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Abstract

Because of recent rises in asphalt binder pri¢ate agencies and contractors are now
willing to use higher volumes of reclaimed asplpaltement (RAP). In this project, the effects
of increasing RAP percentage and using fractionRi&E (FRAP) in hot-mix asphalt (HMA)
mixtures have been studied. Fractionation invoextessing and separating of RAP materials
into at least two sizes, typically a coarse fratamd a fine fraction. This study evaluated the
effects of increasing the proportions of RAP and\PRon moisture resistance, rutting, and
fatigue cracking of Superpave mixtures. Furtheemtre effect of using different sources of
RAP in the mix has been investigated. HMA mixtunath five varying RAP and FRAP
contents (20, 30, and 40% RAP, and 30 and 40% FRw&IR) studied. The Hamburg wheel-
tracking device (HWTD) test (TEX-242-F), the Kansgandard test method no. 56 (KT-56), or
modified Lottman test, and the dynamic modulus t&stSHTO TP: 62-03) were used to predict
moisture damage, rutting potential, and fatiguekiray resistance of the mixes. HMA
specimens were made based on Superpave HMA migrdesteria for 12.5-mm (1/2-inch)
nominal maximum aggregate size (NMAS) and compagsauy the Superpave gyratory
compactor. For the first source of RAP, resultthef study showed that although mixture
performance declined as the percentage of RAPasert mixtures with even 40% RAP met
minimum performance requirements. The second safrB&P, however, almost failed to meet
minimum requirements even at 20% RAP. Results grdlve maximum percentage of RAP
allowed in the mix is highly influenced by its soar Although some improvements have been
observed, especially for the second source of Rkién RAP is compared to FRAP, FRAP does
not seem to considerably affect performance oHNE mixture.
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Chapter 1 - Introduction

1.1 Introduction

The immense highway network that connects theeentintinental United States is
undoubtedly the most critical infrastructure in toaintry. In 2005, approximately 94 percent
(almost 2.4 million miles) of the paved roads hagralt surfaces. Construction of hot-mix
asphalt (HMA) pavements requires large quantitfesrgin aggregates and asphalt binder.
According to the European Asphalt Pavement AssotidEAPA), total production of HMA in
the United States and Europe had reached 500 éhiBébn tons, respectively ( EAPA 2007).
In the early 1990s, the Federal Highway Administra{(FHWA) and Environmental Protection
Agency (EPA) estimated that more than 90 millionstof asphalt pavement were reclaimed
every year and more than 80 percent of reclaimphaspavement (RAP) was recycled, making
asphalt pavement the most recycled product in thieed States. According to National Asphalt
Pavement Association (NAPA) , the current annuatipction of new asphalt pavement material
in the United States is approximately 500 milliong per year, which includes about 60 million
tons of reclaimed materials that are reused orctedydirectly into pavement. As of 2007, about
40 million tons of RAP is reused or recycled intbhey pavement-related applications every year
for a total use of more than 100 million tons ofR@ach year. This is an increase from 72
million tons of RAP used each year in the earlyd99Ihere is no doubt these quantities are
required to maintain current infrastructures oorestruct new pavements, but it is also of great
importance to consider their future re-usage. Besglistainability/environmental-related
reasons for using RAP in constructing new pavementsh as saving resources and disposal
costs, the rapidly increasing price of crude od &tk of quality aggregates at different

locations are other prevalent reasons to use RAMA pavements (Zofka et al. 2010).

Recycling is beneficial in most cases by reducimgdonsumption of virgin materials,
but the performance of the highway should not bemomised for cost reduction (Mohammad,
Cooper and Elseifi 2011). It has been acceptedRA# can be a feasible constituent in HMA
pavements and if properly designed and construet®th mixtures with RAP can perform as
well as conventional mixtures (Huang, Shu and \sakdjevic 2011). The only issue is to what

1



extent RAP should be allowed in different HMA mixgghout sacrificing durability for lower
initial cost. The average use of RAP across theéddrfstates is currently estimated at 12 percent
of the mix; however, based on agencies’ specificati there is the potential to use up to 30
percent RAP in the intermediate and surface layepsivement (FHWA HRT-11-021 2010).
There are some concerns about long-term performameteurability of asphalt pavements
containing RAP, especially in the major load-cargyand surface layers of asphalt pavements.
Generally, as the result of having some long-tegedabinder in asphalt mixes containing RAP,
asphalt cement tends to be stiffer. The advantbfawng a stiffer mix is its being less
susceptible to permanent deformation or rutting), isdisadvantage is being less resistant to

fatigue and thermal cracking.

Because of the aforementioned concerns, manytséagportation agencies have limited
the maximum amount of RAP used in surface layemdam mixture types, and, in some
instances, large or critical projects. Traditidpathe amount of RAP was typically limited to 15
percent or lower because there were no binder-giagleges or additional tests needed for such
low percentages in Superpave mixtures. Besidess thias no significant economic incentive for
using larger percentages of RAP. In 2006 and aige2008, however, there were sharp
increases in asphalt binder costs and as a ré&AiR,usage spiked as indicated by greater
percentages of RAP now being allowed or used (El. Furthermore, stricter environmental
regulations, and an emphasis on “green” technoddgi4y., warm mix asphalt (WMA)], and
sustainable pavements, highway agencies are meretogallowing higher percentages of RAP
in HMA pavements. However, there is a lack of goimaon use of high percentages of RAP

(high RAP) in mixtures, as well as information twe pperformance of these mixtures.
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Figure 1.1 States that allow more than 25 percentf AP in HMA mixtures (Copeland
2010)

1.2 Problem Statement

There are three main reasons for RAP to be favovedvirgin materials: the increasing
cost of crude oil and asphalt binder, scarcityudldy aggregates, and the pressing need to
preserve the environment. Many state agencies dlaveeported significant savings when RAP
is used. Considering material and constructionszatshas been estimated that use of RAP
provides savings ranging from 14 to 34% for RAPteatvarying between 20 and 50%.
Because of recent increases in asphalt bindergyreomtractors are willing to use high
percentages of RAP in HMA. The current nationatdgline, AASHTO M 323, for determining
the binder-grade adjustment in HMA mixes, is shawmable 1.1. The table shows a softer
binder will be required if more than 15% RAP ismgpto be used in the HMA mix. Softer

binders are more expensive and in the recent pastractors were not willing to pay that extra



amount. Nevertheless, as the asphalt price igyigiey are opting for higher percentages of

RAP in Superpave mixtures.

Table 1.1 Binder selection guidelines for RAP mixttes according to AASHTO M 323

Recommended Virgin Asphalt Binder Grade RAP Percentage
No change in binder selection <15
Select virgin binder one grade softer than normal 15-25
Follow recommendations from blending charts >25

One of the Superpave mix design requirements ig@oof the gradation of aggregates. Due
to segregation in RAP stockpiles, and its influenge asphalt and dust content in the final mix,
gradation control has been very difficult with RA#Rpecially when higher percentages of RAP
were being added to the mix. The problem with sgaped RAP is that the finer fraction will
contain higher asphalt content, due to higher serfaea, and that makes air void control in the
mix very difficult. Fractionation is a process imiwh RAP is separated into at least two sizes,
typically a coarse fraction, plus 12.5 or 9.5mn2(ar 3/8 inch), and a fine fraction, minus 12.5
or 9.5mm, in order to ensure the required consistenRAP. In the United States, while some
states are drafting specifications for fractiond® (FRAP), some others allow higher
percentages of FRAP in the mix in compared to RA®vever, as of now, no systematic studies
have been performed to look at the effects of FRARSuperpave surface recycled (SR)

mixtures.

1.3 Objectives
The main objectives of this research were to acdismghe following:

a) Evaluate the effect of increasing the percentad®A® on the performance of
Superpave mixtures, especially in terms of permideformation, fatigue cracking,

and moisture susceptibility;



b) Evaluate the effect of using fractionated RAP aspdacement for RAP on the
performance of Superpave mixtures; and
c) Evaluate the effect of RAP sources on the perfoonaari RAP and FRAP Superpave

mixtures.

1.4 Organization of Thesis

This thesis is divided into five chapters, incluglihis introductory chapter (Chapter 1).
Chapter 2 provides a literature review on reclairmagghalt pavement (RAP), its benefits, and its
challenges. Chapter 3 describes the methodologyadodatory testing. Chapter 4 discusses test
results and related analysis, and Chapter 5 presentlusions based on this study and

recommendations for further studies.



Chapter 2 - Literature Review

2.1 Introduction

Reclaimed asphalt pavement (RAP), is the old, gsisphalt pavement that will be
milled and stored in order to be used as a patieohew pavement. RAP can be obtained
whenever an old existing pavement needs to beaeglar whenever a part of pavement needs
to be cut in order to reach the underground wgsitif the existing old pavement is satisfactorily
reclaimed, meaning milled and stored in a propey, Wee aggregate in it can be used as a
valuable source when quality aggregate is scaresidBs, the existing binder in RAP can make

up for some of the required binder in the hot-nsglaalt (HMA) mixture.

2.2 Benefits of Recycling Asphalt Pavement

Not being different from any other material, reayglasphalt pavement helps with
having less disposals and preservation of environnitealso can reduce the construction and
transportation costs, save aggregates and asphadtrpband preserve the existing pavement

geometry.

Figure 2.1 Milled reclaimed asphalt pavement



Figure 2.2 RAP Stockpiles at Shilling asphalt con@te production plant in Manhattan, KS

2.3 Hurdlesin Using Higher RAP Contentsin Hot-Mix Asphalt

Although RAP is allowed up to 30 percent in HMA niixmost states, its current
average usage is only 12 percent. Less than B@meof the state departments of transportation
add more than 20 percent RAP to the HMA mix. Matayes, including Kansas, are either
experimenting using higher percentages of RAP émtiix or routinely using higher percentages
of RAP in HMA mixtures (FHWA-HRT-11-021).

There are some minor differences between produRAIg and virgin HMA mixtures
including installation of scalping screen or anlyestdevice to hold large RAP particles before
being mixed with the rest of aggregates in the dourthhe need for RAP to be introduced to the
mix away from the flame. Otherwise the productiteps are similar in general and it is
unknown why more than half of the states still tagsito use higher percentages of RAP
(FHWA-HRT-11-021).

The behavior of asphalt residue in RAP has a gndlaence on the final HMA mix
performance. The two extreme possibilities forlikebavior of binder residue in RAP are
complete blending and no blending at all. Compbd¢eding means that the contribution of the
binder in RAP to the total binder required in thix s 100 percent. No blending, on the other
hand, means that the binder in RAP will remain ddack rock “and does not blend with virgin

binder at all. Besides affecting the performanice,lével of blending guarantees RAP
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competitiveness. With high prices for asphalt bindee of the reasons for RAP popularity is its
contribution to the required binder in the mixt@iFf¢1WA-HRT-11-021).

It is accepted that in reality, the blending betwessidue asphalt in RAP and virgin
binder is somewhere between 0 to 100 percenthlené texists no specific method to precisely
determine the percentage of blending. One wayntbdut about the blending quantity is to
conduct property tests such as dynamic modulusamgbare the predicted results with actual
results (FHWA-HRT-11-021).

In order to achieve the right asphalt PG gradénigihh RAP mixtures, blending charts,
recommended by the state department of transpmmteghould be used. Development of
blending charts is based on the assumption thapé&@sent blending occurs between the virgin
binder and the asphalt residue in RAP. If the bassumption is not true, and 100 percent
blending does not occur, serious concern migheavizen as much as 40 percent RAP is being
added to the mix. This can establish even morertainées about using higher percentages of
RAP in HMA mixtures (Al-Qadi et al. 2007).

According to a NCDOT survey in 2009, the restrieiomposed by state transportation
departments, on using higher percentages of RAReitIMA mixture, are only one part of the
problem. The other part of the problem involvestrartors, who might not be always willing to
use higher percentages of RAP. The reservatiotieeaftate transportation departments with
high RAP fraction were based on uncertainties ablmigjuality of RAP source and RAP
consistency (RAP might lose its consistency i§ihot stored properly), inaccuracies in binder
grades and blending that takes place between RARiggin binder, the probable required
changes in mix design when higher percentages & &#& being introduced to the mix,
problems with controlling the Superpave volumeteiguirements, uncertainties about the long-
term performance of mixtures with higher percensagfeRAP, and finally concerns about using
polymers. Among the contractors however, unwillieggmto add higher percentages of RAP
raises basically from the specification imposedtaye transportation departments, problems
with controlling RAP consistency, difficulties irbtaining required dust and moisture content,
and finally excessive quality control (QC) requiearts (FHWA-HRT-11-021).



2.4 RAP Characteristics to be Considered in Mix Design

As mentioned earlier, RAP is existing asphalt pasetmvhich will be milled and stored
in order to be used as a part of the new paverR&R. contains valuable quantities of
aggregates and binder. During years of servicd, &ggregates and binder were subject to
changes affecting their qualities. To make surettiese changes are not going to negatively
affect the HMA performance, specific consideratioesd to be taken (McDaniel and Anderson
2001).

2.4.1 Binder Characteristics

The most important thing is to know how much aspbilder is still in the RAP. The
binder content of RAP is important because it canléducted from the total required binder for
the HMA mixture. Once the binder quantity is knowtns time to consider the changes in
physical and rheological properties of the bindsidue in RAP due to oxidation during years of
service. The aged binder is harder and it resentiidgeer binder PG grades. Due to lack of
enough aged hardened binder to affect the finalproperties, it might not be necessary to test
the properties of residue binder in RAP when lopencentages of RAP are introduced into the
mix. For mixtures with more than 20 percent RARybwer, the properties of residue binder in
RAP should be tested and considered in the mipgdesiocess. The recommended process is to
extract and recover the binder in RAP and condadopmance grade (PG) tests on it. The
extraction method is explained in AASHTO T 319, Qlitative Extraction and Recovery of
Asphalt Binder from Asphalt Mixtures. AASHTO T 3i®recommended because the extraction
process used affects binder properties less thear atethods (McDaniel and Anderson 2001).

2.4.2 Aggregate Characteristics

In Superpave HMA mix design, RAP is considered aswace of binder and aggregate,
but the contribution of residue binder and aggregate considered separately. Once the
properties of binder in RAP are obtained, it isditn obtain the aggregate properties. Gradation
is the most important characteristic of aggregateained from RAP and is obtained using
Kansas test method KT-2 (AASHTO T 27).



Once the aggregate gradation was obtained, thespeiific gravity (G, of RAP
aggregate should be obtained. If the history of R@gBregates exists, they®f original
aggregates in the RAP can be used in mix desighelG, of original aggregates does not exist
but the effective specific gravity (& records are available, thed{&an be replaced byt
Replacing Gefor Gsp will not cause any problem becausg i€ always greater thansgand the
substitution will over estimate the bulk specifragty of the blend (the combination of virgin
aggregates and RAP). In case that no recordsfexki€. or Gy, of the original aggregates in
RAP or when higher percentages of RAP are introdiit® the mix (causing non-negligible
errors if Gy is substitute by ¢, a typical value for the asphalt absorption Wwélassumed and
RAP Gy, will be calculated using thesG The assumption for asphalt absorption shouldased
on experiences obtained during mix designs atdaimoications (FHWA-HRT-11-021).

2.5 RAP Fractionation

Due to segregation in RAP stockpiles and its inftiess on asphalt and dust content in the
final mix, gradation control has been very difficwith RAP, especially when higher
percentages of RAP are being added to the mix pfblglem with segregated RAP is that the
finer fraction will contain higher asphalt contebgcause of higher surface area, making the air-

void control in the mix very difficult.

Fractionated RAP (F-RAP) is RAP that is separatéal at least two different sizes in
order to have a better control over consistendh®imix and gradation of the aggregates.
Typical sizes for coarser and finer fraction aespectively, +1/2 or +3/8 inches (+12.5 or +9.5
mm) and -1/2 or -3/8 inches (FHWA-HRT-11-021).

According to a survey in 2008 that received respsrigom 29 states, three states (South
Carolina, Texas, and Alabama) had specificationfrémtionating RAP, and three other states
(Ohio, Wisconsin, and lllinois) were drafting sgfesations for fractionating RAP. These six
states would allow higher amounts of RAP if it Hesbn fractionated. A 2009 survey showed
that if FRAP is used, 10 state transportation depamts, Arizona, Georgia, lllinois, Kansas,
North Carolina, Ohio, Texas, Utah, Wisconsin, anasWngton, D.C., will allow a five percent

increment of binder replacement for the surfaceasixt should be mentioned that crushing and
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screening RAP over a single screen is not fractionand the product will not be called FRAP.
As already mentioned, RAP fractionation is suppdsdthprove the consistency of the mix, but
data collected from the contractors across UnitateS by NCAT in 2008 and 2009, showed that
FRAP stockpiles were no more consistent than tbegased RAP stockpiles (FHWA-HRT-11-
021).

2.6 Mix Design Consideration with High Percentages of RAP

One of the advantages of Superpave is the fletgilml mix design that allows adding
different additives, such as RAP, to the HMA miX@sg as the specified gradation can be
achieved. There are two methods to select the perges of RAP in the mix. The first method
includes deciding about the expected contributioRAP towards the total mix based on the
RAP weight (as a percentage of total mix by weightle second method includes deciding
about the expected contribution of the residue dmmal the RAP towards the total binder in the
mix (as a percentage of total required binder bightg while meeting volumetric properties

requirements.

