hypothesis could be rejected and all of the compared
values would be statistically different. Iffa Was larger than the calculated F value, then the

null hypothesis couldhot be rejected and therefore there would be no statistical difference

between values.

Initially a Treatment Tableshown inTable 5, was made. The number of treatments was the
number of slides that were compared and the sum of the values for each treatment was used to

determine the sum of the squares.

Table 5: Sample Treatment Table

Treatment (T) A | Slide 1 Slide 2 Slide 4 Slide 5
Xi1 X241 Xa1 Xs1
X2 X2,2 Xa,2 Xs2
XiN XanN Xan XsN

T totals X X X X X1 Xor X X1 Xar X sX1Xs;

*r is the number of X values in each treatment. r can be different for each treatment.

Once the Treatment Table values were calculated, values in the ANOVATable,6, were

calculated to determine the calculated F.

Table 6: Standard ANOVA Table

Source DF SS MS F
Mgt
Treatments (T) k-1 SS MS;
MSerror
Within N-k SSRrroR M Sgrror
Total [=N-1 TSS

Where:
T = treatment, or the number of slgtested
DF = degree of freedom
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k = number of readings in eatleatment
N= tot al number of treatments, xKk
SS = sum of the squares between treatmerBé‘lﬁ %

v = variance = standard deviation squargf=
SSpr = variability between T sum of the squares?/(N-1)

MSt & MSqror = sSum of the sgares divided by the degree of freedom
M
F=—3T_
Mserror

Feriica= tabulated critical values of which to compare calculated F values, the area
under a curve with k & | degrees of freedom

3.6 Sample Preparation and Application

The dynamic modulus (|[E® andindirect tensile strengtliTS) specimens were used for both
tests. Reusing sampléswered the amount of RAP needed for this stutble 7 shows the
sample specifigtion andwhich test(s) each sample was used for. JEfg are not compromised

therefore one of the samples can be cut for the IDT.

Table 7: Compacted Sample Use fotE*| and IDT Tests

Sample # 1,2,3 4

Test Procedure |E*| IDT [E*| IDT
Moisture Conditioning W with | W wien | Y i | Y i
RAP + 1.0%VB X X X X

RAP + 1.0%VB + 2.0%SS | X X X X

RAP + 1.0%VB + 0.4%Z X X X X

3.7 Dynamic Modulus
In order to determine the dynamic modulus for the three different mixes of interest, samples were

prepared in accordance withppendix 2of |[E*| - DYNAMIC MODULUS: Test Protocdl
Problems and Solution$he test was performed in a Universal Testing Magldquipped with a
loading cell anda computer containing a ShedWorks® software package for data collection,
following the modified procedure that follows

1. Twelve, four for each mix of interest, 170 mm (6.69 in) high six inch diameter specimens
were prepeed in a Superpave Gyratory Compacteith heightcontrol mode in
accordance WIithAASHTO T 312 Standard Method of Test for Preparing and
Determining the Density of Hot Mix Asphalt (HMA) Specimens by Means of the
Superpave Gyratory Compactorith modifications to compaction temperature for
WMA.
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Four samples, six inch diameter gyrated to 170 mm inch height, of each mix were
prepared. All mixes were compacted with a target temperature of 125°C.

The BSG of each sample was determined using the CoreLok®.

Each ample was cored using a 4 inch coring rig.

The rough ends of the cylindrical specimen were sawed off using a double blade saw to
reach a smooth height of 152.4 mm (6.00 in).

Mounting studs for the axial Linear Variable Differential Transformers (LVDTsewer
attached using quick setting epoxy in accordance with the mounting specifications
provided by ShedWorks, Inc. for the Dynamic Modulus testing using the Universal
Testing Machine. Mounting instructions can be foundAppendix 1: LVDT Sample
Mounting for Dynamidviodulus Testing

Figure 7: Mounted |E*| Sample

The samples were tested at four temperatures. At each temperature the samples were
tested under four loading frequencies, with a different specified load applied at each
temperature to achieve appropriate amount of elastic deformation in the samples. The
testing conditions are summarizedTable8.

Table 8: |E*| Testing Conditions

Temperature Frequency Peak Load Contact Load
(°C (°F)) (H2) (Ib) (Ib)
-10 (14) 10,5,1,0.1 2500 125
4.4 (40) 10,5,1,0.1 1200 60
21.1 (70) 10,5,1,0.1 600 30
37.8 (100) 10,5,1,0.1 250 13

The testing was performed in a Universal Testing Machine that consisted of a small
environmental chamber equipped with a loading cell within a large environmental
chamber, depicted iRigure8.
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Figure 8: Large Environmental Chamber (left) and Small Environmental Chamber (right)

8. Ead sample was tested twice, before and after acceleratgsture conditioning.
Moisture conditioning was perfored in accordance witlbDT 66 section j(Georgia
Department of Transportation, 2008) this study,6 inch height samples were uséd
simplified procedure follows.

a. The dry mass of the samples was determined.
b. Thesaturateesurface dry (SSD) mass of the samples was determined.
c. The samples were allowed to dry completely overnight and vacuum sealed using
the CoreLok®, bag set up and sealed sample sho®igime9.
. F

Figure 9: CoreLok® Bags (left) and Sealed Sample (right)

d. The vacuum sealed samples were placed in water, bag opened under water, and
allowed to saturate for 30 mites, shown ifrigurel0.