The Superpave mix design requirements for mixel higgher percentages of RAP are
similar to the mix designs containing all virgin t@@als. Once the RAP has been characterized,
it can be combined with the virgin aggregates tanfa uniform blend gradation for mix design
purposes. To satisfy gradation requirements, tleei®el blend must pass between the control
points. Mixture volumetric requirements that néethe met for all Superpave mixes include
voids in the mineral aggregate (VMA), voids fillasth asphalt (VFA), dust proportion, and 4%
air voids at the bbsignlevel. As result of being milled and crushed, RégRally contains notably
higher percentages of material passing a 0.0754a®No. 200) sieve. This limits the amount
of RAP that can be used in a mix design while nmggetthe volumetric properties. The percentage
of asphalt binder in the RAP should also be comedie’hen determining asphalt binder content.
Asphalt binder content of the total mix includesgin and reclaimed asphalt binder. The RAP
material should not be heated to the same temperasufor the aggregates and need to be
heated separately at much lower temperatures (d4@Pf) than that needed for mixing and
compaction (about 32B). To make up for the lower temperature of RAPgeslly when added

to the mix at high percentages, virgin aggregatefaated to a higher temperature so that when
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mixed, the mix temperature is within the requireding temperature range. The philosophy
behind not heating RAP to very high temperaturde @event additional aging of the existing
binder in RAP. The recycled HMA should meet alt fg®cedures and criteria as required for
the virgin HMA (Al-Qadi et al. 2007, Brown et al0@9).

To make up for the aged and hardened binder in RAI®fter virgin binder needs to be
add to the mix, especially when higher than 15 @ar&AP is being added to the mix. In order
to find the right binder PG grade for high RAP mids, a blending chart or blending equation is
frequently used. The blending charts or equati@msbe used if the virgin binder PG grade is
already chosen and the percentage of RAP in thaswixbe determined, or if the percentage of
RAP to be added to the mix is known and binder P& for the virgin binder is to be
determined. Procedures for using a blending chliarpeovided in the appendix of AASHTO M
323. In order to find the required binder PG gradeording to AASHTO M 323, three critical
temperatures including critical high temperatureygn), intermediate critical temperature
(Tcany), and low critical temperature (T&y) should be obtained. The dign will be
determined based d¢ine original DSR and rolling thin film oven (RTFOBSR. The high-
temperature PG of the recovered binder is the mimmf DSR and RTFO DSR critical
temperatures. The (§) is determined by conducting intermediate-tempgeaDSR testing on
the RTFO-aged recovered RAP binder as if the RABdyi were pressure-aging vessel-aged.
The critical low temperature (Jggor Tgmy) is determined based on the bending-beam rheometer
tests on the RTFO-aged recovered RAP binder, oalmev The low critical temperature
(Tcwow) is the higher of the two low critical temperasir&gs) or Tgm). The low- temperature

PG of the recovered RAP binder is based on thisclatical-temperature value.

Once the physical properties and critical tempeestof the recovered RAP binder are
known, two existing approaches for blending aréodsws (FHWA-HRT-11-021):

* Blending at a known RAP percentage, and

* Blending with a known virgin binder grade.
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2.6.1 Blending at a Known RAP Percentage

When the desired final blended binder grade, tis&reld percentage of RAP, and the
recovered RAP binder properties are known, theiredyroperties of a virgin binder grade can

then be obtained at each temperature (high, ingiatee and low) separately as follows:

T.. . _ Thiena—(%RAPXTRyp)
virgin — (1—%RAP)

(2.1)

where
Tvirgin = Critical temperature of virgin asphalt bindeigh intermediate, or low);

Teieng = Critical temperature of blended asphalt bindiea( desired) (high, intermediate,

or low);
%RAP = Percentage of RAP expressed as a decintl; an

Trap = Critical temperature of recovered RAP bindegkhiintermediate, or low).

2.6.2 Blending with a Known Virgin Binder Grade

When the final blended binder grade, the virginha#jgbinder grade, and the recovered

RAP properties are known, the allowable RAP peagmican be determined as follows:

%RAP = Tpiend—Tvirgin (2.2

Trar— Tvirg in

The RAP percentage should be determined at hitgrnirediate, and low temperatures.
The RAP content or range of contents meeting edlethemperature requirements should be
selected. NAPA, in partnership with AASHTO and FHWhas published a guide for designing
HMA mixtures with high RAP percentages (Copeland@0The guide includes information on

evaluating RAP material, mix design, plant verifioa, and quality control (QC).

2.7 Performance of HMA Mixtures with RAP

McDaniel (2002) did a comprehensive evaluationdtednine if the tiered approach
(table 1.1) of the Federal Highway Administratiorde&Superpave RAP specifications is
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applicable to the materials obtained from Indiaviechigan, and Missouri. In that study,
laboratory mixtures were compared to the plant-pced mixtures with the same materials at
RAP contents between 15 and 25%. Additional migwvere designed and tested in the
laboratory, with RAP content up to 50%, to deterertime effect of recycled materials on mix
performance. Results showed that plant-produce@sniere similar in stiffness to the
laboratory mixtures at the same RAP content foMighigan and Missouri samples.
Furthermore, mixtures with up to 50% RAP could bsigned with Superpave, provided RAP
gradation and aggregate quality were sufficientelr blending charts were found to be
appropriate in most cases. It was observed the¢@asing RAP content in a mixture increased
stiffness and decreased shear strain, indicatcrg@ased resistance to rutting. It was concluded
that when RAP properties are appropriately accalfaein the material selection and mix
design process, Superpave mixtures with RAP caompenery well (McDaniel 2002).

Another study investigated short- and long-terniggerance of RAP mixes and
compared them with the virgin HMA overlays usedflerible pavements. Data from 18
projects, ranged in age from eight to 17 yearsnftioe long-term pavement performance (LTPP)
program in North America were analyzed. . Distyg@msameters considered were roughness,
rutting, and fatigue cracking. Structural perforroaiof the overlaid sections was also evaluated
with the deflection data. Results of the analy$igasiance indicated the performance of RAP
mixes and virgin HMA were not statistically differte Statistical similarity of deflections
showed that RAP overlays can provide structurarowgment that is equivalent to the virgin
HMA overlays (Carvalho et al. 2010).

While rutting performance has typically been imprdwsing RAP, fatigue and thermal
performance has been inconsistent. Typically fatigsistance is improved due to the stiffer
nature of the aged binder in a recycled mixture ts is only found in constant strain testing,
and no consistent level of improvement has beeorteg. At higher blending percentages, the
results are unpredictable. Low temperature theremstance is typically lowered because of the

stiffer nature of the recycled mixtures.
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2.8 RAP Cost Efficiency

As mentioned earlier, one of the most importansoea to use RAP in HMA mix is its
cost efficiency. The following example is to progidome general ideas on how much RAP
contributes to the cost reduction of the HMA mikae source for all prices provided in this
section is NAPA.

The basic assumptions in this analysis are: RARaspontent is 5.8 percent, cost of

virgin asphalt is $350/ton, and cost of virgin asgates is $10/ton.

Value of asphalt binder in RAP = 350x0.058 = $20r8/ Equation 2.3
Value of aggregates in RAP = 10x (1- 0.058) = $Act2 Equation 2.4
Total value of RAP = 9.42+20.3 = $29.72/ton Equation 2.5

Table 2.1 shows the RAP contribution to the mixdifferent percentages of RAP added to the
mix. As shown in table 2.1, as the RAP percentageeases in the mix, it can provide better

economic contribution to the HMA mix, and the prig#l decrease.

Table 2.1 RAP cost analysis for different mix desigs and its contribution to the mix

Considered items Price (%)
Value of RAP 29.72
Plant cost for extra equipment -0.75
Trucking cost -3
Processing and handling cost -5
Extra quality control cost -0.25
Total savings 20.72
Savings for 20% RAP mix 4.14 (14%)
Savings for 30% RAP mix 6.21 (21%)
Savings for 40% RAP mix 8.28 (28%)

15



2.9 Summary

Attaining the goal of recycling, most importanttydchieve good performance in fatigue,
rutting, thermal resistance, and overall durabityile optimizing the amount of RAP utilized,
poses problems for the asphalt materials engi@mrsiderable research into the effects of
mixture characterizations, aggregate propertiesgaadation, and binder properties of the RAP
has given inconsistent results at times. Thispeeslly true at high RAP blending percentages.
The three- tier system of FHWA provides good reegiahixtures at low- to- moderate blend
percentages. Aggregate gradation concerns becgmiécant at higher RAP blend percentages,
mainly due to high fines content and uncertain bimatoperties. To address this problem,

fractionated RAP has been introduced and alrea€elg usmany states.

More than 80 million tons of HMA recycled every yeaake asphalt the number one
recycled product in United States. Use of RAP itithix asphalt (HMA) has gained renewed
interest because of high crude oil prices and enmental concerns, and higher proportions of
RAP in HMA are being considered now. However, sangktures tend to have some mixture
design and performance challenges, especiallyauartability in the source and material itself.
In general, pavements with RAP mixes perform as agethe pavements with virgin mixes,

provided RAP quantities and qualities are undetrobn
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Chapter 3 - Laboratory Testing
3.1 Experimental Design and Methodology

To achieve the objectives of the study, all testgehbeen conducted on two different
sources of RAP in order to control the effect & BRAP source on HMA performance. The first
and second RAP sources were, respectively, obtéiogdShilling Construction Company, a
locally owned company in Manhattan, Kansas, andzidaronstruction, a construction company
in Junction City, Kansas. For each RAP source, different mixes with 20, 30, and 40% RAP,
and 30, and 40% FRAP, were made and performants tesiducted. Five different mix designs
for each source of RAP were developed in the laboyaising 12.5-mm nominal maximum
aggregate size (NMAS) design criteria. To be ableampare the effect of RAP source on HMA
performance, same virgin aggregates were usedl fBuperpave mixtures. The designed
Superpave mixes were then tested for performantanms of rutting using the Hamburg wheel-
tracking device (HWTD), moisture sensitivity by niitetd Lottman tests (KT-56), and resistance

to fatigue cracking and permanent deformation leydynamic modulus test.

3.1.1 RAP and PG Binder Selection

According to AASHTO M 323, due to the stiffenindesft of the aged binder in the RAP,
the specified binder grade of the virgin binderdse® be adjusted for asphalt mixes containing
more than 15% RAP. The adjustments in this studeweade using the blending chart
developed by the Kansas Department of Transpont@d®OT). In order to use the KDOT
blending chart, it is required to know the PG ad$ipghiader grade for the RAP and virgin
asphalts. For both sources, the RAP PG grade veasrad through a set of tests conducted by
KDOT and the virgin PG grade was derived basederclimatic conditions and 20-year design
traffic of the project.

For the first source of RAP, knowing the RAP PGdgravas 84-16 and the virgin binder
PG grade was 70-28, based on KDOT's blending ctietiow sides of PG limits were -26 and -
23 for 20% and 40% RAP, respectively. ConsequefiZy was chosen as the lower limit for the
PG binder in this study. The high sides were 73&htbr 20 and 40% RAP, respectively, which

17



resulted in PG 70 for the binder grade high sideré&fore, PG 70-28 was chosen for all HMA
mixes containing 20 to 40% RAP for the first sount&RAP.

For the second source of RAP, knowing the RAP Pdagivas 91-10, based on KDOT’s
blending chart, the low sides of PG limits were a2l -21 for 20% and 40% RAP, respectively.
Consequently, -28 was chosen as the lower limitHferPG grade. The high sides were 74 and 78
for 20 and 40% RAP, respectively, which resulte@ 70 for the binder grade high side.
Therefore, PG 70-28 was chosen again for all HMA&awsicontaining 20 to 40% RAP for the
second source of RAP. Figures 3.1 and 3.2 shoW el sheets used to determine higher and
lower limits for the PG grade, and Figure 3.3 shtivesgradation of the first and second sources
of RAP.

3.1.2 Virgin Aggregates and RAP

Five different virgin aggregates with 12.5-mm noatimaximum aggregate size
(NMAS) obtained from Shilling Construction Compangre mixed with three different
percentages of RAP and selected virgin binder gtyaitihe combined blend had five different
virgin aggregates: coarse-crushed limestone (C8nk}crushed limestone (CS-1A),
manufactured sand (MSD-1), crushed gravel (CG+4,reatural/river sand (SSG). The
percentages of RAP added to the mix were 20%, 30#h40%. Furthermore, 30% and 40%

FRAP mixes were made and tested to control thetedfieRAP consistency on its performance.

Table 3.1 shows the gradation of various aggregated in this study. Table 3.2 shows
their percentages in each blend, and Table 3.3 shimavpercentage of fine (minus 12.5 mm) and
coarse aggregates (plus 12.5 mm) in the mixes icomgaFRAP. Since the RAP mix had a
nominal maximum aggregate size (NMAS) of 9.5 mn8 (8), a higher fraction of fine materials

was used.

Figures 3.3 and 3.4 show the 0.45-power chartlfdiva different aggregates used in
mix design and for two sources of RAP, respectivéble 3.4 shows the square-mesh sieve

analysis results for both sources of RAP.
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KDOT BLENDING CHART CALCULATION

Low Side of The Binder High Side of The Binder
Project Number Project Number
RAP & Virgin Binder Inputs RAP & Virgin Binder Inputs
Temperatures PGypper PGiower Temperatures PGypper PGjower
PGgrap 84 -16 PGgrap 84 -16
PGyirgin 70 -28 PGyirgin 70 -28
RAP Percent in Mix RAP Percent in Mix
Design* 20.0 Design* 40.0
Blended Low Grade of Blended High Grade of
Binder: -26 Binder: 73

* If utilizing FRAP insert total FRAP percent (coarse and fine) in Mix Design

Blending Chart Calculations Blending Chart Calculations
PGpend
%RAP = %RAP PGpiend =
0.00 -28 0 70
5.00 -27 5 71
10.00 -27 10 71
15.00 -26 15 72
20.00 -26 20 73
25.00 -25 25 74
30.00 -24 30 74
35.00 -24 35 75
40.00 -23 40 76
45.00 -23 45 76
50.00 -22 50 77
55.00 -21 55 78
60.00 -21 60 78

Figure 3.1 KDOT's blending charts for PG grade adjwstments for first source of RAP
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KDOT BLENDING CHART CALCULATION

Low Side of The Binder

High Side of The Binder

Project Number Project Number
RAP & Virgin Binder Inputs RAP & Virgin Binder Inputs

Temperatures PGyupper | PGiower Temperatures PGypper PGiower
PGgap 91 -10 PGgap 91 -10
PGyirgin 70 -28 PGyirgin 70 -28
RAP Percent in Mix RAP Percent in Mix
Design* 20.0 Design* 40.0
Blended Low Grade of Blended High Grade of
Binder: -24 Binder: 74

* If utilizing FRAP insert total FRAP percent (coarse and fine) in Mix Design

Blending Chart Calculations

PGpend

%RAP =

0.00 -28
5.00 -27
10.00 -26
15.00 -25
20.00 -24
25.00 -24
30.00 -23
35.00 -22
40.00 -21
45.00 -20
50.00 -19
55.00 -18
60.00 -17

Blending Chart Calculations

%RAP PGpjend =
0 70
5 71

10 72
15 73
20 74
25 75
30 76
35 77
40 78
45 79
50 81
55 82
60 83

Figure 3.2 KDOT'’s blending charts for PG grade adjwstments for second source of RAP
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Table 3.1 Aggregate gradation

Material CS-1 | CS-1A | MSD-1| CG-5| SSG Rlps\lta RZA(\]IP
Sieve Size % Passing
3/4 100 100 100
1/2 55 100 100 100 100 98 96
3/8 17 100 100 100 100 94 92
#4 0 26 99 94 96 80 78
#8 0 1 57 71 81 64 64
#16 0 0 28 43 57 47 48
#30 0 0 14 24 35 33 35
#50 0 0 5 12 14 20 21
#100 0 0 2 5 2 13 15
#200 0 0 0 0 0 10 12

Table 3.2 Aggregate percentages in different mixes

RAP cs-1 | CS-1A | msp-1 | cos SSG
(%) (%) (%) (%) (%) (%)
20 20 12 12 16 20
30 16 15 13 12 14
40 12 13 13 12 10

Table 3.3 Percentage of fine and coarse aggregates=RAP

% of % of RAP plus 12.5mm (1/2| % of RAP minus 12.5mm (1/2
FRAP in inch) inch)
Mix 1st source 2d source 1st source 2d source
30 9 5 21 25
40 12 8 28 32
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Table 3.4 Square-mesh sieve analysis results forthasources of RAP

_ _ % Retained | Cumulative % | o4 passing
Sieve Sizes| Retained
(mm) 1st 2d 1st 2d ist | 2d
RAP RAP RAP RAP RAP | RAP

19 0 0 0 0 100 100
12.5 2 4 2 4 98 96
9.5 4 4 6 8 94 92
4.75 14 14 20 22 80 78
2.36 16 14 36 36 64 64
1.18 17 14 53 52 47 48
0.6 14 13 67 65 33 35
0.3 13 14 80 79 20 21
0.15 7 6 87 85 13 15
0.075 3 2 90 87 10 12

Table 3.5 Aggregates blending and KDOT requirementfor three different percentages of
RAP used in the mix

20% RAP 30% RAP 40% RAP
Sieve size KDOT
1st 1st 1st .
(mm) 2d 2d 2d | requirements
RAP RAP RAP
% RAP % RAP % RAP
19 0 0 0 0 0 0 0
4.75 35 35 34 35 31 32
1.18 69 69 69 69 67 66
0.60 81 80 80 80 79 78
0.30 91 90 90 89 88 88
0.15 96 95 95 94 94 93

3.2 Laboratory Mix Designs

In this study, mix designs were developed in th®tatory to meet the requirements of
Superpave 12.5-mm NMAS mixtures using two RAP sesirone asphalt binder (PG 70-28),
three different percentages of RAP (20%, 30%, d@%d)4 and two different percentages of
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FRAP (30% and 40%). Superpave mixtures were deedlopeeting Superpave volumetric
mixtures in Kansas as shown in Table 3.6. Desighals content was selected based on KDOT-
specified volumetric criteria at 4.0 percent aiildgoat Neslevel of 75 gyrations. Virgin
aggregates were blended, heated, and finally nwittdthe heated binder and RAP. Binder was
heated to the recommended mixing temperature (329%F) based on the virgin PG binder
grade, and RAP was heated to ?E2To make up for the low temperature of RAP, virgi
aggregates were heated to 86Mefore being mixed with the binder and RAP. Aikes were
aged at the recommended compaction temperature- @FT°F) for two hours before
compaction in the Superpave gyratory compactonk Bpecific gravity and unit weight of
compacted asphalt mixturesygp and theoretical maximum specific gravity of ampimixtures
(Gmm) were determined based on AASHTO T-166 (KT-15) AABGHTO T-209 (KT-39) test
methods, respectively. Table 3.6 shows the volumptoperties of all five different mixes and
KDOT requirements for 12.5-mm nominal maximum aggte Size (NMAS). All mixes in this
study met these requirements. In general, tofgiascontent for these mixtures were lower
than Superpave mixes with all virgin materials.sTisidue to the fact that most coarse
aggregates in Kansas are soft limestone with higlergtion. Use of 20 to 40% RAP and FRAP
considerably reduces total asphalt content useth&recycled mixes. This is reinforced by the

fact that the mixtures containing 40% RAP and 40RAF have the lowest asphalt content.

3.3 Performance Tests on Laboratory Mixtures

Performance tests were conducted in this researehaiuate the performance of
designed mixtures containing RAP and FRAP. Thegperdnce of HMA mixtures in terms of
rutting, moisture susceptibility, and fatigue criackwere analyzed and evaluated to determine
the effect of increasing RAP percentage in the amid replacing RAP with FRAP. Specimens
fabricated by the Superpave gyratory compactaarget air voids were used to conduct

laboratory performance tests. A brief descriptibthe tests follows.
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Table 3.6 Volumetric properties of five different mxes and KDOT requirements

Total Virgin Asphalt A i Dustto |, 0
) asphalt asphalt contained in glxgi %VMA %VFA binder & G{\T;T @[ % (’;\Irg;ns @
Mix | content (%) | added (%) RAP (%) ratio
Design
st | 2d 1st 2d 1st 2d |1st | 2d | 1st | 2d | 1st [ 2d | 1st [ 2d | 1st | 2d | 1st 2d
RAP [ RAP | RAP | RAP | RAP | RAP |RAP |RAP|RAP | RAP |RAP [RAP|RAP [RAP| RAP | RAP | RAP | RAP
0,
s%’ 47 | 43| 36 |350| 1.1 | 080]39|40]141|140]|71.6|71.5| 0.6 |0.61| 88.5 | 88.5 | 96.0 | 96.0
0,
SSJf 48 | 441 31 |320] 1.7 | 1.20|4.0(3.9]140|14.1]|71.3|71.7] 0.6 |0.62| 88.0 | 88.0| 96.0 | 96.0
0,
Sigj 43 1411 21 |250]| 22 |160|40(40]142]|14.0]|71.9/71.3] 0.7 |0.61| 87.9| 87.8] 96.0 | 96.0
0,
FSI’?OA/; 43 1441 26 |320] 1.7 | 120|140 4.0]141|14.0|71.6/71.3] 0.7 |0.63| 87.7 | 87.9] 96.0 | 96.0
0,
F??OA/; 44 1421 21 |260] 23 |160|41(41]143]|14.0|72.0/71.3]0.7|0.6|87.8|87.8] 96.0| 96.0
KDOT Superpave volumetric mix design requirements Minimum 6578 0.6-12 Maximum | Maximum
for 12.5 MNAS 14 ‘ ' 90.5 98

3.3.1 Hamburg Wheel-Tracking Device

The Hamburg wheel-tracking device (HWTD) is a comnaol to assess stripping and
rutting susceptibility of HMA mixtures. This testa used in this study to see how higher
percentages of RAP and FRAP affect rutting angsitng susceptibility of Superpave mixtures
containing RAP/FRAP. The tests were performed faithg the Tex-242-F test method of the
Texas Department of Transportation (TxDOT). The@asiwere made using the Superpave
gyratory compactor following AASHTO T-324 specifimms. The Hamburg wheel tracking
device (HWTD), manufactured by PMW, Inc. of SaliKansas, was used in this study (Figure
3.5). This device can test two specimens simultasigand is operated by rolling a pair of steel
wheels across the surface of specimens submergedater bath held at 30 The wheels have
a diameter of 204 mm (8 inches) and width of 47 (@85 inches). The device operates at
approximately 50 wheel passes/min and the loadexpply each wheel is approximately 705+22
N (15845 Ibs). Specimens used in this test werepamted to 7+1 percent air voids using a
Superpave gyratory compactor. The specimens wérents (6 inches) in diameter and 62 mm

(2.4 inches) in height. Rut depth was measuredaatioally and continuously at 11 different
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points along the wheel path of each sample witheal variable differential transformer

(LVDT) with an accuracy of 0.01 mm (0.0004 inchtjWTD automatically stops the test if the
preset number of cycles is reached or if the rptldeneasured by the LVDTSs reaches the value
of 20 mm (0.8 inch) for an individual specimen.

Figure 3.5 Hamburg wheel-tracking device (HWTD) tessetup

Once the test is completed, performance of the H8/dvaluated to determine failure
susceptibility of the HMA as interpreted from therious parameters derived from the typical
test output shown in Figure 3.6. These parameterassumed to describe HMA failure due to
weakness in the aggregate structure, inadequaderstiffness, and/or moisture damage.

The post-compaction consolidation is the defornmatiomillimeters at 1,000 wheel
passes and occurs rapidly during the first few n@swf the test. This parameter is referred to as

the post-compaction consolidation because it igsrass the wheel is densifying the mixture
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within the first 1,000 wheel passes. The creepeslsphe inverse of the deformation rate within
the linear region of the deformation curve aftestgmmpaction and prior to stripping (if
stripping occurs). The creep slope measures rustisgeptibility. It measures the accumulation
of permanent deformation primarily due to a meckanother than moisture damage. The
stripping slope is the inverse of the deformatiai@ within the linear portion of the deformation
curve, after the stripping began. The strippindgiction point is the number of wheel passes
corresponding to the intersection of the creepeskm the stripping slope. The stripping slope
measures the accumulation of permanent deformdtierto moisture damage. It is used to
estimate the relative resistance of the HMA sarmpl®oisture-induced damage. In other words,
this is the number of wheel passes at which mastamage starts to dominate performance.
The lower the inverse stripping slope, the moreesethe moisture damag@éildirim et al

2007).
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Figure 3.6 Typical Hamburg test curve and its majorcharacteristics
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3.3.2 Moisture Susceptibility Test

The moisture susceptibility test evaluates thecefhé saturation and accelerated water
conditions on compacted HMA samples utilizing fre¢zaw cycles. Kansas Test Method KT-
56, Resistance of Compacted Asphalt Mixtures tosiiwe- Induced Damage, commonly known
as the modified Lottman test in Kansas, was useyatuate moisture susceptibility in this
study. For this test, specimens should be 150 mimcf&s) in diameter and 95 mm (3.75 inches)
in height. Six specimens were compacted to 7+0réeme air voids using the Superpave
gyratory compactor. After compaction and air vogdedmination, the six specimens were
subdivided into two subsets of three samples doatlerage air void content of the two subsets
were approximately equal. Diameter and thicknegsh@fEpecimens were measured before
further testing. Three specimens were selectedcastaol set and tested dry (without
conditioning). The other subset of three specinvess conditioned by being subjected to a
partial vacuum saturation of 70 to 80% of air voiolg placing them in a vacuum container filled
with water in a way that at least 25 mm (1 inchjvater is covering them. A partial vacuum of
250 to 650 mm of Hg was applied to the containeafshort time. After the degree of saturation
for each specimen had been verified as meetintgtgrotocol, the conditioned samples were
individually wrapped in a plastic film, and placadd sealed in a zip-lock bag with 10mL water.
Samples are then placed in a freezer for a minimtb® hours at -18&. After freezing, the
samples were thawed by being placed in a hot viaiiér for 24+1 hrs at 602C. The
conditioned samples were then removed from theMatér bath and kept in a 25¥1 water tank
for two hours. Once the two hours was over, satdratirface dry (SSD) mass and mass under
water was recorded for each plug. Unconditionedispens (sealed in plastic wrap) were placed
in a water bath for two hours at2%before their tensile strength were tested. Firahéter and
thickness of conditioned samples was measuredrafteoving them from the water bath and
before testing. Both conditioned and unconditioggecimens were tested at a loading rate of 51
mm/minute till they broke and peak loads were rdedr Tensile strength was computed using

equation 3.1 (Hossain et al. 2010). Figure 3.%shibie different steps in this test method.
g 2000P
[1tD
where

(3.1)
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S =tensile strength (kPa),

P = maximum load (N),

t = specimen thickness (mm), and
D = specimen diameter (mm).

Tensile strength ratio (TSR) is used to denote Hidgistance to the detrimental effects
of moisture. It is defined as the ratio of avertagesile strength retained after freeze-thaw
conditioning (average tensile strength of condeidispecimens) to average tensile strength of
unconditioned samples. Percent tensile strengih isscomputed using Equation 3.2.

Szx
=£x100
TSR = = (3.2)

where:

$ = average tensile strength of unconditioned sylaset

$ = average tensile strength of conditioned subset.
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(©) (d)

Figure 3.7 Modified Lottman test steps: (a) vacuunsaturation, (b) specimens in freezer, (c)

specimens in hot water bath, and (d) Specimen inggng frame

3.3.3 Dynamic Modulus Test

The HMA resistance to permanent deformation, dimgitand fatigue cracking, can be
characterized using the dynamic modulus and phagle af HMA. In order to measure the
dynamic modulus| E* | and phase anglé)(a sinusoidal axial compressive load was appbed t
the cylindrical specimen at a sweep of testingdqu:ies.| E* | was calculated by dividing the
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peak-to- peak stress by the peak-to-peak strash@sn in Figure 3.8. For mixtures to be rut
resistant and exhibit higher stiffness at high terafure, a greateIrE* | value and a lower
phase angle are desirable (FHWA-HRT-11-021 2010).

The dynamic modulus test was conducted on specicwrs and trimmed to the size of
4 inches in diameter and 6 inches in height frosaraple 6 inches in diameter and 11linches in
height. The taller samples were fabricated usieggyratory compactor and were compacted to
an air void level of 71 %. The 7+1 % was the carevoid and was chosen to make the
comparison between HWTD and dynamic modulus testiteepossible (as mentioned earlier,

Hamburg specimens were compacted in 7+1 % air void)

1.1
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Figure 3.8 Sinusoidal loading in dynamic modulus &

Figure 3.9 shows a tall sample that has been fatieddn the Superpave gyratory compactor and
a Dynamic modulus test sample that was cored amdhed from it. The dynamic load ranged
between 10 and 690 KPa (1.5 to 100 psi), and aehilglad was used for lower test temperatures.
The effective test temperature varied and the ddsaguency ranged between 0.1 and 25 Hz.

The dynamic load was adjusted to obtain axial ssrhetween 50 and 150 micro-strains.
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Specimen ends were treated to reduce friction.speeimen was then placed in the testing
chamber at the desired test temperature, and Vtde Eabilize before the sample was tested.
The test specimen was first preconditioned with @@fles at 25 Hz using the target dynamic
load. Then the specimen was loaded in specifiegpéeature, frequency, and number of cycles.
The loading stress and recoverable axial straire wemputed for each frequency. Dynamic

modulus and the phase angle were then calculated.

P

R

Figure 3.9 Superpave gyratory compactor sample, andored and trimmed sample

In this study, dynamic modulus samples were tegsauy a universal testing machine
(UTM-25) and an asphalt-mixture performance te@®PT) for the first and second source of
RAP, respectively, following AASHTO TP: 62-03 (8tard Test Method for Determining
Dynamic Modulus of Hot Mix Asphalt Concrete Mixtg)e To accomplish the dynamic modulus
test, three linear variable differential transdsqgVDTs) were used for axial deformation data
collection, providing an estimated limit of accwaxf 13.1%. Fig 3.10 shows specimen setup
and LVDT connections.
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Some minor modifications to test temperatures wade because at the highest
temperature (5€), glue and the samples start softening and LVE&8d not remain attached
to the samples, whereas at the lowest temperatlB¥C) UTM and LVDTSs start freezing. As a
result, in this study, the highest and lowest tenafpees were excluded and three temperatures
(4, 21, and 3TC) and six loading frequencies (0.1, 0.5, 1, 5,a® 25 Hz) were used.

Figure 3.10 Sample set up in UTM machine with attdeed LVDTs
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Figure 3.11 Sample set up in AMPT machine with attehed LVDT'’s
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Chapter 4 - Resultsand Analysis
4.1 Hamburg Wheel-Tracking Device Test Results

The Hamburg wheel-tracking test was conducted metheplicate specimens for each
mix, and results for all 15 tests for each soufd@AP are provided in Appendix A. Tables 4-1
and 4-2 list the number of passes for each migihire for the first and second source of RAP,
respectively. All mixes being tested in this stuiyer failed before 40,000 passes or reached
40,000 passes with rut depth very close to 20 nonthe second replicates of 20% RAP and
40% FRAP, the rut depth at 40,000 passes was geryd.5 mm and 12.6 mm, respectively)
when compared to other replicates of the same Thixs, those results were not taken into
consideration. Besides, the machine stopped dagtover failure when one replicate of 30%
FRAP samples was being tested and as the resufinddl number of passes could not be

obtained.

4.1.1 Hamburg Wheel-Tracking Device Test Outputs (Creep Slope, Stripping Slope,

and Stripping I nflection Point)

To better understand HWTD performance test restigiss outputs other than number of

passes to failure, shown in table 4.1, need tdum#edd too. Figures 4.1 through 4.4 show
number of wheel passes, creep slope, strippingeskoud stripping inflection points,
respectively, for the mixes in this study for betiurces of RAP. Figure 4.1 shows that the mix
with 20% RAP had the highest number of passestardthe number of passes decreased as the
RAP percentage increased in the mix. In contragtedRAP, when FRAP was added to the mix,
the number of passes at 40% FRAP was considerajighthan 30% FRAP. However, the
number of passes with 30% and 40% FRAP were |owaar the mixture with 20% RAP.

In HWTD outputs, there were two points that neeiielde investigated further, creep
slope (CS) and striping inflection point (SIP). #dugh the number of wheel passes was higher
for 40% FRAP when compared to 30% FRAP (Figure, 4t CS and SIP decreased with an
increased percentage of FRAP. This may indicatettigamixture with the higher percentage of
FRAP was more vulnerable to rutting failuvéhen equal percentages of RAP and FRAP were

compared, the number of wheel passes before failaschigher for FRAP mixtures, and all
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other HWTD outputs were either not affected or iayad by replacing FRAP for RAP in the

mix.