Figure 10: Submerged Saturation of .the Vacuumed Sealed Sample

e. The vacuum saturated SSD mass of the sampletheasletermined.
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f. The samples were then placed in alpigk bag (gallon size) with approximately
10 mL of water and sealed, showrFigure11.

= L pING CLOTHS

Figure 11: Bagged Sample for Freezing

g. The samples were moved to a freezer, that held a temperafit8°af 2°C {
0.4° £ 3.6°F) for at least 15 hours.

h. After ample freezing time the samples wereved to a warm water batch, that
held a temperature @&0°C (140°F), for at least 24 hours with the bags open to
allow the warm water to penetrate the samples.

i. After the freeze thaw process the samples were set out to dry and the mounts
were refitted if necessary.

The results of the test are presented by ShedWorks® software in Mlicrosoft Office

ExceR00® worksheet containing the deformation readings of the LVDTs at each frequency.
This data wrethen organized by frequency and interpreted by a MatLAB® program developed
atWPI. The dynamic modulus amhase angle were then transferred to an Excel® workbook for

analysis.

3.8 Indirect Tensile Strength Test (ITS)
Indirect Tensile Strength (ITS) testing was performed in accordance AMBHTO T2838B9

Resistance of Compacted Bituminous Mixture to Moidiuleced Damag®n a universal testing
machine that was retrofitted from pneumatic to hydraulic actuation by Shedworks, Inc. Six
samples were producemd eacl-inch diameter6-inch thick cylinder vascut into three smaller
cylinders using a double blade saw to yield-iach diameter 2nch thick disc.This resulted in

nine unconditioned and nine conditioned specimdrige conditioned specimens had been
previously moistureonditionedduring the dynaie modulus testingn accordance witiGDT 66
(outlined in SectiorB.7).

The ITSrequires applying a compressive load on a cylindrical specimen, in this casela 4
diameter 2inch thick disc. The specimen was loaded until failure and the IDT was calculated
using Equatior8. Where P is the maximum load, d is the diameter efsgpecimen, and t is the
thickness of the specimen.
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Graphical outputs from Shedworks, Inc software of the forces applied to the samples are in
Appendix 2: Indirect Tensile Strength Shedworks® Output

The methodology presented in this chapter assisted in the exploration of the effects of warm mix
asphalt additives on moisture susceptibility in reclaimed asphalt pavehmentesults chapt

presents the findings of this research from start to finish.

24



4 Results

The results of the research are presented in thigpt€&havioisture susceptibility wasxplored
through the research of contact angles between water and asphalt binder and treemaatst
indirect tensile strength and dynamic modulusahpactedgamples.

4.1 RAP Re-gradation
The process of rgrading the ASA, Inc RARo meet gradatiostandards set forth by tiaine

DOT resulted in the RAP fractions being combined to follow thelgtian plotted irFigure 12
The Burnt RAP Gradation curve and the RAP Gradation curve are linked in order for the fines to
be realistically represented in the RAPeTBurnt RAP Gradation line was attempted to meet the

target as closer as possible.

—&— Target Gradation —#— Rearaded Burnt RAP Re-araded RAP

120%

100% )/7q,
80%

40% /

20%

Percent Passing

0% +—— = T r r T T
000 050 100 150 200 250 3.00 350 4.00

Seive Size (mm) Raised to .4!

Figure 12: Re-gradation vs. Target Gradation

Using the regradation resultsthe RAP fractions were combined into batches for sample
preparation. These samples were then run through the physical tests for this study, including

dynamic modulus evaluation and tensile strength determination.

4.2 Volumetric Properties
Four samples for e& mix (resulting in twelve samples total) were prepared for the physical tests

in this study. The Bulk Specific Gravity (BSG) was determined for each specimen. A Theoretical
Maximum Density (TMD) of 2.485 was determined for all miariations. ThisTMD was
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decided based on th@evious research observatitirat the additiveslo notaffect the TMD of

the mix

The additives affect the workability of the mix, whighturnincreasesompactaility of a mix
with the same TMD as the mix without the aid of iigds. The aierage and standard deviation
of the bulk specific gravity of the different mixes are shownFigure 13. Compared to the
control mix, the mixes with Sasoffit and zeoliteadditives achieved higher bulk specific
gravities This was expected due to the probable increase in workability of the mitteshe

WMA additives Volumetric raw data angresented il\ppendix 3: Volumetric Mix Design Data
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2.0%Sasobit® 0.4%zeolite

Figure 13: Average Bulk Specific Graviy of Different Mixes

The Percent Air Voids was determined for each sample using the BSG and TMD results. The
average and standard deviation of the Air Void results are shotigune 14. Compared to the
control mix, the mixes with Sasobit® and zeolite additive achieved lower air voids, as expected
from the BSG results.
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Figure 14: Percent Air Voids of Different Mixes

The decrease in air voids of the mixes wusing

abilities to increase the workability of the aged binder in the RAP.