Table 4.1 Number of passes in HWTD test for five ffierent mixes for both sources of RAP

First run Second run Third run
Mi Number of passes Number of passes Number of passes Avrg
iX
design . ) _ of 3
Left Right Avr Left Right Avr Left Right Avr Runs
Wheel | Wheel 9 Wheel | Wheel 9 Wheel | Wheel 9
20% 1°
RAP 40,000 | 40,000 | 40,000 - 28,871 24,829 26,850 33,425
30% 1%
RAP 38,449 | 32,575 | 35,512 30,078 23,056 26,567 23,208 24,292 23,750 28,610
40% 1°
RAP 20,600 | 21,200 | 20,900 | 31,700 34,167 32,934 23,822 21,800 22,811 25,548
30% 1%
FRAP 30,290 | 27,860 | 29,075 - 29,275 29,275 24,385 - 24,385 27,578
o/ 15t
4|gFf)A]F-’ 39,800 | 27,762 | 33,781 - 31,820 28,292 30,056 31,919
20% 2d
RAP 16,747 | 17,339 | 17,043 19,702 28,640 24,171 | 22,900 22,324 22,612 21,275
30% 2d
RAP 10,404 | 13,476 | 11,940 15,300 18,000 16,650 14,200 16,144 15,172 14,587
40% 2d
RAP 14,441 | 13,300 | 13,871 13,938 9,920 11,929 14,666 14,300 14,483 13,428
30% 2d
FRAP 17,150 | 19,000 | 18,075 17,150 19,100 18,125 17,700 15,150 16,425 17,542
40% 2d
FRAP 20,435 | 20,717 | 20,576 19,196 17,600 | 18,398 17,108 22,858 19,983 20,280
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Figure 4.1 Comparison of average number of wheel gaes for five different mixes
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Figure 4.2 Effect of varying RAP percentage on CrgeSlope (Passes/mm) for both sources
of RAP

Figures 4.5 and 4.6 show the effect of increasiA§ Rercentage and replacing it with
FRAP on creep slope, stripping inflection pointd atripping slope for first and second sources
of RAP, respectively.
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Figure 4.3 Effect of varying RAP percentage on Stpping Slope for both sources of RAP
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Figure 4.4 Effect of varying RAP percentage on Stpping Inflection Point

Figures 4.7 to 4.9 show the number of wheel passeédHWTD output parameters based
on the percentage of virgin binder added to the e results indicate that the amount of
virgin binder plays a role in the rutting and gbiipy resistance of the mixture containing RAP or
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FRAP. The best performance in terms of wheelggmgs 20-mm rutting was obtained for the
mixture containing the highest amount of virginden Figure 4.8 illustrates the creep slopes of
all mixes. It appears the best rutting resistamas obtained by the mixture with the highest
amount of virgin binder. The two sources of RAP wad follow the same trend when it comes to
stripping inflection point in Figure 4.9. While teorst performance belonged to 40% FRAP in
first source of RAP, for the second source of Réle,mix with 30% RAP showed a poor

performance in stripping.
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Figure 4.5 Effect of varying RAP percentage on HWTDbutput parameters (1st source of
RAP)
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Figure 4.6 Effect of varying RAP percentage on HWTDbutput parameters (2d source of
RAP)
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Figure 4.7 Number of wheel passes based on virgitnder contribution to the mix
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Figure 4.8 Creep slope (passes/mm) based on virgimder contribution to the mix
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Figure 4.9 Stripping inflection point based on virgn binder contribution to the mix

4.1.2 Statistical Analysis of HWTD Output Data

The analysis of variance (ANOVA) was conducteddiirtg all the parameters in the
HWTD as response variables and by taking the diffemixes as “treatments.” Statistical
analysis software, SAS, was used for this purpdsdle 4.2 shows the summary results. These
results showed that overall the effect of mixtyggeton the total number of wheel passes was
not significant i.e., the mixture performance ie tHWTD test could not be explained only by
the mixture type. However, there were significaiffedences between the number of wheel
passes to failure for mixtures with 20% RAP and 4RA@. Both creep slope and stripping
slope were also unaffected by mixture type, buteheas significant difference in creep slopes
between 20% and 40% RAP, and between 40% RAP &#dHRAP. However, treatment type
did significantly affect the stripping inflectioromt, or point when stripping starts in the HWTD
test. The mixture with 20% RAP showed significamdifferent behavior than other mixtures
with RAP and FRAP.
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Table 4.2 Treatment vs. response variable in ANOVA

Treatment R Sianifi @ Significant Difference
esponse ignificant @ a = i - between Treatments
Variable 01 Significant @ a = 0.05
Ho: pi =1
20% RAP
30% RAP
40% RAP \’;‘V% OfI N N 20% RAP & 40% RAP
ee
30% Passes | P Vvalue =0.2844>0.1 p value =0.2844>0.05 (p value<0.1)
FRAP
40%
FRAP
20% RAP
30% RAP
20% RAP & 40% RAP
40% RAP Creep N N
| 40% RAP & 40% FRAP
30% Slope | pvalue =0.2426>0.1 p value = 0.2426>0.05
FRAP (p value<0.1)
40%
FRAP
20% RAP
0 0
30% RAP 20% RAP & 30% RAP
40% RAP Stripping v v 20% RAP & 40% RAP
i 20% RAP & 30% FRAP
30% Inflection p value = 0.0445<0.1] p value = 0.0445<0.05
FRAP Point 20% RAP & 40% FRAP
40% (p value<0.1)
FRAP
20% RAP
30% RAP
0,
40% RAP Stripping N N None
30% Slope p value = 0.5455>0.1 p value = 0.5455>0.05
FRAP
40%
FRAP
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4.2 Moisture Susceptibility Test (KT-56) Results

Table 4.3 presents tensile strength and tenséagtin ratios (TSRs) for different
percentages of RAP and FRAP in the mix. The KaBsgmartment of Transportation (KDOT)
criterion for acceptable TSR is 80% and above. Teans that if the average tensile strength of
conditioned plugs is greater than or equal to U8 ®f the average tensile strength of un-
conditioned plugs, then the set has passed themamirequirement. The TSR is not the only
important parameter in the indirect tensile strartgst. It is also of significant importance to
compare conditioned and unconditioned sets in gaxtdesign to find out how increasing the
RAP percentage and adding FRAP will affect the Hpg&formance. Table 4.3 and Figure 4.10
show how the HMA performance was affected by insirggRAP percentage and by adding
FRAP to the mix.

Table 4.3 shows that as the percentage of RAPaserkin the mix, the TSR decreased
and mixed with FRAP and performed either very closer worse than the mixes with RAP.
The increment of TSR implies that mixes with highHRRwill not perform well in freeze-thaw
conditions and are susceptible to moisture damagkould be mentioned that although the TSR
decreased as the RAP percentage increased, ab mite RAP passed the KDOT criteria for
the KT-56 test. The TSR for 30% RAP and 30% FRAR wxactly the same, and the TSR was
slightly lower for 40% FRAP in comparison to 40% RAnd the mixture with 40% FRAP failed
to meet the minimum required value (80%). The strimg cannot be said for the second source
of RAP. Though the same trend has been observéne gercentage of RAP or FRAP increases
in the mix, none of the mixes met KDOT requiremdatghe moisture susceptibility test.

The indirect tensile strength, however, increasetha RAP percentage increased in the
mix, and it was the highest at 40% RAP and 40% FR&Phe first and second source of RAP,
respectively. When RAP and FRAP were compared, snive&e behaving comparably and
FRAP performed slightly better in the second sowfdeAP.

The lower TSR and higher tensile strength can Ipéagaed due to the nature of RAP.
Because of the aged binder, mixes made with higtepéages of RAP tend to be stiffer and fail
only at very high tensile strengths where no moéstxists, but due to aging in years of service,

44



the asphalt binder covering the aggregates getkedaat different places, making the HMA
mixture highly vulnerable to moisture. The crackedder film can explain high- and low-tensile

strengths for unconditioned and conditioned samples
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Table 4.3 Indirect tensile strength results for coditioned and unconditioned plugs

Mix
Dsgn

Smpl

Conditioned

Unconditioned

% Air
Voids @
N des

Tensile
Strength
(Ibs)

Average
Tensile
Strength (Ibs)

Tensile
Strength
Ratio (%)

Passed

Failed

1st
RAP

o
o

<
N2

o

<
(ad

1st

o
o

<
N2

°©
N

1st
RAP
RAP

1st
RAP

°©
N

RAP

1st
RAP

2d
RAP

1st
RAP

2d
RAP

20%
RAP

7.17

6.72

4,023

3,170

7.09

6.97

3,930

3,220

7.42

6.98

4,018

3,358

3,990 3,249

7.12

6.80

4,431

4,432

7.22

7.45

4,428

4,083

7.26

6.57

4,431

4,904

4,430 | 4,473

73

30%
RAP

6.69

6.96

4,199

3,093

6.83

6.58

3,817

3,533

6.96

6.82

4,756

3,295

4,257 | 3,307

7.06

6.83

4,402

4,859

6.53

6.51

5,259

4,682

6.67

7.06

5,231

5,177

4,964 | 4,906

86

67

40%
RAP

6.53

7.20

4,559

3,143

6.52

7.10

4,277

3,290

6.85

6.70

4,440

3,332

4,425 3,255

6.56

6.80

5,221

6,531

6.48

7.20

5,654

5,847

6.81

6.80

5,297

6,326

5,391 6,235

82

52

30%
FRAP

6.96

7.20

3,777

3,300

6.87

7.30

4,136

2,900

6.54

6.80

3,976

3,121

3,963 | 3,107

7.04

7.20

4,512

5,024

6.76

7.20

4,447

5,117

6.54

7.20

4,890

5,011

4,616 | 5,051

86

62

40%
FRAP

7.13

6.98

4,115

3,615

6.74

7.26

3,772

3,673

6.66

7.14

3,730

2,853

3,872 3,381

6.96

7.33

5,105

6,538

6.86

6.76

5,151

6,526

o |-l |O|locjok|[—=w|ld|lO|lo|loK|—|D|O|lT|IDKR||D|O|T|lKO|—]|D|O|T|D

6.78

7.33

4,547

5,844

4,934 | 6,303

78

54
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Figure 4.10 Tensile strengttresults for five different mixes

4.3 Dynamic Modulus Test Results

The dynamic rmadulus test results were automatically recordedt wie operatic of
software in the UTM-2%and AMPTmachine for first and second source of R, respectively.
For each mixthree replicates were made and te. Figure 4.11shows the typical outputs
UTM and AMPT, and Fures 4.12 through 4.17 show the dynamic modwdssresults for bot
sources of RAP.

The dynamic modulus and phase arwereaffected by both temperati and loading
frequenciesAt low temperature and high loading frequertheasphalt mixturewas elastic and
hada high dynamic modulus. At high temperature andlmading frequencytheasphalt
mixture wagamore viscous and d a low elastic modulus. As wagpected, dynamic modull
values werdigher at lower temperature and lower at highempienature. It was also observ
that dynamic modulus decredsas the loading frequency chandeaim 25 Hz to 0.1 Hz
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Operstor: Massim
Motesicomments: 30% FRAP_{I)_4C

Specimen Information
Idertification: 30% FRAP_(I)_4C Core/Sample Number: 30% FRAR_

Dimensions \Painﬂ |Poirﬂ2 |PmrH Pairt 4 ‘Pmnts |Pmrﬂ5 ‘Average ‘Std Dev
Ciameter (mm) {1008 |WUU? |1 0o (1008 (1007 ‘ 10076 (005477226 Cross-Sectional Area: 7973816

Height (mm) 150 1499 [150.4  |1502  |1498 150 01581139 Volume: 1196072

CommentsiProperties: 30% FRAP_(I_4C
Sweep Parameters

[Pre-Cand [Sweep#1 |[Sweep #2 [Sweep #3 |Sweep d4 [Swveep #5 [Sweep #5
Frequency (Hz) 25 Hz 25 Hz [10Hz 5 Hz 1 Hz 0.5 Hz
Cycle period (ms)
Mumber of cycles
Rest period (s)
Static Stress Level (kPa)
Postive Dynamic Stress (kPal LR A R A A R LR A R R A LA D L R E AT S TR T R A D SRR

Figure 4.11 Typical outputs of UTM (left side) andAMPT (right side)

The behavior observed in two different sources APRvere completely different from
each other in the dynamic modulus test resultsd@hdot follow the same pattern as the
temperature changed. For the first source, 20% Ra#&dPthe highest dynamic modulus, %t 4
and 37C, being followed by either 30% RAP or FRAP, araliag only third place for 40%
RAP or FRAP. For the first source, RAP and FRAP4avel very similarly for equal percentage.
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Figure 4.12 Dynamic modulus test results for firs{left) and second (right) source of RAP

at 4°C
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Figure 4.13 Dynamic modulus test results for firs{left) and second (right) source of RAP

at 21°C

49




16,000 4,000
14,000 / 3,500 /Nﬁ&/
§
o / /
12,000 /'l'w"FRA 3,000 / /.w‘q& M’
10,000 / / 2,500 %/ MN?/'
- / - /./
6,000 / 1,500
EERE———l
/ el T aeReP L
~ Tt — o0
2,000 é 500
0 f‘, o0+
0 5 10 15 20 25 0 5 10 15 20
Loadin Frequency (Hz) Loadin Frequency (Hz)

Figure 4.14 Dynamic modulus test results for firs{left) and second (right) source of RAP
at 37°C

Tables 4.4 through 4.7 show the dynamic moduluspdrade angle for all five mixes at
three different temperatures for each source of RAP
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Table 4.4 Dynamic modulus results (MPa) for five dferent mixes at three different temperatures for he first RAP source

4T 21°C 37T

Mix [Sample
Design ID 25Hz (10Hz| 5Hz | 1Hz |0.5Hz|0.1Hz|25Hz|10Hz | 5Hz | 1Hz [0.5Hz|0.1Hz|25HZz|10Hz | 5Hz | 1Hz [0.5Hz|0.1 Hz

S1 27,740 24,816 [ 23,171 18,935 18,013 | 15,024| 8,074 | 7,084 | 6,452 | 4,945 | 4,401 | 3,114 | 18,524 [ 13,604 | 10,746 | 6,274 | 5,327 | 3,035
S2 25,607 | 21,587 | 19,295 15,518 | 14,645|11,354| 7,177 | 6,463 | 5874 | 4,508 | 4,044 | 2,872 | 14,773| 10,122 7,754 | 4,005 | 3,315 | 1,790
20% S3 17,989]16,897| 15,544 12,311 | 11,457 | 8,509 | 14,072]12,999| 11,698 | 8,423 | 7,553 | 5,322 | 9,073 | 9,746 | 8,313 | 5,774 | 4,869 | 3,400
RAP |Average | 23,779|21,100 [ 19,337 | 15,588 | 14,705 11,629| 9,774 | 8,849 | 8,008 | 5,959 | 5,333 | 3,769 | 14,123 (11,157 | 8,938 | 5,351 | 4,504 | 2,742
SD 5,126 | 3,982 | 3,814 | 3,313 | 3,278 | 3,266 | 3,749 | 3,608 | 3,209 | 2,145 | 1,931 | 1,350 | 4,759 | 2,127 | 1,591 | 1,192 | 1,055 | 844
CV% | 022 | 019 | 020 | 021 | 022 | 028 | 0.38 | 041 [ 040 | 036 | 0.36 | 036 | 0.34 | 019 | 018 | 022 | 0.23 | 0.31
IV-I 10,199 9,287 | 9,583 [ 8,297 | 7,693 | 6,121 | 13,564 ] 13,468 | 13,009 | 11,168 | 9,480 | 8,143 | 4,159 | 3,587 | 3,111 | 2,124 | 1,786 | 1,156
IV-Il 111,431|10,755( 10,298 | 8,940 | 8,696 | 7,285 | 13,764 | 11,601 | 10,412| 7,731 | 7,052 | 4,850 | 7,354 | 5,842 | 5,100 | 3,644 | 3,155 | 2,163
30% S2 20,81819,935| 19,631 | 17,578 16,797 | 13,038 14,013 13,109 [ 12,078 9,049 [ 8,509 | 5,879 | 2,266 | 2,033 | 1,786 | 1,279 | 1,062 | 719
RAP |Average| 14,149|13,326]|13,171{11,605] 11,062 | 8,815 | 13,780 12,726 11,833 | 9,316 | 8,347 | 6,291 | 4,593 | 3,821 | 3,332 | 2,349 [ 2,001 | 1,346
SD 5,808 [ 5,771 | 5,606 | 5183 | 4,992 | 3,704 | 225 991 (1,316 ] 1,734 | 1,222 | 1,685 | 2,572 | 1,915 | 1,668 | 1,198 | 1,063 | 741
CV% | 041 | 043 | 043 | 045 | 045 | 042 | 002 | 0.08 [ 0.11 | 019 | 0.15 | 027 | 056 | 050 | 050 | 051 | 053 | 0.55
S2 11,015]10,541] 10,056 8,730 | 8,240 | 6,642 | 27,598 ]21,013| 18,608 | 12,342]11,786| 7,191 | 6,099 | 3,864 | 2,999 | 1,769 | 1,431 [ 865
S(2-1) 111,223]10,834(10,218| 8,546 | 7,948 | 6,125 | 14,723 (12,898 10,942 | 6,546 | 6,036 | 3,090 | 2,937 | 2,276 | 1,864 | 1,180 | 964 646
40% | S(2-2) [13,589]12,632]12,055[10,281] 9,596 | 7,649 | 8,984 | 7,757 | 6,989 | 4,776 | 4,317 | 2,650 | 5,264 | 4,309 | 3,612 | 2,228 | 1,858 | 1,194
RAP |Average|11,942]11,336(10,776| 9,186 | 8,595 [ 6,805 |17,102|13,88912,180| 7,888 | 7,380 | 4,310 | 4,767 | 3,483 | 2,825 | 1,726 | 1,418 | 902
SD 1,430 { 1,132 ] 1,110 [ 953 879 775 | 9532 ) 6,683 | 5908 | 3,958 [ 3,912 | 2,504 | 1,639 | 1,069 [ 887 525 447 276
CV% [ 012 | 010 | 010 | 010 | 0.10 | 011 | 056 | 048 | 0.49 | 050 | 053 [ 058 [ 0.34 | 031 | 031 | 0.30 | 032 | 031
S1 21,551 19,611 19,849 18,000} 17,240 15,401 14,025] 12,682 11,915) 10,127 9,195 | 7,661 | 2,665 | 2,353 | 2,105 | 1,588 | 1,346 | 995
SlI 13,543 12,298 (12,028 | 10,036 | 9,657 | 8,090 | 14,808 | 12,233 10,871 | 8,173 | 7,566 | 5,145 | 8,200 [ 6,537 | 5,709 | 4,023 | 3,504 | 2,353
30% Slil 10,600] 9,665 | 9,967 | 8,397 | 7,903 | 6,321 | 13,144]12,765| 12,157 | 10,072] 8,760 | 7,016 | 5,801 | 4,279 | 3,344 | 1,880 | 1,451 [ 853
FRAP |Average | 15,231 13,858 13,948 12,144 11,600| 9,937 | 13,992]12,560 | 11,648 9,457 | 8,507 | 6,607 | 5,555 | 4,390 | 3,719 | 2,497 | 2,100 | 1,400
SD 5,667 | 5,153 [ 5213 | 5,137 | 4,962 | 4,814 | 832 286 683 | 1,113 | 843 [ 1,307 | 2,776 | 2,094 | 1,831 | 1,330 | 1,217 | 828
CV% [ 037 | 037 | 0.37 | 042 | 043 | 048 | 0.06 | 002 | 0.06 | 0.12 | 0.10 [ 0.20 | 050 | 048 | 0.49 | 053 | 0.58 [ 0.59
S1 10,794110,287| 9,757 | 8,307 | 7,869 | 6,159 | 13,688|11,065| 9,478 | 6,267 | 5,791 | 3,277 | 4,217 | 3,184 | 2,567 | 1,468 | 1,178 [ 761
S2 13,175]12,431] 11,766 | 9,922 | 9,364 | 7,409 | 24,992]19,652| 17,523 |12,084]|11,465| 6,992 | 5,199 | 4,206 | 3,465 | 2,161 | 1,788 | 1,101
40% | S(2-2) |12,314|11,826|11,344( 9,479 | 9,068 | 7,395 | 8,087 | 7,000 | 6,147 | 4,299 | 3,739 | 2,280 | 2,683 | 2,254 | 2,021 | 1,446 | 1,192 | 827
FRAP |Average [ 12,094 11,515 10,956 | 9,236 | 8,767 | 6,988 | 15,589]12,572|11,049| 7,550 | 6,998 | 4,183 | 4,033 | 3,215 | 2,684 | 1,692 | 1,386 | 896
SD 1,206 | 1,105 [ 1,059 | 834 792 718 | 8,611 | 6,459 | 5,849 [ 4,048 | 4,002 | 2,483 | 1,268 | 976 729 407 348 180
CV% | 010 | 010 | 0.10 | 0.09 | 009 | 010 | 055 | 051 [ 053 | 054 | 057 | 059 | 031 | 030 | 027 | 024 | 0.25 | 0.20
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Table 4.5 Phase angle (degrees) results for fivefférent mixes at three different temperatures for he first RAP source

4T 21T 37T
Mix |Sample
Design ID 25Hz |10Hz| 5Hz | 1Hz |[05Hz|0.1Hz|25Hz |10Hz | 5Hz | 1Hz |05Hz|0.1Hz|25Hz |10Hz | 5Hz | 1Hz |0.5Hz|0.1 Hz
S1 7.62 | 10.18 | 1488 | 13.73 | 15.89 | 18.51 | 10.41 | 13.41 | 15.33 | 18.25 | 21.47 | 24.57 | 32.67 | 40.92 | 40.72 | 37.76 | 41.24 | 39.35
S2 26.08 | 11.15 | 11.37 | 11.33 | 11.96 | 13.14 | 7.33 | 13.37 | 14.94 | 18.04 | 20.91 | 24.35 | 68.14 | 50.52 | 53.94 | 50.92 | 52.61 | 47.93
20% S3 1454 | 16.06 | 22.19 | 19.79 | 20.66 | 21.86 | 15.04 | 19.63 | 24.90 | 23.31 | 25.81 | 27.70 | 29.28 | 33.67 | 36.33 | 36.90 | 38.94 | 39.32
RAP |Average| 16.08 | 12.46 | 16.15 | 1495 | 16.17 | 17.84 | 10.93 | 15.47 | 18.39 | 19.87 | 22.73 | 25.54 | 43.36 | 41.70 | 43.66 | 41.86 | 44.26 | 42.20
SD 9.33 3.15 5.52 4.36 4.36 4.40 3.88 3.60 5.64 2.98 2.68 187 | 2152 | 8.45 9.17 7.86 7.32 4.96
C.V% 0.58 0.25 0.34 0.29 0.27 0.25 0.36 0.23 0.31 0.15 0.12 0.07 0.50 0.20 0.21 0.19 0.17 0.12
V-1 3.76 | 12.60 | 10.06 | 11.72 | 14.16 | 17.66 | 5.47 | 21.05 | 23.72 | 24.98 | 27.91 | 26.45 | 13.68 | 25.45 | 26.36 | 27.07 | 31.37 | 31.69
IV-II 15.96 | 10.30 | 10.17 | 14.06 | 14.98 | 16.99 | 8.22 | 10.90 | 13.97 | 16.60 | 19.75 | 21.99 | 19.59 | 24.79 | 26.60 | 28.94 | 33.50 | 35.72
30% S2 2.39 3.23 5.07 6.68 8.43 | 11.02 | 11.30 | 12.41 | 16.74 | 19.38 | 21.69 | 23.43 | 13.00 | 18.83 | 22.15 | 24.14 | 28.39 | 29.12
RAP |Average| 7.37 8.71 843 | 10.82 | 1252 | 15.22 | 833 | 14.79 | 18.14 | 20.32 | 23.12 | 23.96 | 15.42 | 23.02 | 25.04 | 26.72 | 31.09 | 32.18
SD 7.47 4.88 2.91 3.77 3.57 3.66 2.92 5.48 5.02 4.27 4.26 2.28 3.62 3.65 2.50 2.42 2.57 3.33
CV% 1.01 0.56 0.35 0.35 0.28 0.24 0.35 0.37 0.28 0.21 0.18 0.10 0.23 0.16 0.10 0.09 0.08 0.10
S2 0.67 6.37 7.89 | 10.58 | 12.24 | 15.97 | 22.69 | 21.73 | 21.22 | 23.52 | 28.20 | 30.09 | 25.60 | 25.80 | 27.45 | 28.48 | 32.30 | 29.70
S(2-1) 0.48 5.24 7.42 988 | 1235 | 15.87 | 39.65 | 21.23 | 29.13 | 33.49 | 38.06 | 41.48 | 21.70 | 27.83 | 29.55 | 28.69 | 31.82 | 28.48
40% S(2-2) | 10.15 | 12.62 | 1482 | 16.88 | 18.15 | 20.95 | 9.74 | 1653 | 17.78 | 21.69 | 26.20 | 29.03 | 22.07 | 27.37 | 27.99 | 28.68 | 32.78 | 30.43
RAP |Average| 3.77 8.08 | 10.04 | 12.45 | 14.25 | 17.60 | 24.03 | 19.83 | 22.71 | 26.23 | 30.82 | 33.53 | 23.12 | 27.00 | 28.33 | 28.62 | 32.30 | 29.54
SD 553 3.98 4.14 3.86 3.38 2.90 | 15.00 | 2.87 5.82 6.35 6.35 6.90 2.15 1.06 1.09 0.12 0.48 0.99
C.V% 1.47 0.49 0.41 0.31 0.24 0.17 0.62 0.14 0.26 0.24 0.21 0.21 0.09 0.04 0.04 0.00 0.01 0.03
S1 8.74 | 11.90 | 12.39 | 13.34 | 14.70 | 15.82 | 11.67 | 13.13 | 14.40 | 16.11 | 18.15 | 19.47 | 10.14 | 15.36 | 17.81 | 20.57 | 25.61 | 27.40
Sl 1590 | 7.74 | 10.14 | 1156 | 1221 | 14.03 | 7.70 | 1044 | 1420 | 17.67 | 19.97 | 23.14 | 19.73 | 25.34 | 26.07 | 29.39 | 33.46 | 35.69
30% Sl 3.76 12.5 8.77 12.1 14.07 | 17.23 | 4.82 | 15.85 | 19.21 | 21.35 | 24.54 | 25.26 | 30.22 | 36.45 | 38.54 | 38.73 | 41.10 | 35.75
FRAP [Average| 9.47 | 10.71 | 10.43 | 12.33 | 13.66 | 15.69 | 8.06 | 13.14 | 15.94 | 18.38 | 20.89 | 22.62 | 20.03 | 25.72 | 27.47 | 29.56 | 33.39 | 32.95
SD 6.10 2.59 1.83 0.91 1.29 1.60 3.44 2.71 2.84 2.69 3.29 293 | 10.04 | 10.55 | 10.44 | 9.08 7.75 4.80
CV% 0.64 0.24 0.18 0.07 0.09 0.10 0.43 0.21 0.18 0.15 0.16 0.13 0.50 0.41 0.38 0.31 0.23 0.15
S1 2.24 6.52 8.72 | 10.90 | 12.50 | 15.98 | 19.52 | 23.66 | 26.19 | 30.69 | 34.70 | 38.39 | 25.18 | 32.72 | 33.20 | 32.48 | 36.25 | 31.65
S2 10.22 | 13.36 | 15.01 | 16.46 | 18.43 | 21.09 | 21.24 | 20.60 | 21.85 | 24.11 | 28.46 | 30.17 | 20.59 | 26.11 | 27.40 | 28.81 | 32.68 | 29.81
40% S(2-2) 1.33 6.56 8.12 | 10.72 | 1250 | 16.50 | 11.80 | 17.44 | 19.36 | 22.92 | 27.77 | 30.03 | 12.99 | 21.16 | 23.34 | 24.61 | 30.84 | 29.97
FRAP |Average| 4.60 8.81 | 10.62 | 12.69 | 14.48 | 17.86 | 17.52 | 20.57 | 22.47 | 25.91 | 30.31 | 32.86 | 19.59 | 26.66 | 27.98 | 28.63 | 33.26 | 30.48
SD 4.89 3.94 3.82 3.26 3.42 2.81 5.03 3.11 3.46 4.19 3.82 4.79 6.16 5.80 4.96 3.94 2.75 1.02
C.V% 1.06 0.45 0.36 0.26 0.24 0.16 0.29 0.15 0.15 0.16 0.13 0.15 0.31 0.22 0.18 0.14 0.08 0.03
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Table 4.6 Dynamic modulus results (MPa) for five dferent mixes at three different temperatures for he second RAP source

Mix |sample 4T 21°C 37C
Design ID 25Hz |10Hz | 5Hz | 1Hz [0.5HZz|0.1Hz|25HZz |10Hz | 5Hz | 1Hz |05Hz|0.1Hz|25Hz|10Hz | 5Hz | 1Hz [05Hz[0.1Hz
21 14,480 14,747|11,823| 9,510 | 8,557 | 6,386 | 8,748 | 7,555 | 6,630 | 4,603 | 3,868 | 2,348 | 5,137 | 3,312 | 2,578 | 1,402 | 1,125 | 641
22 13,397 (11,625| 10,681 | 8,346 | 7,420 | 5,460 | 9,478 | 9,079 | 7,990 | 5,462 | 4,575 | 2,717 | 2,630 | 1,440 | 1,183 | 667 847 596
20% S3 17,989 (16,897 | 15,544 | 12,311 | 11,457 | 8,509 | 14,072 | 12,999 11,698 | 8,423 | 7,553 | 5,322 | 9,073 | 9,746 | 8,313 | 5,774 | 4,869 | 3,400
RAP |Average|13,939( 13,186 (11,252 | 8,928 | 7,989 | 5,923 | 9,113 | 8,317 | 7,310 | 5,033 | 4,222 | 2,533 | 3,884 | 2,376 | 1,881 | 1,035 [ 986 619
SD 766 2,208 | 808 823 804 655 516 1,078 [ 962 607 500 261 1,773 [ 1,324 | 986 520 197 32
C.V% 549 | 16.74 | 7.18 9.22 | 10.06 | 11.05| 5.66 | 12.96 | 13.16 | 12.07 | 11.84 | 10.30 | 45.65 | 55.71 | 52.45 | 50.23 | 19.95 | 5.14
31 12,978 (11,217|10,260| 8,119 | 7,213 | 5320 | 6,596 | 5,571 | 4,777 | 3,171 | 2,623 | 1,555 | 1,988 | 1,318 | 1,013 | 541 425 240
33 18,790 17,412 | 16,268 | 13,668 | 12,503 | 9,911 | 9,502 | 8,049 | 7,047 | 5,000 | 4,294 | 2,864 | 3,493 | 2,602 | 2,135 | 1,262 | 1,039 | 621
30% 34 19,438 (16,691 | 14,909 | 11,474 10,099 | 7,364 | 7,502 | 6,399 | 5,498 | 3,659 | 3,017 | 1,776 | 2,083 | 1,508 | 1,167 | 626 491 272
RAP |Average|17,069| 15,107 13,812 11,087 | 9,938 | 7,532 | 7,867 | 6,673 | 5,774 | 3,943 | 3,311 | 2,065 | 2,521 | 1,809 | 1,438 | 809 652 378
SD 3,557 | 3,388 | 3,151 | 2,795 | 2,649 | 2,300 | 1,487 | 1,262 | 1,160 | 947 874 701 843 693 608 394 337 211
CV% [ 20.84 | 22.43 | 22.81 | 25.21 | 26.65 | 30.54 | 18.90 | 18.90 | 20.09 | 24.02 | 26.38 | 33.93 | 33.43 | 38.30 | 42.29 | 48.71 | 51.72 | 55.91
42 17,158 15,598 | 14,537 112,119 | 11,041 | 8,664 | 9,424 | 7,739 | 7,108 | 5,035 | 4,281 | 2,729 | 3,199 | 2,427 | 1,948 | 1,100 880 494
43 16,400 (14,932 |13,845| 11,394 | 10,374 | 8,142 |10,785| 9,042 | 7,887 | 5,701 | 4,888 | 3,191 | 3,504 | 2,638 | 2,138 | 1,225 | 985 556
40% 44 15,664 (14,381 |13,383|11,069| 10,080 7,840 | 9,355 | 8,293 | 7,292 | 5,180 | 4,418 | 2,822 | 2,925 | 2,178 | 1,736 | 958 762 427
RAP |Average|16,407|14,970| 13,922 11,527 |10,498| 8,215 | 9,855 | 8,358 | 7,429 | 5,305 | 4,529 | 2,914 | 3,209 | 2,414 | 1,941 | 1,094 | 876 492
SD 747 609 581 538 492 417 806 654 407 350 318 244 290 230 201 134 112 64
CV% 4.55 4.07 4.17 4.66 4.69 5.07 8.18 7.82 5.48 6.60 7.03 8.39 9.02 954 | 10.36 | 12.22 | 12.74 | 13.06
f31 16,265 (13,638 | 12,122 | 9,671 | 8,680 | 6,475 | 7,402 | 5,561 | 4,742 | 3,054 | 2,520 | 1,491 | 2,648 | 1,957 | 1,535 | 829 650 355
32 22,938119,481|17,768| 14,073 [ 12,595 | 9,428 | 12,051 | 10,063 | 8,673 | 5684 | 4587 | 2,757 | 3,352 | 2,496 | 1,956 | 1,062 | 826 456
30% 34 16,050 | 14,185 13,021 10,413 | 9,362 | 7,046 | 9,126 | 7,788 | 6,781 | 4,665 | 3,928 | 2,412 | 3,263 | 2,451 | 1,963 | 1,087 | 854 452
FRAP |Average | 18,418 15,768 | 14,304 | 11,386 | 10,212 | 7,650 | 9,526 | 7,804 | 6,732 | 4,468 | 3,678 | 2,220 | 3,088 | 2,301 | 1,818 | 993 777 421
SD 3,916 | 3,227 | 3,034 | 2,357 | 2,091 | 1,566 | 2,350 | 2,251 | 1,966 | 1,326 | 1,056 | 654 383 299 245 142 111 57
CV% | 21.26 | 20.47 | 21.21 | 20.70 | 20.48 | 20.48 | 24.67 | 28.84 | 29.20 | 29.68 | 28.71 | 29.48 | 12.42 | 12.99 | 13.48 | 14.32 | 14.23 | 13.60
f42 14,284 (12,645|11,601| 9,314 | 8,338 | 6,342 | 8,440 | 7,148 | 6,220 | 4,340 | 3,677 | 2,306 | 2,924 | 2,212 | 1,781 | 1,006 | 808 450
f43 26,074121,482|19,732| 15,970 | 14,482 (11,103 12,632 | 10,747 | 9,386 | 6,539 | 5,582 | 3,548 | 3,311 | 2,556 | 2,062 | 1,148 | 913 500
40% f44 15,869 | 14,128 | 13,075 10,658 | 9,628 | 7,388 | 9,186 | 7,828 | 6,803 | 4,737 | 4,004 | 2,501 | 4,902 | 3,735 | 2,961 | 1,631 | 1,282 | 692
FRAP |Average | 18,742 16,085 | 14,803 11,981 | 10,816 | 8,278 | 10,086 | 8,574 | 7,470 | 5,205 | 4,421 | 2,785 | 3,712 | 2,834 | 2,268 | 1,262 | 1,001 | 547
SD 6,399 | 4,732 | 4,332 | 3,520 | 3,240 | 2,502 | 2,236 | 1,912 | 1,685 | 1,172 | 1,019 | 668 1,048 | 799 616 328 249 128
CV% | 34.14 | 29.42 | 29.27 | 29.38 | 29.95 | 30.23 | 22.17 | 22.30 | 22.56 | 22.51 | 23.04 | 23.98 | 28.24 | 28.18 | 27.18 | 25.97 | 24.90 | 23.33
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Table 4.7 Phase angle (degrees) results for fivefdrent mixes at three different temperatures for he second RAP source