4.3 Contact Angles
Comparing the contact angles between water and virgin asphalt binder to et aogtes with

aged RAP binder provides a new analysis for asphalt. All aspects of the analysis, including the
extraction process and its effect on the RAP binder and the comparison of contact angles with and

without additives, were included.

4.3.1 Extraction and Slide Preparation
When compared with previous research using 100% virgin binder, the slides containing reclaimed

asphalt were not as homogenous, ewten Sasobit® or zeolitevere added, as those prepared
with virgin asphalt binderFigure 15 shows a slide prepared with virgin binder and 2.0%
Sasobit®

Figure 15: 100% Virgin Binder
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The asphalt extracted from the RAP caokiee slides, but was much thinner in some areas and

appeared to have vejnbustrated inFigurel6 andFigure17.

Figure 16: RAP Asphalt + 1.0%VB + 2.0% Sasobit®

Figure 17: RAP Asphalt + 1.0%VB + 0.4% zeolite

The slides also attracted morestl than the 100% virgin binder slides. Factors that may have
contributed include being stored outside of a fume hood and the altered nature of the RAP. If the
RAP slides were less homogenous or tactian virgin binder slideshey may have attracted

more dust.

4.3.2 Contact Angle Analysis
Contact angles were measured using a goniometer and DROPimage Standard software. The

average contact angle from each slide was determined by taking an average of the left and right
angle readings Both were considered goaneasurements because, theoretically, the contact
angle should be the same on either side of the liquid drop. If one angle was incorrectly
represented, and it was clearly visible that the DROPimage Standard software was taking an
incorrect measurement, thagle measurement was discarded and not included in the analysis.

Average contact angle measurements are representéidwe 18. Contact angles wibut aged
binder had average angles that were much higher than slides with RAP aged binder. Higher
contact angles mean the surface is hydrophobic. Thiseferablein the pavement industry

because asphalt pavements comeointact with rain, snovgleet,andetcetera
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Figure 18: Effect of RAP and Additives on Average Contact Angles

The average contact angles, standard deviation and confidence levels of all of the slides are
presented iTable9. Higher standard deviations are present for slides with aged binder and slides
with zeolite. In the lab,hHe contact angles with the aged binder were significantly more difficul

to get proper readings because of the way the slides were coated. It was not desirable to have
droplets on asphalt veins on dust particles attached to the slide. For slides with zeolite, the
liquid would often spread out too quickly to take an acceraieasurement of the initial contact
angle.This was undesirable, not only because it resulted in a bad reading, but also because the
number of accurate contact angles was significantly reduced for slides with Z8otifelence

values indicate that theie a 95% confidence that the measured angle will be that close to the
average. For instance, it can be said with 95% confidence that a contact angle on Slide 1 will be
between 100.1 (100:2.0764) and 100.3 (100.2+0.0764).

29



Table 9: Contact Angle Analysis

Slide Contents Average Standard Confidence
Contact Angle Deviation
1 Aged +1.0% VB 100.2 4.87 0.0764
2 Aged + 2.0% Sasolgit 98.3 3.67 0.0543
3 Aged + 0.2%zeolite 101.1 4.89 0.0780
4 Aged + 0.4%zeolite 101.6 5.61 0.0571
6 VB + 2.0% Sasobit® 106.7 1.882 0.569
7 VB + 0.2%zeolite 105.6 1.805 0.495
8 VB + 0.4%zeolite 107.9 4.463 1.179
9 100%VB 107.0 2.690 1.014

An Analysis of Variance (ANOVA) was conductéat contact angles and sevenall hypotheses
were testedTable 10 shows the ANOVA tests that were conducted. The hypothesis for each of
the ANOVA was that the treatments compared would be statistically insignififathe

calculated F value will be greater than or equal to the critical F Mdl@eull hypothesis cabe

rejected.
Table 10: ANOVA Treatments Compared
Comparison Treatment Sets
1 4 slides with Aged Binder(AB) + 1.0% Virgin Binder(VB)
2 4 Sides with VB
3 AB +1.0% VB 100% VB
4 2.0% Sasobit®AB + 1.0% VB 100% VB
5 0.4%zeolite + AB + 1.0% VB 100% VB
6 2.0% Sasohit® + AB + 1.0% AB + 1.0%VB
7 0.4% zeolite + AB + 1.0% VB AB + 1.0%VB
8 2.0% Sasobit® + AB 2.0% Sasobit® VB
9 0.2% zeolite + AB 0.2% zeolite VB
10 0.4% zeolite + AB 0.4% zeolite VB

The treatments compared in the ANOVA are presentdabbe 10. For the most part, there was

no statistical difference between the contact angles.reasoning behihnthe lack of a difference
cannot be explicitly explained because it relies on several factors. For instance, when the
ANOVA compared different additives to virgin binder and aged binder (Comparisons 3 through
7), there was no statistical difference foy afi the scenarios. However, the aged binder may not
have had sufficient time to mingle with the virgin binder. If this was the case, contact angles may
alter over time. If there was sufficient time to mingle, there may actually be no significant

differerce between virgin binder and aged binder. The same situation occurred when comparing
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aged bhinder slides each other (Comparison 1) and virgin binder slides to each other (Comparison
2).

However, when an ANOVA was performed between the Sasobit® slides ndtkvithout aged
binder(Comparison 8)the null hypothesis was rejectédis suggests that there may have been a
significant difference and the virgin binder and aged binder had a change to mingle. This may
happen with Sasobit® quicker than zeolite beeanfsthe different framework of the Sasobit®

that allows the asphalt to flow easier. Sasobit® slides were also heated to 70°C during the slide
preparation process to dissolve the wax, which may have assisted in the mingling of the aged and
virgin binder. All contact angleANOVA tables are presented isppendix 4:Contact Angle
ANOVA

4.4 Indirect Tensile Strength Test (ITS)
Indirect Tensile Strength was tested for three mixes at room tempefgues 19 presents the

average indirect tensile strength values for each of the mixes. For each mix, three unconditioned
and three conditionedpecimensvere tested. The indirect tensile strengths of the control and
zeolite coresvere impacted by the moisture conditionifmgpt very pronounced for the control
samples) Alternatively, the Sasobit® samples seemed to improve with moisture conditioning.
One of the zeolite samples had an unusually low tensile strength, which influéecederall
strength average. However, even with the outlier excluded from the results, the average strength

is still much lower than Sasobit® and control samples.
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Figure 19: Indirect Tensile Strength
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The tensile strength ratif SR) of moisture conditioned vs. unconditoned strength, shown in
Figure 20, should be at least 80%r a mix with sustained tensile strengtfhe control and
Sasobit® samples met the 80% and the zeolite ratio was just under 80% (78.9%). Air voids in the

zeolite mixmay have had a contribution to the low ratio and could have contributed to the lower

ITS values observed
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Control 2.0% Sasobit® 0.4% Zeolite

Figure 20: Indirect Tensile Strength Ratio: Conditioned vs. Unconditioned

During the accelerated moisture conditioning process the saturation (%) was determined. The
saturation of the WMA additive aided mixes decreased compared to the control mix, this is
representative oFigure 21: Saturation (%) of Different Mixe&igure 21. This was expected
considering the volumetric resulthat showed decreasedhir voids were in the mixes with
Sasobi® andzeolite By visually inspecting results iRigure 20 andFigure 21, one can observe

that there is no strong correlation between degree of saturation and TSR ratio. For instance, RAP
with 1% VB plus 0.4% zeolite had the lowest degree of saturation but the lowest value of TSR
ratio whilethe control mix had the highest degree of saturation but not the lo@Bsafio.

32



50

35 -
30 A

25 -

20 +

Saturation (%)

15 4
10 ~

RAP + 1% VB RAP + 1% VB + RAP + 1% VB +
2.0%Sasobit® 0.4%zeolite

Figure 21: Saturation (%) of Different Mixes
4.5 Dynamic Modulus (|E*|)
The dynamic modulugE*|) of three mixes of interest was determined through mechanical testing
and MATLab® aided interpretation. In order to determine the moisture susceptibility of the
mixes, the samples were tested before and after an accelerated moisture conditioningT@cess.
dynamic modulus and phase angle results for each sample at each temperature and frequency

before and after moisture conditioniogn be found iM\ppendix 5: Dynamic Modulus Raw Data

The|E*| ratio was calculated to compare the conditioned samples to the unconditioned samples at
the same temperature. The control and zeolite mixes had lower dynamic moduli ratios at 10Hz
than at 0.1HzConsideringhat temperatureemaned constantor each testthe decreased moduli

were most likely due to the frequency of the load. Conversely, however, the ratio increased with

an increase in frequency for Sasobit® samples.
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Figure 22: Dynamic Modulus Ratio at 37°C