Mix |Sample 4T 21T 37C
Design ID 25Hz |10Hz | 5Hz | 1Hz [0.5Hz[0.1Hz|25Hz [10Hz | 5Hz | 1Hz |0.5Hz|0.1Hz|25Hz|10Hz| 5Hz | 1Hz |0.5Hz|0.1 Hz
21 9.99 | 10.59 | 11.87 | 14.62 | 16.02 | 19.58 | 17.16 | 18.53 | 20.08 | 23.79 | 25.10 | 28.46 | 34.80 | 49.38 | 50.64 [ 36.63 | 35.82 | 15.57
22 21.83 | 1353 | 12.83 | 15.76 | 17.08 | 20.52 | 26.07 | 40.63 | 39.88 | 31.14 | 32.21 | 33.73 | 31.56 | 33.97 | 34.03 | 32.87 | 30.63 | 32.80
20% S3 1454 | 16.06 | 22.19 | 19.79 | 20.66 | 21.86 | 15.04 | 19.63 | 24.90 | 23.31 | 25.81 | 27.70 | 29.28 | 33.67 | 36.33 | 36.90 | 38.94 | 39.32
RAP |Average| 15.91 | 12.06 [ 12.35 | 15.19 [ 16.55 | 20.05 | 21.62 | 29.58 | 29.98 [ 27.47 | 28.66 | 31.10 | 33.18 | 41.68 [ 42.34 | 34.75 | 33.23 | 24.19
SD 837 | 208 [ 068 | 081 | 0.75 [ 0.66 | 630 [ 1563 [ 1400 | 520 | 5.03 | 3.73 [ 2.29 [ 10.90 | 11.75 [ 2.66 | 3.67 | 12.18
CV% | 52.62 | 17.24 | 550 | 531 | 453 | 3.32 | 29.15 | 52.83 | 46.70 | 18.92 | 17.55 [ 11.98 | 6.90 | 26.15 | 27.74 | 7.65 [ 11.05 | 50.38
31 11.92 | 11.53 | 12.52 | 15.24 | 16.73 | 20.10 | 17.44 | 21.05 | 22.58 | 26.20 | 27.27 | 30.07 | 31.55 | 33.60 | 33.48 | 32.77 | 31.45 | 29.96
33 7.85 | 847 | 9.40 | 11.26 | 12.19 | 1485 | 17.60 | 18.44 | 19.56 | 22.54 | 23.46 | 25.98 | 28.23 | 29.79 | 29.87 | 30.64 | 29.92 | 29.46
30% 34 21.55 | 35,55 [ 35.08 | 26.03 | 27.21 | 29.15 | 20.45 | 20.84 | 22.32 | 25.97 | 27.13 | 30.09 | 34.29 | 34.76 | 34.45 | 33.81 | 32.54 | 30.88
RAP |Average| 13.77 | 18.52 | 19.00 | 17.51 | 18.71 | 21.37 | 18.50 | 20.11 | 21.49 | 24.90 | 25.95 | 28.71 | 31.36 | 32.72 | 32.60 | 32.41 | 31.30 | 30.10
SD 7.04 | 1483|1401 | 764 | 770 | 723 | 169 [ 145 | 167 | 205 | 216 | 237 | 3.03 | 260 | 241 | 162 | 1.32 | 0.72
CV% | 51.08 | 80.09 | 73.75 | 43.64 | 41.17 | 3385 | 9.16 | 721 | 7.79 | 823 | 832 | 824 | 968 | 795 | 740 | 499 | 420 | 2.39
42 9.93 | 9.02 | 9.75 | 11.81 | 12.74 | 15.76 | 18.14 | 18.13 | 19.21 | 22.95 | 24.26 | 27.97 | 30.31 | 31.69 | 32.11 | 33.25 | 32.51 | 31.87
43 9.23 | 9.81 | 10.57 | 12.76 | 13.76 | 16.71 | 15.08 | 16.79 | 18.27 | 21.86 | 23.19 | 27.02 | 29.84 | 31.07 | 31.71 | 33.24 | 32.73 | 32.45
40% 44 9.42 | 9.81 | 1051 | 12.65 | 13.73 | 16.79 | 18.21 | 17.71 | 19.23 | 22.95 | 24.28 | 27.97 | 31.20 | 32.73 | 33.20 | 34.06 | 33.23 | 32.14
RAP |Average| 9.53 | 9.55 [ 10.28 | 12.41 | 13.41 | 16.42 | 17.14 | 17.54 | 18.90 | 22.59 | 23.91 | 27.65 | 30.45 | 31.83 | 32.34 | 33.52 | 32.82 | 32.15
SD 036 | 046 | 046 | 052 | 058 | 057 | 1.79 [ 069 | 055 | 063 | 0.62 | 055 | 0.69 | 084 | 0.77 | 0.47 | 037 | 0.29
CV% | 3.80 | 478 [ 445 | 419 | 433 | 349 | 1043 | 391 | 290 | 279 | 261 | 198 | 227 | 264 | 238 | 140 | 1.12 | 0.90
31 0.72 | 13.50 | 12.32 | 14.85 | 16.10 | 19.66 | 19.06 | 23.27 | 24.63 | 27.98 | 28.67 | 30.55 | 32.07 | 32.76 | 32.75 | 32.52 | 31.41 | 29.80
32 20.89 | 35.59 | 34.22 | 25.29 | 26.33 | 28.49 | 29.00 | 42.34 | 41.48 | 32.70 | 33.68 | 34.16 | 30.89 | 31.39 [ 31.53 | 31.44 | 30.38 | 28.70
30% 34 9.4 11.16 | 12.14 | 14.87 | 16.14 | 19.64 | 19.39 | 20.02 | 21.49 | 25.22 | 26.37 | 29.50 | 31.24 | 32.49 | 32.58 | 33.10 | 32.41 | 32.07
FRAP |Average| 10.34 [ 20.08 | 19.56 | 18.34 | 19.52 | 22.60 | 22.48 | 28.54 | 29.20 | 28.63 | 29.57 | 31.40 | 31.40 | 32.21 | 32.29 | 32.35 | 31.40 | 30.19
SD 10.12 | 13.48 | 12.70 | 6.02 | 589 | 5.10 | 5.65 | 12.06 | 10.75 | 3.78 | 3.74 | 244 | 061 | 0.73 | 0.66 | 0.84 | 1.02 | 1.72
CV% | 97.88 | 67.12 | 64.91 | 32.84 | 30.19 | 22.59 | 25.11 | 42.25 | 36.82 | 13.21 | 1264 | 778 | 193 | 225 | 205 | 2.60 | 3.23 | 5.69
42 10.57 | 11.14 | 12.00 | 1454 | 15.71 | 19.05 | 17.30 | 18.96 | 20.36 | 24.20 | 25.48 | 29.28 | 30.82 | 32.28 | 32.79 | 34.21 | 33.51 | 32.96
43 2243 | 34.09 | 3347 | 24.25 | 25.14 | 27.15 | 14.16 | 40.57 | 39.86 | 31.13 | 32.15 | 33.88 | 30.87 | 32.37 | 32.71 | 33.89 | 33.19 | 32.60
40% 44 9.75 | 10.32 | 11.08 | 13.44 | 14.63 | 18.01 | 17.57 | 18.88 | 20.40 | 24.27 | 25.59 | 29.41 | 36.22 | 48.79 | 46.55 | 36.11 | 35.64 | 34.24
FRAP |Average| 14.25 | 18.52 | 18.85 | 17.41 | 18.49 | 21.40 | 16.34 | 26.14 | 26.87 | 26.53 | 27.74 | 30.86 | 32.64 | 37.81 | 37.35 | 34.74 | 34.11 | 33.27
SD 710 | 1349 [ 12,67 | 595 | 578 | 500 | 190 [ 1250 | 11.25 | 398 | 3.82 | 262 | 3.10 | 951 | 797 | 1.20 | 1.33 | 0.86
C.V% | 49.80 | 72.87 | 67.21 | 34.17 | 31.26 | 23.38 | 11.60 | 47.82 | 41.85 | 15.00 | 13.77 | 849 | 9.51 | 25.14 | 21.33 | 3.45 | 3.90 | 2.59
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As can be seen in Figures 4.12 through 4.14 ante3dx4 through 4.7, at all three
different temperatures, the highest dynamic modwias obtained by 40% FRAP with the
second source of RAP, followed by 40% RAP. The ZA® has the lowest dynamic modulus
in tests performed af@ and 22C, and was slightly better at &7.

In dynamic modulus test results, for the first seuof RAP tested af’@ and 37C, the
highest dynamic modulus was obtained by 20% RAMpwed by 30%RAP or FRAP, and then
40% RAP or FRAP, with RAP and FRAP mixes behavinglarly. The samples made with the
second source of RAP showed the best performart@at-RAP, followed by 30% FRAP at
4°C and 40% RAP at 2C, due to the stiffer binder (higher PG grade) APRAs the binder
started softening at 32, there was still enough aged binder in 40% FRAPRAP mixtures to
make up for the temperature-softening effect,igtthese still show the best performance. The
same thing was not true about 30% FRAP and RAPumagt with 30% FRAP still performing
better than 30% RAP, but worse than 20% RAP &£37

The binder PG grades for the first and second sooff @AP were 84-16 and 91-10,
respectively, making the second RAP stiffer thamnfitst one. Besides, as it was shown in Table
3.3 (in Chapter 3), first and second FRAP mixes 2tahd 25% passing the 12.5-mm sieve for
30% FRAP, and 28% and 32% aggregates passing thent-sieve for 40% FRAP,
respectively. The first source of RAP had a coagsadation and based on the nature of the
source, fewer fine aggregates were introduceddartix which in combination with having a
softer binder caused the RAP and FRAP to behawesierilarly to each other. Having finer
gradation (higher surface area and higher bindetect) and stiffer binder, the second source
RAP and FRAP mixes did not behave similarly.

4.3.1 Possible Effect on Pavement Performance

The possible effect of these RAP and FRAP mixesheannderstood by studying the
performance models in the newly released Mecharistipirical Pavement Design Guide
(MEPDG) for flexible pavements.

4.3.1.1 Permanent Deformation Moddl's

MEPDG offers models for predicting permanent defation in each pavement layer.

The average vertical resilient strain in each lesgdrlayer is computed for each analysis period
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of the entire design period, with a linear elaatialysis program for each axle load configuration
(NCHRP 2004). The rutting distress is predictedbsolute terms. The incremental distress is
computed for each analysis period and is direatumulated over the entire design life of the
pavement. The model used to predict rutting ofabighalt mixes is based upon a field-
calibrated statistical analysis of repeated permedeformation laboratory test results. The

model as follows:

g | & = kq* 10734485 T 15606« \0.479244 Equation 4.1
ki= (C; + C, * depth) * 0.328196°°™" Equation 4.2
C; =-0.1039 * hZ + 2.4868 * h-17.342 Equation 4.3
C,=0.0172 * hZ — 1.7331 * . +27.428 Equation 4.4

where
€0, B, andp are material properties,

&r = Resilient strain of the asphalt material asrecfion of mix properties, temperature

and time rate of loading (in/in);
gp = Accumulated plastic strain at N repetitionsazd (in/in);
T = Temperature (deg F);
N = Number of traffic repetitions; and
ha= Thickness of the layer/sublayer.

The final calibrated model parameters were derfvath the permanent deformation data
collected on 88 LTPP sections in 28 states (NCHBR2 The model developed above was

derived based on observed deformation of in-sep@@ment structures and hence, is
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empirical. However, a desirable feature is thatdtudes the effect of temperature on the

dynamic modulus for the asphalt concrete layers.

Equation (4.1) indicates that accumulated plastairsdue to load repetitions is directly
proportional to the resilient strain of the asphadtterial that in turn, is a function of mix
properties, temperature, and time rate of loadim@n]. For a given temperature and rate of
loading, higher stiffness or dynamic modulus oftedpmixture will result in lower resilient
strain. Rutting is usually considered critical aghter service temperature of the pavement and
while aggregates carry a heavier weight on ruttesystance of a pavement, binder gives only
some contribution. As the results of conductedstesthis study show, the softer aged binder in
the first source of RAP does not help with theingtresistance and at %7 performance
declines as the percentage of RAP increases imitheT he stiffer aged binder in the second
source of RAP, however, contributes a lot to thang resistance of the HMA mix by giving the
mixture enough stiffness to have the highest dynanadulus results at 40% FRAP followed by
40% RAP for the tests conducted atG7

4.3.1.2 Load-Associated Cracking Models

Load-associated cracking is one of the most comasphalt concrete pavement
distresses. The repeated traffic loads resultpeated tensile stresses in the bound layers. Under
these repeated strains, fatigue cracks initiatecations where the largest tensile strains and
stresses develop. These critical locations depandany factors such as pavement structural
configuration, layer stiffness, and load configioat(area of load distribution, magnitude of
stresses at the tire-pavement interface, etc.grAfiack initiation at critical locations, the
repeated traffic-load effect causes the cracksdapapate throughout the entire layer. These
cracks allow water infiltration, thereby reducingecall performance of the pavement. Many
pavement structural models assume that crackatmisit the bottom of the asphalt concrete
surface layer and then propagate upward. Theskscese named bottom-up fatigue cracks.
MEPDG considers the alligator cracking as bottonfatigue cracking (NCHRP 2004). MEPDG
also takes another type of fatigue cracking, noavkmas top-down cracking, which are
longitudinal cracks in the wheel path. The caude@down cracking is hotly debated but they

do seem to exist, especially in hot-weather locales

MEPDG adopted Miner’s hypothesis to estimate fatigamage (NCHRP 2004):
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Equation 4.5

where

D = damage,

T = total number of periods,

n; = actual traffic for period i, and

N; = allowable repetitions to failure under condisgurevailing in period i.

The most commonly used model to predict the nurobegpetitions to fatigue cracking
involves both tensile strain and mix stiffness. @md-known model proposed by the Asphalt
Institute is based on a constant-stress critefiibe.final fatigue model used in MEPDG can be

obtained by numerical optimization and other maafesomparison as below:

1281

N, = 0.00432 * k, * C(1/&,)***?* (1/ E) Equation 4.6
where
C =10 and M = 4.84*]M (Va+Vy) — 0.69],

Vy, = effective binder volumetric content (%), and
V4 = air voids (%).

The parameteki' was introduced to account for different asphaletahicknesses and is

given by below for bottom-up cracking.

= * Equation 4.7
' 0.000398F [0.003602(L+ e 193491 q
For top-down cracking, it is given by:
l -
g Equation 4.8

= 001+ [1200/(1+ e(15676— 28186*hac))]
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Finally, the transfer function to estimate fatigwacking from fatigue damage is

expressed as in the equations below for bottomndpt@p-down cracking respectively.

Bottom-up cracking

Fe o= 6000 | | 1
= (C,*0, +C, ¥, *lez 10(D*100)) 60 |

W1+e
Equation 4.9
where
F.C. =bottom-up fatigue cracking, percent lane area
D= bottom-up fatigue damage,
C1=1.0,
C,=1.0,
C1=-2*C’,, and

C,=-2.40874-39.748*(1+k) 2%

Top-down cracking

F.C. = 1000%10.56 / [1+ & ~ 35710010 100Dy Equation 4.10
where
F.C. = top-down fatigue cracking, ft/mile, and
D= top-down fatigue damage.

The fatigue cracking model for asphalt concrete gaibrated based on data from 82
LTPP sections located in 24 states, using 441 whsens for alligator cracking and 408 data
points for longitudinal cracking. The bottom-upakeng was calculated as a percentage of lane
area, while the longitudinal cracking was expresaddrms of linear feet per mile of pavement
(NCHRP 2004).
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Equation (4.7) indicates that for a given tenditais and volumetric properties of an
asphalt mix, the number of repetitions to fatigrecking is inversely related to the stiffness of

an asphalt mix.

Fatigue cracking is considered a normal-to-low terafure phenomenon, and Figure
4.13 illustrates the dynamic modulus results 8Cbr the five mixes in this study. Based on the
conducted dynamic modulus tests, it seems likertixéure performance is in contradiction with
what is assumed about stiffer binder and fatigaeling, because the stiffer binder in RAP has
helped with fatigue cracking. For both sources APRat 2£C, Superpave mixtures are showing
their best performances with 40% RAP and FRAPofdd by 30% RAP and FRAP. For the

second source of RAP, the same thing is true ®tdbts conducted alG.

60



Chapter 5 - Conclusions and Recommendations

5.1 Conclusions

The objective of this research was to determinarttpact of having higher percentages

of RAP and FRAP on mixture performance for givep&pave mix designa. The following

conclusions can be drawn based on this study:

1)

2)

Superpave mixtures with 20% RAP carried the highastber of wheel passes
before reaching 20-mm rut depth in the Hamburg Wiraeking device (HWTD)
test. The number of passes decreases as the Rééhfage increases in the mix.
When FRAP is replaced by RAP in the mix, the nundigrasses bumps up
especially for 40% FRAP, still being less than rsixeade with 20% RAP.
Besides, other parameters obtained from the HWEDawtputs consistently
indicate that a mixture with 20% RAP performs tlesttand there are no
discernible differences in performance of RAP aRAP mixtures for the first
source of RAP. For the second source of RAP, howéetter performances can
be observed where RAP is being replaced by FRABsd& lbbservations were
largely supported by the statistical analysis of HWMest outputs. This was also
confirmed by analyzing the results in terms of wirlginder content. Given the
large difference in performance between the mixstuvgh 20% RAP (76% virgin
binder) and those with 30% RAP (62% virgin bindarB0% FRAP, it can be
surmised that minimum virgin binder content for thixtures with RAP or FRAP
should be about 75%. This finding may support texgications of some state
departments of transportation that require a minmadi 70% virgin binder.

The modified Lottman test results indicate thathespercentage of RAP
increases in the mix, the tensile strength rat®RT decreases and mixes with
FRAP to perform worse than the mixes with RAP. Tis&Rs for 30% RAP and
30% FRAP are exactly the same, and the TSR istBlitggwer for 40% FRAP
when compared to 40% RAP. The mixture with 40% FR#&iled to meet the
minimum required TSR value (80%). The indirect tlenstrength, however,

increases as the RAP percentage increases in ¥yendl it is the highest at 40%
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RAP. When RAP and FRAP are compared, FRAP mixee kightly lower

indirect tensile strength.

3) The dynamic modulus test results are differenttiertwo sources of RAP. The
first source of RAP tested at@ and 37C; the highest dynamic modulus was
obtained at 20% RAP followed by 30%RAP or FRAP, #reh 40% RAP or
FRAP with RAP and FRAP mixes behaving very similldre behavior suggests
that as the percentage of aged binder increagbe mix, the rutting performance

diminishes.

4) Based on the dynamic modulus tests conducted kbereed performance is in
contradiction with what is assumed about stifferder and fatigue cracking. The
stiffer binder in RAP has helped with the fatiguaaking. For both sources of
RAP at 22C, Superpave mixtures best performed with 40% RAPFERAP
followed by 30% RAP and FRAP. For second sourde AP, the same thing is
true for the tests conducted 4C4

5.2 Recommendations

1. Only two sources of RAP have been studied & phoject. Multiple RAP sources

should be investigated to find a more reliable sss®ent of high RAP Superpave mixtures.