Figure 23 shows the dynamic moduli at varying temperatuneder a frequency dfiOHz. As
expected, increases in temperature resulted in redooetili. |[E*| testing was important at

varying temperatures because increased temperature is known to be a factor in permanent
deformation such as ruttinG.ompared to the control mix, the mix aided by zeolite resulted in the
least desirabldE*| performare. The Sasobit® aided mix showed the most desirfbip

performance of the three mixes.
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Figure 23: Uncondtioned Samples at 10 Hz
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The plots, superimposed horizontally, Figure 24 represent how the differeninconditioned

moduli from each mix compared to each other frarying fequencies and temperatures in the
Universal Testing Machine. Th¢E*| of the unconditionel samplesiemonstratethat Sasobit®

offers an increase in modulus over the congsateptat -10°C and 5 Hzmix andzeolite showed

no improvement. The combination of increased temperature and decreased loading frequency

showed a lower moduldsr all three mixes, which was expected.
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Figure 24: Dynamic Modulus vs. Temperature

The dynamic moduli ratio was compared to the TSR value and the percent saturation to determine
if there was any correlation between the two physical tkéstppears fronfrigure 26 that there is

a correlation between TSR and |E*| ratio based on limited testing data from this study.
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Figure 25: TSR and |E*| Ratios in relevance to Saturation
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Figure 26: E* Ratio vs. TSR

An ANOVA was completed for dynamic modulus to determine if moisture conditioning had a
significant effect onE*| results at 37.8 with varying frequenciesrigure 27 represents the
| oading frequencyodos effe€t on the dynamic modul

36



—— Control: Uncond- -8~ - Control: Cond —#— SS: Uncond

- —A- - SS: Cond —@— Zeo: Uncond - - - Zeo: Cond

6.00E+05

5.00E+05

4.00E+05

3.00E+05

2.00E+05

1.00E+05

Dynamic Modulus |E*| (psi)

0.00E+00

0 2 4 6 8 10 12
Loading Frequency (Hz)

Figure 27: Dynamic Modulus of Unconditioned and Conditioned Samples at 37.8°C

The moistire conditioned control mix was significantly different from the unconditioned sample
at 10Hz, but was not significant at 5Hz, 1Hz, or 0.1Hz. As showRigure 24, this may have

been due to the outlien the control mixat 5Hz. The Sasobit® aided specimens had no
significant difference between unconditioned and conditioned sanidegever,it is apparent
thatthere is significantifference in dynamic modulus tifie Sasobi® aided mix fromFigure27.
Conversely, there was a significant difference between unconditioned and conditioned samples at
all four frequenciedor zeolite mixes. This phenomena with the zeolite samples could have
occurred because of increased moisture susceptibility as illustratédure 20 where it had a
relatively low value of TSR. Zeolite is known as a foaming additive and there has been some
concern that it increases the moisture in samples. This may have been the tese fearmnples.

All E* ANOVA tables are attached iAppendix 6: |[E¥| ANOVA Tables

The |E*| results imply that the Sasobit® aided mix produces the most desirable bfgbarixes
of interest when using 100% RAP. Compared to the control mix, the zeolite aided mix showed no

improvement of modulus and was more impacted by moisture conditioning.

4.6 Cost Comparison
A cost comparison was completed for RAP mix designs usedsistiy and an HMA mix with

no additives. The virgin binder content, amount and type of additives used, and oven temperature
were all taken into account to produce a price per ton of eachQust analysis is presented in
Tablel1throughTable1l5with a summary ifTable16, presented iffable16.
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Table 11: Cost of 100% RAP Mix with 6% VB & 2.0% Sasobit® at 130°C

Component Amount Price/ton Cost
100% RAP 1 ton $5.00 $5.00
Energy (130°C) $0.74 $0.74
Virgin Binder 6% of mix $800.00 $48.00
Sasobit® 2.0% of VB $3000.00 $3.60
TOTAL $57.34

Table 12: Cost 0of 100% RAP with 1% VB & 2.0% Sasobit® at 130°C

Component Amount Price/ton Cost
100% RAP 1 ton $5.00 $5.00
Energy (130°C) $0.74 $0.74
Virgin Binder 1% of mix $800.00 $8.00
Sasobit® 2.0% of VB $3000.00 $3.60
TOTAL $14.34

Table 13: Cost of 100% RAP with 6% VB & 0.4% zeolite at 130°C

Component Amount Price/ton Cost
100% RAP 1 ton $5.00 $5.00
Energy (130°C) $0.74 $0.74
Virgin Binder 6% of mix $800.00 $48.00
Zeolite 0.4% of mix $0.00024 $0.24
TOTAL $53.98

Table 14: Cost of 100% RAP with 1% VB & 0.4% zeolite at 130°C

Component Amount Price/ton Cost
100% RAP 1 ton $5.00 $5.00
Energy (130°C) $0.74 $0.74
Virgin Binder 1% of mix $800.00 $8.00
Zeolite 0.4% of mix $0.00024 $0.04
TOTAL $13.74

Table 15: Cost of HMA

Component Cost/ton

HMA $80.00
Energy (150°C) $0.94

TOTAL $80.96
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Table 16: Cost Comparison of Mixes