2. Some form of cracking test, such as semi-cirdusding test, Texas overlay test, etc.,
should be investigated to assess cracking susdaptdf high RAP mixtures and to dig deeper

into the general concepts about the influencesifdéisaged binder in the HMA mix.

3. Life of pavements incorporated with high RAP tanes should be assessed using
MEPDG or a similar tool in order to find about légpectancy and predict future HMA

pavement performance.
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Appendix A - Laboratory Mix Design and PerformanceTest Data

§; irn s Primed: 0512512011 007 Al
Test Data (2011.0046.00704)
Sample #: 2011.0045.00704 Specification: Cmaha - Weekdy - 1A, K5, NE - Sampled Date: 05092011
Spec Comp
Product: PG 70-28 FHR-1 Analysis Site: COE PINE BEND LAB Tested Date: 05192011

SontBy: OMAHA, NE
Collection Point: Autosampler

Test Parameter Rosult / UCM Agency Min  Agency Max
General Sample Information - { Unspecified)

Tank Mumbser 12011

Lot Number 5wz

Dats Sample Received 111t

Date Begin Testing 51611

Date Complste Testing 51911

Rotational Viscosity (AASHTO) - T 246

Temperatunrs 135 °C

Viscoaty c 1.255 Pas 3.000
Rotational Viscosity @ 185C (AASHTO) - T 316

Visoosity [c 0335 Pas

Separation 2 day (R&B)- D7173

REB Top c 25 T

RE&8 Bottom {4 37 G

RE&B Oiffarence c 02 ¢ -20 20
Flash Point, COC (AASHTO) - T 48

Flashpoint, GOG | 308 O 230

DSR Unaged (AASHTO) - T 315

Temperahne 70 C

G 1.422 kPa

Phase angle 662 ° 750
G¥an delta c 1.55 kPa 1.00

RTFO Mass Change (AASHTO) - T 240

Mass Change |C 0335 % -1.000 1.000
DSR RTFO (AASHTO) - T 315

Temperalurs C

G 28654 kPa

Phase angle B35 °

G¥an delta c 2487 kPa 220

Multiple Stress Creep Recovery RTFO - TP 70

Test Temperature B4 C

Percent Recovery st0.1 kPa T4.2T0 %

Percent Recovery 31 3.2 kPa T3.0B0 %

Jor 201 kPa D234 kPa

Jrr st 3.2 kPa 0.313 kPa

Jrr Percant Difference c Bd46 %

Page 1 of 2

Figure A.1 Asphalt binder specifications
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F@B&DuUrnD@as

I_ 'FLINT HILLS

Printed: 05/23/2011 08:07 AM

Test Data (2011.0046.00704)

Test Parametar Result  UOM Agency Min  Agency Max
Elastic Recovery, RATFD Residue (AASHTO) - T 304

Temparaturs 25 C

Elastic Ascovery i /s % B5

PAV [AASHTO) - R 28

PAV Temperatures 100 "C 100 103
DSR PAV (AASHTO) - T 215

Temperaturs 25 "

G 2375 kPa

Phasa angle 518 °

5" x sin delta 1857 kPa G000
EER PAV (AASHTO) - T213

Temparatre -18°"C

Siiffness c 2115 MPa 3000
Siops c 0333 0300
Recommended Laboratory Mixing & Compaction Temp - (Unspecified)

Mixing low Emit 38 F

Mixing high fimét 23 F

Compaction low limit 270 v

Compaction high Emit 281 F

Test data provided on this document is for informalional purposas only and may be actual or typical data. It is not intended to
reprasent certified tost resulis.

Page 2 of 2

Figure A.1 Asphalt binder specifications (continuedl
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Table A.1 Aggregate blend gradation mix with 20% RA° from the first source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 20 12 12 16 20 20 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 9 0 0 0 0 0 0 2 9 0-10
3/8 83 17 0 0 0 0 0 0 0 0 6 1 18 10min
#4 100 20 74 9 1 0 6 1 4 1 20 4 35
#8 100 20 99 12 43 5 29 5 19 4 36 7 53 42-61
#16 100 20 100 12 72 9 57 9 43 9 53 11 69
#30 100 20 100 12 86 10 76 12 65 13 67 13 81
#50 100 20 100 12 95 11 88 14 86 17 80 16 91
#100 100 20 100 12 98 12 95 15 98 20 87 17 96
#200 100 20 100 12 100 12 100 16 100 20 90 18 98 90-98
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Table A.2 Aggregate blend gradation mix with 30% RA° from the first source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 16 15 13 12 14 30 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 7 0 0 0 0 0 0 2 7 0-10
3/8 83 13 0 0 0 0 0 0 0 0 6 2 15 10min
#4 100 16 74 11 1 0 6 1 4 1 20 6 34
#8 100 16 99 15 43 6 29 3 19 3 36 11 53 42-61
#16 100 16 100 15 72 9 57 7 43 6 53 16 69
#30 100 16 100 15 86 11 76 9 65 9 67 20 80
#50 100 16 100 15 95 12 88 11 86 12 80 24 90
#100 100 16 100 15 98 13 95 11 98 14 87 26 95
#200 100 16 100 15 100 13 100 12 100 14 90 27 97 90-98

68




Table A.3 Aggregate blend gradation mix with 40% RA° from the first source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 12 13 13 12 10 40 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 5 0 0 0 0 0 0 2 5 0-10
3/8 83 10 0 0 0 0 0 0 0 0 6 2 12 10min
#4 100 12 74 10 1 0 6 1 4 0 20 8 31
#8 100 12 99 13 43 6 29 3 19 2 36 14 50 42-61
#16 100 12 100 13 72 9 57 7 43 4 53 21 67
#30 100 12 100 13 86 11 76 9 65 6 67 27 79
#50 100 12 100 13 95 12 88 11 86 9 80 32 88
#100 100 12 100 13 98 13 95 11 98 10 87 35 94
#200 100 12 100 13 100 13 100 12 100 10 90 36 96 90-98
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Table A.4 Aggregate blend gradation mix with 20% RA° from the second source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 20 12 12 16 20 20 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 9 0 0 0 0 0 0 4 1 10 0-10
3/8 83 17 0 0 0 0 0 0 0 0 8 2 18 10 Min
#4 100 20 74 9 1 0 6 1 4 1 22 4 35
#8 100 20 99 12 43 5 29 5 19 4 36 7 53 42-61
#16 100 20 100 12 72 9 57 9 43 9 52 10 69
#30 100 20 100 12 86 10 76 12 65 13 65 13 80
#50 100 20 100 12 95 11 88 14 86 17 79 16 90
#100 100 20 100 12 98 12 95 15 98 20 85 17 95
#200 100 20 100 12 100 12 100 16 100 20 87 17 97 90-98
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Table A.5 Aggregate blend gradation mix with 30% RA° from the second source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 16 15 13 12 14 30 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 7 0 0 0 0 0 0 4 1 8 0-10
3/8 83 13 0 0 0 0 0 0 0 0 8 2 16 10 Min
#4 100 16 74 11 1 0 6 1 4 1 22 7 35
#8 100 16 99 15 43 6 29 3 19 3 36 11 53 42-61
#16 100 16 100 15 72 9 57 7 43 6 52 16 69
#30 100 16 100 15 86 11 76 9 65 9 65 20 80
#50 100 16 100 15 95 12 88 11 86 12 79 24 89
#100 100 16 100 15 98 13 95 11 98 14 85 26 94
#200 100 16 100 15 100 13 100 12 100 14 87 26 96 90-98

71




Table A.6 Aggregate blend gradation mix with 40% RA° from the second source

Material CS-1 CS-1A MSD-1 CG-5 SSG RAP
% Used 12 13 13 12 10 40 Blend | Target
Sieve Size % % % % % % % % % % % %
Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch Ret. Batch
1.5
1
3/4 0 0 0 0
1/2 45 5 0 0 0 0 0 0 4 2 7 0-10
3/8 83 10 0 0 0 0 0 0 0 0 8 3 13 10 Min
#4 100 12 74 10 1 0 6 1 4 0 22 9 32
#8 100 12 99 13 43 6 29 3 19 2 36 14 50 42-61
#16 100 12 100 13 72 9 57 7 43 4 52 21 66
#30 100 12 100 13 86 11 76 9 65 6 65 26 78
#50 100 12 100 13 95 12 88 11 86 9 79 32 88
#100 100 12 100 13 98 13 95 11 98 10 85 34 93
#200 100 12 100 13 100 13 100 12 100 10 87 35 95 90-98
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Table A.7 Volumetric properties of HWTD test specinens with 20% RAP

Gsb % Binder Gmb Gmm %Va %VMA %VFA

Prl,l:,g 1% 2d 1% 2d 1% 2d 1% 2d 1% 2d 1% 2d 1% 2d
RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP
I-1 4.7 4.3 2.273 | 2295 | 2.456 | 2.468 7.45 7.01 17.07 | 15.79 | 56.35 | 55.59
-2 4.7 4.3 2.275 2.302 2.456 2.468 7.37 6.73 17.00 15.53 56.64 56.69
-3 4.7 4.3 2.279 2.289 2.456 2.468 7.21 7.25 16.85 16.01 57.23 54.69
-4 4.7 4.3 2.284 | 2278 | 2.456 | 2.468 7.00 7.70 16.67 | 16.41 | 57.98 | 53.08
-1 4.7 4.3 2272 | 2276 | 2.451 | 2.457 7.30 7.37 17.11 | 16.48 | 57.30 | 55.31
-2 4.7 4.3 2.268 2.309 2.451 2.457 7.47 6.02 17.25 15.27 56.72 60.56
-3 2612 | 2.608 4.7 4.3 2.266 | 2.293 | 2.451 | 2.457 7.55 6.67 17.32 | 15.86 | 56.43 | 57.91
-4 4.7 4.3 2.290 2.303 2.451 2.457 6.57 6.27 16.45 15.49 60.06 59.54
-1 4.7 4.3 2.266 2.285 2.463 2.456 8.00 6.96 17.32 16.15 53.83 56.89
-2 4.7 4.3 2.265 | 2.284 | 2.463 | 2.456 8.04 7.00 17.36 | 16.19 | 53.69 | 56.74
-3 4.7 4.3 2.269 2.287 2.463 2.456 7.88 6.88 17.21 16.08 54.24 57.20
-4 4.7 4.3 2.273 | 2.304 | 2.463 | 2.456 7.71 6.19 17.07 | 15.46 | 54.80 | 59.96
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Table A.8 Volumetric properties of HWTD test specinens with 30% RAP

Gsb % Binder Gmb Gmm %Va %VMA %VFA

Prl,l:,g 1% 2d 1 2d 1 2d 1 2d 1 2d 1 2d 1% 2d
RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP
I-1 4.8 4.4 2.298 | 2273 | 2.486 | 2.461 7.56 7.64 16.72 | 16.84 | 54.78 | 54.63
-2 4.8 4.4 2.303 2.284 2.486 2.461 7.36 7.19 16.54 16.44 55.50 56.24
-3 4.8 4.4 2.304 2.296 2.486 2.461 7.32 6.70 16.51 16.00 55.64 58.09
-4 4.8 4.4 2.314 | 2299 | 2.486 | 2.461 6.92 6.58 16.14 | 15.89 | 57.14 | 58.57
-1 4.8 4.4 2.303 | 2.284 | 2.477 | 2.465 7.02 7.34 16.54 | 16.44 | 57.53 | 55.33
-2 4.8 4.4 2301 | 2277 | 2.477 | 2.465 7.11 7.63 16.61 | 16.69 | 57.23 | 54.31
-3 2627 | 2613 4.8 4.4 2.300 | 2.287 | 2.477 | 2.465 7.15 7.22 16.65 | 16.33 | 57.08 | 55.77
-4 4.8 4.4 2.301 | 2.300 | 2.477 | 2.465 7.11 6.69 16.61 | 15.85 | 57.23 | 57.77
-1 4.8 4.4 2.302 2.296 2.465 2.463 6.61 6.78 16.58 16.00 60.11 57.62
-2 4.8 4.4 2.299 | 2273 | 2.465 | 2.463 6.73 7.71 16.69 | 16.84 | 59.64 | 54.19
-3 4.8 4.4 2.294 2.283 2.465 2.463 6.94 7.31 16.87 16.47 58.87 55.64
-4 4.8 4.4 2.303 | 2277 | 2.475 | 2.463 6.95 7.55 16.54 | 16.69 | 57.99 | 54.76
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Table A.9 Volumetric properties of HWTD test specinens with 40% RAP

Gsb % Binder Gmb Gmm %Va %VMA %VFA

Prl,l:,g 1% 2d 1 2d 1 2d 1 2d 1 2d 1 2d 1 2d
RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP
I-1 4.3 4.1 2.307 | 2.326 | 2.476 | 2.480 6.83 6.21 16.05 | 14.89 | 57.48 | 58.31
-2 4.3 4.1 2.310 2.323 2.476 2.480 6.70 6.33 15.94 15.00 57.95 57.81
-3 4.3 4.1 2.298 2.320 2.476 2.480 7.19 6.45 16.38 15.11 56.11 57.31
-4 4.3 4.1 2.301 | 2.326 | 2.476 | 2.480 7.07 6.21 16.27 | 14.89 | 56.56 | 58.31
-1 4.3 4.1 2.299 2.318 2.479 2.486 7.26 6.76 16.34 15.19 55.57 55.50
-2 4.3 4.1 2.305 2.327 2.479 2.486 7.02 6.40 16.13 14.86 56.47 56.95
-3 263 2621 4.3 4.1 2.300 | 2.320 | 2.479 | 2.486 7.22 6.68 16.31 | 15.11 | 55.72 | 55.82
-4 4.3 4.1 2.312 2.329 2.479 2.486 6.74 6.32 15.87 14.78 57.55 57.28
-1 4.3 4.1 2.303 2.328 2.472 2.482 6.84 6.20 16.20 14.82 57.80 58.13
-2 4.3 4.1 2.311 | 2.332 | 2.472 | 2.482 6.51 6.04 15.91 | 14.67 | 59.06 | 58.82
-3 4.3 4.1 2.311 2.330 2.472 2.482 6.51 6.12 15.91 14.75 59.06 58.47
-4 4.3 4.1 2.304 | 2.329 | 2.484 | 2.482 7.25 6.16 16.16 | 14.78 | 55.17 | 58.30
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Table A.10 Volumetric properties of HWTD test speanens with 30% FRAP

Gsb % Binder Gmb Gmm %Va %VMA %VFA

Prl,l:,g 1% 2d 1 2d 1 2d 1 2d 1 2d 1 2d 1 2d
RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP
I-1 4.3 4.4 2.282 | 2276 | 2.445 | 2.455 6.67 7.29 16.87 | 16.73 | 60.48 | 56.42
-2 4.3 4.4 2.276 2.269 2.445 2.455 6.91 7.58 17.09 16.99 59.55 55.40
-3 4.3 4.4 2.287 2.271 2.445 2.455 6.46 7.49 16.69 16.91 61.27 55.68
-4 4.3 4.4 2.287 | 2272 | 2.445 | 2.455 6.46 7.45 16.69 | 16.88 | 61.27 | 55.83
-1 4.3 4.4 2.281 | 2.266 | 2.457 | 2.457 7.16 7.77 16.90 | 17.10 | 57.63 | 54.53
-2 4.3 4.4 2.284 2.265 2.457 2.457 7.04 7.81 16.80 17.13 58.08 54.39
-3 2627 | 2613 4.3 4.4 2274 | 2274 | 2.457 | 2.457 7.45 7.45 17.16 | 16.80 | 56.60 | 55.67
-4 4.3 4.4 2.307 2.296 2.457 2.456 6.11 6.51 15.96 16.00 61.74 59.28
-1 4.3 4.4 2.258 | 2.275 | 2.451 | 2.455 7.87 7.33 17.74 | 16.77 | 55.62 | 56.27
-2 4.3 4.4 2.279 | 2.282 | 2.451 | 2.455 7.02 7.05 16.98 | 16.51 | 58.67 | 57.32
11-3 4.3 4.4 2274 | 2275 | 2.451 | 2.455 7.22 7.33 17.16 | 16.77 | 57.92 | 56.27
-4 4.3 4.4 2.280 | 2273 | 2.451 | 2.455 6.98 7.41 16.94 | 16.84 | 58.82 | 55.98
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Table A.11 Volumetric properties of HWTD test speanens with 30% FRAP

Gsb % Binder Gmb Gmm %Va %VMA %VFA

Prl,l:,g 1% 2d 1 2d 1 2d 1 2d 1 2d 1 2d 1 2d
RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP RAP
I-1 4.4 4.2 2.300 | 2.295 | 2.486 | 2.476 7.48 7.31 16.40 | 16.12 | 54.37 | 54.64
-2 4.4 4.2 2.304 2.302 2.486 2.476 7.32 7.03 16.25 15.86 54.95 55.69
-3 4.4 4.2 2.292 2.289 2.486 2.476 7.80 7.55 16.69 16.33 53.23 53.76
-4 4.4 4.2 2.305 | 2.278 | 2.486 | 2.476 7.28 8.00 16.21 | 16.74 | 55.09 | 52.22
-1 4.4 4.2 2.300 2.276 2.475 2.485 7.07 8.41 16.40 16.81 56.87 49.97
-2 4.4 4.2 2.307 2.309 2.475 2.485 6.79 7.08 16.14 15.60 57.95 54.61
-3 263 2621 4.4 4.2 2.311 | 2293 | 2.475 | 2.485 6.63 7.73 16.00 | 16.19 | 58.57 | 52.27
-4 4.4 4.2 2.307 2.303 2.475 2.485 6.79 7.32 16.14 15.82 57.95 53.71
-1 4.4 4.2 2.305 | 2.285 | 2.477 | 2.476 6.94 7.71 16.21 | 16.48 | 57.17 | 53.19
-2 4.4 4.2 2.312 | 2.284 | 2.477 | 2.476 6.66 7.75 15.96 | 16.52 | 58.26 | 53.05
-3 4.4 4.2 2.304 2.287 2477 2.476 6.98 7.63 16.25 16.41 57.02 53.48
-4 4.4 4.2 2.303 | 2.304 | 2.477 | 2.476 7.02 6.95 16.29 | 15.79 | 56.87 | 56.00
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Table A.12 HWTD test output for different mix designs for first and second source of RAP