Mix Cost
100% RAP with 6.0% VB & 2.0% ® at 130°C $57.34
100% RAP with 1.0% VB & 2.0% Sasobit® at 130°C | $14.34
100% RAP with 6.0% VB & 0.4% zeolite at 13C°C $53.98
100% RAP with 1.0% VB & 0.4% zeolite at 130°C $13.74
HMA at 150°C $80.96

The RAP used in this study was donated, but a milling and trucking cost haadosehbecause

it will generally be a cost associated with RAP technologies. Costs will vary with each contractor,
but this comparison estimated $5.00 per ton for milling and trucking in the(Kgktjansdottir,
Muench, Michael, &urke, 2007) Sasobit® and Advera&eolite costs were obtained through
personal communications with company representatives and cost $1.50 per pound ($3000/ton)
and $0.50 per pound ($1000/ton), respectively. Energy cost estimates were determiaed to b
$0.74 per ton at 130°C and $0.94 per ton at 150°C, based on fue(Kesthes & LeBlanc,

2007)

As seen inTable 16, reducing the virgin binder from 6.0% to 1.0% by mass greatly reduces the
cost per ton of pavement. Virgin binder is expensive and if it is possible to reduce the amount of
binder by using RP and additives, the possibility should be explored. The cost of a 100% RAP
mix with 2.0% Sasob® was reduced by $43 with the reduction of virgin binder from 6.0% to
1.0%. A similar effect occurred with zeolite and the price was reduced by approxibéely
Sasobit® and Advera@&eolite are approximately the same price per ton when less virgin binder

is used.

When compared with hot mix asphalt, Sasobit® and Adveta@lite are 30% to 40% cheaper
per ton, even with a higher percentage of virgin bindereiat binder is reduced to 1.0%,
RAP mixes with additives cost approximately 83% less than HMA.

4.7 Environmental Analysis
Environmental considerations are the basitheflong term goal of this study. In order to develop

sustainable design procedures, the environmental impacts and the use of virgin materials must be
carefully assessed. The ultimate goal is to produce the most durable pavement with 100%
recycled material In this research, environmental factors were directly addressed by reducing
the amount of virgin materials used. The mix desigrecompletely comprised of reclaimed

pavement and 1.0% by mass virgisphaltbinder.
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WMA additives that increase workdiby at reduced temperatures. Keeches et al. discovered that
there is a 16% heat energy reduction when heating an oven from ambient temperatures (25°C) to
130°C as compared to 150°C. This is an essential finding addressing the redudéshoof

dioxide CO,) emissions due to oven temperatures. They also found that there was a 27.9%
reduction in CQ@ emissions when reducing the temperatures from conventional HMA
temperatures of 150°C to 130°C with1.0% Sasobit®. Thus, the totaé@i®sions reduction was
43.9%. The reduction of temperatures also reduces the fuel consumption required to heat the mix
during mixing as well as during transport to the paving site. Reducing the fuel required will also
reduce the C@emissions.

Based on the research of Keechealgtthe total energy and G@duction of this studgue to
temperature reductionas determinednd presented ifiablel7.

Table 17: Energy & C O, Reduction

Temperature Energy(J) CO, (ppm)
150°C 125 716.67
130°C 105 516.67

Reduction 16% 43.9%

Even with these promising GQeductions, the longevity of WMA with additives should be
assessed to ensure that the mixes are comparable ta ANIB0% RAP mix also reduces the
amount of virgin materials required in production. Reducing the amount of new aggregates by
using reclaimednaterialsprovides a sustainable way to reuse and recycle old material. RAP also
requires less virgin asphalt bindénan conventional HMA or WMA with all virgin materials
because it already has some aged binder included. Howenesr,ifethe initial emissions are
reduced, a warm mix with a shorter lifespan will require more field work and pavements. This

will resultin an overall increase in emissions, which is undesirable in sustainable development.
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5 Conclusions

Advera® Zeolite and Sasobit® have an effect on WMA moisture susceptibility and several
conclusions and recommendations have arigsen though the reduction of temperature has
proven to be effective in the lab, plant conditions may vary. Before converting a plant to WMA,
the plant should be evaluated to ensure that the reductions in oven temperatures are feasible on

the existing equiment.

5.1 Asphalt Binder Contact Angle Tests
Contact angles are influenced by additives when using virgin binder at warm mix temperatures.

This type of analysis is new to the asphalt industry and no asphalt binder slide preparation
specification was used ithis studyWith the process usedlides were not uniformly coated with
extracted RAP asphalt binder and ¢heontact angles werslightly lower thanslides with no
extracted RAP. This was probably a result of aging the binder during the extracttesgrio
significant difference was found between contact anglesvetged binder was used, but the
differencemay be dudo impacts from the extractioprocess of asphalt binder from the RAP
New extraction procedures should be investigated that fhgtfactors attributing to the

roughness of slides coated with aged asphalt binders

After the 10day waiting period, the slides had dust and other particles stuck to them, which made
contact angle analysis difficult. If these procedures are repeated, Slioglsl be stored in an
airtight container under a hood to reduce the amount of dust accumulated. One downside of using
a software program to determine contact angles is that sometimes it had difficulties distinguish
between the surface and dust or othartiples on the slide. Similarly, the slides are easily
scratched and binder can be rubbed off easily, so handling should be limited to preserve the
integrity of the slides.

More research should be completed comparing contact angles of extracted agedobi)%
virgin binder. Also, other liquids with known properties, such as diiodomethane and formamide,

should be investigated.

5.2 Mix Tests

Overall the physical test results suggest that WMA additives Sasobit® and AdXedi® are
successful in impnang the physical properties of a 100% RAP mix design. Advefa@lite
showed a better improvement in volumetric properties, how&veand strength were improved
more by the aid of Sasobit®. This could be due to the levels of additive used and therefore
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further research should be conducted to determineptimumlevels of WMA additives. Also,
humidity influenced the initial sieve analysis and caused fewer fine aggregates to pass the 300
sieve. If humidity can be controlled, it should be monitoredraddced to avoid this issue.

5.2.1 Volumetric Properties

The WMA additive aided mixes showed an apparent improvement in volumetric properties. An
increase in BSG resulted in a decrease in air voids, which confirms that the WMA additives
increased the workabiitof the mixes. Increased workability permits a lower than conventional
compaction temperature. The results from this study are promising; however, only three mixes
were researched. As such, more research should be conducted to determine the idedl levels o
additives for a 100% RAP mix design.

5.2.2 Dynamic Modulus
For all three mixes there warm apparentrend in relation to temperature aladingfrequency,

as the testing temperature increased and the loading frequency dedteafied decreased. A
higher |E*| is desirable to resist permariedeformation such as rutting, making the Sasobit®
aided mix the most desirable of the three mixes in this respecAdera® Zeoliteaided mix,
however, showed no improvement|it| when compared to the control mix. In order to validate
the results of this study, which considered a limited sample size of limited mix variations, more
testing should be completed. Expected conclusions were mathe fSasobit® aided mix design.
The Advera® Zeolite mix design did not showignificantimprovementover the control mix

This could be due to the level éfdvera® Zeolitein the mix, so different levels should be

considered for further research.

At ahigh temperature (37.8°C) aadnoderate dading frequency (10 Hz) the performance of the
Sasobit® aided specimens showed notably better performance over the control mix when
considering the ratio of the unconditioned and the conditioned m@hiisidering a desired ratio

of 0.80, the Sasobit® ded mix was the only mix with cée to satisfactory performancehe

zeolite aided mix stwed a decrease in performance over the control. This would suggest

prominent moisture damage to the mixes without Sasobit® from the moisture conditioning.

5.2.3 ITS

Both the control and WMA modified mixes had higi$R value, suggesting significant tensile
strength sustained after moisture conditionihg.investigate the possibility of thermal cracking,
more research should be completdtht teststhe tensile strength atower temperatures

Additionally, the Sasobit® aided mix had an increase in tensile strength over the control mix,
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which may be due to the formation of lattice structui@verall, Advera® Zeolite had the
poorest performance of the three mixes. This co@ddbe to inconsistency in air voids and

therefore suggests more testing should be completed.

This research was completed in a relatively short period of time. Continued research should be
completed to compare the effects of Sasol Wax Sasobit® to AdveraBteZen moisture
susceptibility of warm mix asphalt with RAP. Dynamic modulus ratios and tensile strength ratios
of moisture conditioned and unconditioned mixes should be compared with more data to
determine if there is actually a correlation betweendBt] TSR. Contact angles should also be
investigated in more detail with different probe liquids and differing amounts of additives to

determine if aged binder has any effect on wettability.
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Appendix 1: LVDT Sample Mounting for Dynamic Modulus Testing

Screws in end of bar
slide in & out of these
slots to adjust for
diameter differences &

Center hole

for removal after gluing.

Figure 1. Glue jig.

... in here with “dripless”
superglue on the end that
sticks to the specimen.
After glue 1s stuck to
specimen, loosen screws
in bar and pull bar straight
off specimen, leaving hex
piece stuck to specimen
(1t’s a tight fit. so must be
straight when glued on or
else holes need to be
opened up a bit with a file
or sandpaper).

Put this ...

Figure 2. Instrumentation mount after gluing on hex pieces. LVDT can go up or down, depending

on preference (dynamics vs gravity).




Appendix 2: Indirect Tensile Strength Shedworks® Output

CEINSTRON1132 10:43:59 AM 2/13/2009
2000 /_\
1600 // \
1200 A
g /
£
3 / A
<
T 800 /
i
40 //
L~ !
L
1 0.03 0.10 [(NE] 0.20 0.25
Position (in)
Test Summary Test Results
Counter: 132 Diameter: 4.0000 in
Elapsed Time: 00:00:06 Area: 12.5664 in*
Specimen Identification:  4-1 Peak Load: 1978 Ibf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time: 10:43:42 AM
End Date: 2/13/2009
End Time: 10:43:48 AM
Workstation: CEINSTRON1
Tested By: default

49



CEINSTRON1133 10:46:56 AM 2/13/2009
140 ’"\\
105 A \\
/ \

o / \

=

= 70

o

: /

/
35 /},
* ..._....__/
0 0.06 012 . 0.24
Position (in)
Test Summary Test Results

Counter: 133 Diameter: 4.0000 in
Elapsed Time: 00:00:08 Area: 12.5664 in*
Specimen Identification:  4-2 Peak Load: 1451 Ibf
Material; Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time: 10:46:42 AM
End Date: 2/13/2009
End Time: 10:46:50 AM
Workstation: CEINSTRON1
Tested By: default
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CEINSTRON1134

10:52:35 AM 2/13/2009

175
140 /’ \
/ N
1050 \
2 ! N
)
g / N
700 /
35 //
o A
0 0.06 0.12 018 0.24 0.30
Position (in)
Test Summary Test Results
Counter: 134 Diameter: 4.0000 in
Elapsed Time: 00:00:08 Area; 12.5664 in*
Specimen Identification:  4-3 Peak 1oad: 1576 Ibf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time: 10:52:07 AM
End Date: 2/13/2009
End Time: 10:52:15 AM
Workstation: CEINSTRONT1
Tested By: default
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CEINSTRON1135

10:56:43 AM 2/13/2009

2000
150 / \‘

o / \

o

= 1000 S

[+
/
= ¥
50 //
."’//
0 A4
0.07 0.14 0.21 028 0.33
Position (in)
Test Summary Test Results

Counter: 135 Diameter: 4.0000 in
Elapsed Time: 00:00:10 Area: 12.5664 in?
Specimen Identification:  8-1 'Peak Load: 1934 1bf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time; 10:54:27 AM
End Date: 2/13/2009
End Time: 10:54:37 AM
Workstation: CEINSTRONI1
Tested By: default
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CEINSTRONI1136 11:00:32 AM 2/13/2009
1750
140 //
/ \\
105 /
: / N\
=
/ AN
T 700 /
350 /
el ﬂ
0 /
0.07 014 0.21 0.28 33
Position (in)
Test Summary Test Results
Counter: 136 Diameter: 4,0000 in
Elapsed Time: 00:00:09 Area; 12.5664 in?
Specimen Identification:  8-2 Peak Load: 1555 Ibf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date:; 2/13/2009
Start Time: 10:59:39 AM
End Date: 2/13/2009
End Time: 10:59:48 AM
Workstation: CEINSTRON1
Tested By: default
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CEINSTRON1137

11:02:44 AM 2/13/2009

2000 __\
1500 / \\

g \

=

= 100

2]

g /

500 //
[0
0.03 0.10 013 0.20 023
Position (in)
Test Summary Test Results

Counter: 137 Diameter: 4.0000 in
Elapsed Time: 00:00:07 Area; 12.5664 in?
Specimen Identification:  8-3 Peak Load: 1953 Ibf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time: 11:02:15 AM
End Date; 2/13/2009
End Time: 11:02:22 AM
Workstation; CEINSTRON]1
Tested By: default
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CEINSTRON1138

11:05:51 AM 2/13/2009

1500
1200 ,/ \\
/ ¥
_ \
g / \
7 \
600
300 /
9 0.07 RE} 051 S 35
Position (in)
Test Summary Test Results
Counter: 138 Diameter: 4.0000 in
Elapsed Time: 00:00:09 Area: 12.5664 in?
Specimen Identification:  12-1 Peak Load:; 1309 Ibf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date: 2/13/2009
Start Time: 11:05:34 AM
End Date: 2/13/2009
End Time: 11:05:43 AM
Workstation: CEINSTRON1
Tested By: default
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CEINSTRON]1

139

11:07:41 AM 2/13/2009

T T T T T AT T
1600 //
1200 / \\
/ \
£ / N
5 80
400 /
//
A
8
0.07 0.13 0.21 0.28 0.33
Position (in)
Test Summary Test Results
Counter: 139 Diameter: 4.0000 in
Elapsed Time: 00:00:10 Area: 12.5664 in?
Specimen Identification:  12.2 Peak Load: 1771 1bf
Material: Pavement
Comments:
Procedure Name: ITS
Start Date; 2/13/2009
Start Time: 11:07:23 AM
End Date: 2/13/2009
End Time; 11:07:33 AM
Workstation: CEINSTRONI
Tested By: default
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