First Run Second Run Third Run
Post Post Post
Compaction stripping A Compaction stripping - Compaction stripping _—
Ci Sl A . St Sl C Sl . . St Sl C Sl . . St Sl
Mix design (@1,000 reep slope Inflection Point Tipping lope (@1,000 reep slope Inflection Point Tipping Slope (@1,000 reep slope Inflection Point 1ipping Slope
Passses) Passses) Passses)
Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right Left Right
Wheel { Wheel | Wheel { Wheel | Wheel | Wheel | Wheel { Wheel | Wheel : Wheel [ Wheel | Wheel | Wheel : Wheel | Wheel | Wheel | Wheel | Wheel [ Wheel | Wheel | Wheel { Wheel | Wheel | Wheel
20% 1st
RAP 1.23 1.22 | 13,333 ¢ 11,111 | 30,347 { 27,957 | 1,250 690 2.33 2.07 5,600 | 6,667 | 20,845 17,320 580 459
)0,
3(;;:;5( 1.50 1.70 | 11,429 5,882 | 23,748 | 17,231 901 988 1.60 1.65 | 10,769 | 6,000 | 18,330 11,743 566 667 1.69 1.47 6,000 | 5,333 | 13,119 : 12,019 625 667
)0,
1;3:P 1.23 1.23 4,580 | 5,000 | 10,952 | 11,750 435 545 1.33 1.42 6,932 | 9,091 | 16,949 : 21,803 822 143 1.49 1.33 5,000 | 5,455 | 12,700 ; 11,589 735 597
)0,
lst:lioRf:P 1.63 1.55 9,231 | 9,231 | 16,986 | 17,218 784 714 - 1.45 - 9,231 - 17,218 - 714 1.49 - 6,667 - 14,267 - 606 -
40% 1st
FRAP - 1.00 - 7,273 - 13,617 - 625 1.04 1.44 | 13,333 8,333 | 22,882 ; 13,383 673 769
20% 2d
RAP 1.45 2.25 3,333 { 3,333 | 8,372 | 6,879 504 517 0.97 1.15 4,615 | 1,000 | 9,804 : 18,517 581 625 1.16 1.69 6,667 | 4,286 | 13,250 { 13,167 565 609
)0,
Sgﬁsd 0.97 1.62 3,529 { 5,000 | 10,606 { 10,997 400 426 1.51 1.42 3,750 | 5,000 | 8,127 : 10,529 426 541 1.42 1.69 3,333 | 3,846 | 8,907 i 9,673 331 400
)0/
4%;";" 1.05 | 1.05 | 2,500 | 3,333 | 5815 | 4511 | 500 | 455 | 1.13 | 220 | 4,444 | 2500 | 3,876 | 3900 | 526 | 556 | 1.15 | 141 | 3333 | 3333 | 5302 | 4924 | 455 | 278
)0/
3£R/"Aid 188 | 213 | 3333 | 3333 [ 9,952 | 11,055| 435 | 455 | 145 | 146 | 3,333 | 5000 | 11,776 | 10596 | 357 | 476 | 148 | 125 | 3,333 | 2500 | 9,945 | 7,275 | 476 | 476
)0/
4I?F§0Ai>d 1.06 1.08 | 5000 : 5000 | 10,292 | 12,193 | 556 360 0.94 1.61 | 5000 | 3,333 | 10,128 : 9,106 526 556 1.13 1.08 | 5,000 | 5000 | 9,848 : 10,731 | 435 667
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Table A.13 Gy, Gmm, and %Va of KT-56 specimens for both sources of RA

2 § Gmb Gmm % Binder % Va
Mix Smpl _5 ;g

Dsgn D § E [N [N o o

S|s|dx| & |dx| & |3x| & |83 &

) — o’ = — o’ = — o’ = — I =

[aN] [aN] [aN] (V]
a 2.265 | 2.302 | 2.440 | 2.468 717 | 6.72
b 2.267 | 2.296 | 2.440 | 2.468 7.09 | 6.97
20% c 2.271 | 2.293 | 2.453 | 2.465 270 | 430 7.42 | 6.98
RAP e 2.283 | 2.300 | 2.458 | 2.468 ' ' 7.12 | 6.80
f 2.276 | 2.284 | 2.453 | 2.468 7.22 | 7.45
g 2.275 | 2.303 | 2.453 | 2.465 7.26 | 6.57
a 2.287 | 2.301 | 2.451 | 2.473 6.69 | 6.96
b 2.290 | 2.314 | 2.458 | 2.477 6.83 | 6.58
30% c 2.287 | 2.308 | 2.458 | 2.477 6.96 | 6.82
RAP e 2.278 | 2.304 | 2.451 | 2.473 4.80 | 4.40 7.06 | 6.83
f 2.291 | 2.312 | 2.451 | 2.473 6.53 | 6.51
g 2.294 | 2.302 | 2.458 | 2.477 6.67 | 7.06
a 2.306 | 2.309 | 2.467 | 2.487 6.53 | 7.20
b 2.309 | 2.310 | 2.470 | 2.487 6.52 | 7.10
40% c 2.326 | 2.312 | 2.497 | 2.477 6.85 | 6.70
RAP e 2.307 | 2.309 | 2.469 | 2.477 4.30 | 4.10 6.56 | 6.80
f 2.309 | 2.308 | 2.470 | 2.487 6.48 | 7.20
g 2.327 | 2.313 | 2.497 | 2.482 6.81 | 6.80
a 2.300 | 2.280 | 2.472 | 2.456 6.96 | 7.20
b 2.291 | 2.277 | 2.460 | 2.456 6.87 | 7.30
30% c 2.299 | 2.285 | 2.460 | 2.453 s30 | 440 6.54 | 6.80
FRAP e 2.298 | 2.279 | 2.472 | 2.456 ' ' 7.04 | 7.20
f 2.305 | 2.276 | 2.472 | 2.453 6.76 | 7.20
g 2.299 | 2.277 | 2.460 | 2.453 6.54 | 7.20
a 2.307 | 2.316 | 2.484 | 2.490 7.13 | 6.98
b 2.310 | 2.309 | 2.477 | 2.490 6.74 | 7.26
40% c 2.312 | 2.312 | 2.477 | 2.490 6.66 | 7.14
FRAP e 2311 | 2.302 | 2484 | 2484 | *0 | 420 606 | 733
f 2.307 | 2.316 | 2.477 | 2.484 6.86 | 6.76
g 2.309 | 2.302 | 2.477 | 2.484 6.78 | 7.33
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Table A.14 Diameter and thickness of KT-56 specimarfor first source of RAP before and after conditiming

80

a b e f g
Avg. Avg. Avg. Avg. Avg. Avg.
5 | 149.99 149.67 150.88 150.45 150.39 150.54
% 149.98 | 150.08 | 150.04 | 149.93 | 150.48 | 150.49 | 150.60 | 150.36 | 148.97 | 149.79 | 150.44 | 150.58
2 | 0 |150.26 150.07 150.12 150.03 150.01 150.75
8| g | 9489 94.59 94.26 94.60 94.37 94.81
N £ | 9465 | 9475 | 9457 | 9433 | 9473 | 9455 | 94.62 | 94.66 | 94.61 | 9450 | 94.39 | 9458
S F | 94.70 93.82 94.65 94.77 94.53 94.54
S & | 151.09 150.33 150.42
o % 150.37 | 150.64 | 150.40 | 150.53 | 150.85 | 150.54
= | B | 150.47 150.86 150.35
Z| g oas7 95.38 94.81
§ 95.49 | 9507 | 95.74 | 95.27 | 94.75 | 94.85
£ | 9485 94.70 95.00
5 | 150.20 150.20 150.18 150.25 150.16 149.99
% 150.36 | 150.24 | 150.15 | 150.16 | 150.10 | 150.15 | 150.33 | 150.37 | 150.25 | 150.16 | 150.05 | 150.05
2135 |150.16 150.12 150.17 150.54 150.06 150.10
&g oar0 94.71 94.68 94.52 94.53 94.90
N % 94.43 | 9460 | 9466 | 94.65 | 9461 | 94.63 | 9466 | 9464 | 9453 | 9455 [ 9461 | 94.80
< £ | 9468 94.58 94.60 94.73 94.60 94.88
< 5 | 150.43 150.26 150.33
® % 150.37 | 150.38 | 150.29 | 150.26 | 150.34 | 150.35
= | B |150.33 150.23 150.37
Z| g o454 94.77 94.62
§ 94.49 | 94.57 | 94.89 | 94.83 | 94.65 | 94.61
£ | 94.69 94.83 94.57




Table A.14 Diameter and thickness of KT-56 specimarfor first source of RAP before and after conditiming (Continued)

a b c e f g
Avg. Avg. Avg. Avg. Avg. Avg.
3 | 149.91 150.03 150.08 150.04 150.15 149.96
% 149.98 | 149.95 | 150.00 | 150.03 | 150.05 | 150.04 | 150.03 | 150.04 | 150.04 | 150.09 | 150.01 | 150.00
2 | & | 149.95 150.05 150.00 150.05 150.07 150.03
3| g | o483 94.81 94.90 94.56 94.62 94.89
N § | 9490 | 9485 | 04.83 | 94.86 | 94.72 | 9481 | 94.77 | 94.60 | 94.77 | 94.68 | 94.98 | 94.90
< £ | o481 94.94 94.82 94.47 94.65 94.82
S & | 150.15 150.26 150.37
~ % 150.12 | 150.16 | 150.28 | 150.28 | 150.30 | 150.29
< | & | 15021 150.29 150.19
Z| g o528 94.79 95.23
§ 94.92 | 9503 | 94.83 | 94.80 | 95.17 | 95.19
£ | 94.90 94.77 95.17
5 | 150.14 150.11 150.11 150.13 150.01 150.14
% 150.14 | 150.13 | 150.08 | 150.09 | 150.03 | 150.11 | 150.04 | 150.08 | 149.99 | 150.04 | 150.06 | 150.10
2 | 5 [150.10 150.08 150.20 150.07 150.13 150.11
3| g2 94.87 94.70 94.96 95.00 94.59
N S| 9499 | 9488 | 9476 | 9482 | 94.86 | 9479 | 9491 | 9494 | 9474 | 94.89 | 9485 | 9473
% £ | 94.92 94.83 94.80 94.95 94.92 94.75
< 5 | 150.06 150.35 150.20
8 % 150.33 | 150.21 | 150.39 | 150.37 | 150.27 | 150.27
< | & | 150.23 150.36 150.35
Z| g osss 94.87 94.87
§ 94.93 | 94.88 | 94.94 | 94.82 | 97.79 | 95.88
£ | 9485 94.66 94.99
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Table A.14 Diameter and thickness of KT-56 specimarfor first source of RAP before and after conditiming (Continued)

a b c e f g
Avg. Avg. Avg. Avg. Avg. Avg.
5 | 150.03 150.03 150.00 150.00 149.95 150.08
% 150.03 | 150.00 | 150.05 | 150.05 | 149.91 | 149.97 | 149.89 | 149.95 | 149.98 | 149.98 | 150.00 | 150.03
o | & | 149.95 150.06 150.00 149.96 150.00 150.01
3| g|9520 95.01 94.93 94.85 94.69 94.59
N S| 9484 | 9493 | 9470 | 9491 | 9487 | 9485 | 9478 | 9482 | 9470 | 9468 | 9474 | 9467
E £ | 94.75 95.02 94.74 94.84 94.66 94.68
< 5 | 15037 150.33 150.34
S % 150.29 | 150.32 | 150.30 | 150.29 | 150.28 | 150.33
< | 8 | 150.30 150.24 150.38
Z| g o526 94.80 94.72
§ 94.84 | 95.02 | 94.87 | 94.82 | 94.75 | 94.75
£ | 9495 94.79 94.77
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Table A.15 Diameter and thickness of KT-56 specimarfor second source of RAP before and after condatining

a b c e f g
Avg. Avg. Avg. Avg. Avg. Avg.
& | 150.00 150.00 150.10 150.10 150.20 150.00
% 150.20 | 150.07 [ 149.80 | 149.97 | 150.00 | 150.03 | 149.80 | 149.90 | 150.00 | 150.10 | 149.90 | 149.97
2 | © [150.00 150.10 150.00 149.80 150.10 150.00
3| g | 9480 94.50 94.70 94.80 94.80 94.70
S| 9470 | 9473 | 94.60 | 9457 | 94.60 | 94.67 | 94.80 | 94.80 | 94.80 | 94.77 | 94.70 | 94.67
% £ | 94.70 94.60 94.70 94.80 94.70 94.60
S 5 | 150.20 150.20 150.40
N % 150.40 | 150.27 | 150.10 | 150.10 | 150.30 | 150.37
= | 8 | 150.20 150.00 150.40
Z| g 9a70 94.60 94.80
§ 94.60 | 94.67 | 94.70 | 94.67 | 94.90 | 94.83
£ | 94.70 94.70 94.80
5 | 145.00 145.50 145.10 145.00 144.80 145.00
% 144.80 | 144.87 | 145.60 | 145.70 | 145.10 | 145.23 | 144.90 | 144.93 | 145.00 | 144.97 | 145.20 | 145.23
2 | 0 |144.80 146.00 145.50 144.90 145.10 145.50
8| 5| 9430 94.50 94.50 94.70 94.60 94.50
N £ | 9440 | 94.40 | 9440 | 9443 | 94.40 | 94.40 | 94.60 | 94.67 | 94.50 | 94.60 | 94.40 | 94.40
< £ | 9450 94.40 94.30 94.70 94.70 94.30
S & | 150.10 150.10 150.20
@ % 150.20 | 150.20 | 150.20 | 150.17 | 150.20 | 150.17
= | B | 150.30 150.20 150.10
Z| g 9a70 94.50 94.40
§ 94.80 | 94.77 | 94.60 | 94.60 | 94.50 | 94.50
£ | 94.80 94.70 94.60
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Table A.15 Diameter and thickness of KT-56 specimarfor second source of RAP before and after conditning (continued)

a b c e f g
Avg. Avg. Avg. Avg. Avg. Avg.
@ | 150.10 150.00 150.00 150.00 150.00 150.00
% 149.90 | 150.00 | 150.00 | 149.97 | 150.00 | 149.97 | 149.90 | 149.97 | 150.00 | 149.87 | 149.90 | 149.93
¢ | O |150.00 149.90 149.90 150.00 149.60 149.90
| g | 9460 94.70 94.90 95.00 94.90 94.70
N g 94.60 | 94.63 | 94.80 | 94.73 | 94.50 | 94.60 | 94.50 | 94.63 | 94.80 | 94.70 | 94.50 | 94.57
< = | 94.70 94.70 94.40 94.40 94.40 94.50
S & | 150.57 150.32 150.42
¥ % 150.45 | 150.50 | 150.23 | 150.30 | 150.43 | 150.47
& a | 150.48 150.35 150.57
< | & | 95.00 94.91 94.86
£ 19492 | 9492 | 9477 | 94.87 | 94.81 | 94.81
£ | 94.84 94.92 94.76
@ | 150.14 150.11 150.11 150.13 150.01 150.14
% 150.14 | 150.13 [ 150.08 | 150.09 | 150.03 | 150.11 | 150.04 | 150.08 | 149.99 | 150.04 [ 150.06 | 150.10
€ | & |150.10 150.08 150.20 150.07 150.13 150.11
8 8| 9472 94.87 94.70 94.96 95.00 94.59
N g 94.99 | 94.88 | 94.76 | 94.82 | 94.86 | 94.79 [ 94.91 | 94.94 | 94.74 | 94.89 | 94.85 | 94.73
< £ | 94.92 94.83 94.80 94.95 94.92 94.75
:\: & | 150.06 150.35 150.20
R % 150.33 | 150.21 | 150.39 | 150.37 | 150.27 | 150.27
s | O | 150.23 150.36 150.35
g 2 | 9485 94.87 94.87
S | 94.93 | 94.88 | 94.94 | 94.82 | 97.79 | 95.88
F | o485 94.66 94.99
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Table A.15 Diameter and thickness of KT-56 specimarfor second source of RAP before and after conditning (continued)

a b c e f g
Avg. Avg. Avg. Avg. Avg. Avg.
5 | 150.03 150.03 150.00 150.00 149.95 150.08
% 150.03 | 150.00 | 150.05 | 150.05 | 149.91 | 149.97 | 149.89 | 149.95 | 149.98 | 149.98 | 150.00 | 150.03
o | & | 149.95 150.06 150.00 149.96 150.00 150.01
3| g|9520 95.01 94.93 94.85 94.69 94.59
N S| 9484 | 9493 | 9470 | 9491 | 9487 | 9485 | 9478 | 9482 | 9470 | 9468 | 9474 | 9467
E £ | 94.75 95.02 94.74 94.84 94.66 94.68
< 5 | 15037 150.33 150.34
S % 150.29 | 150.32 | 150.30 | 150.29 | 150.28 | 150.33
< | 8 | 150.30 150.24 150.38
Z| g o526 94.80 94.72
§ 94.84 | 95.02 | 94.87 | 94.82 | 94.75 | 94.75
£ | 9495 94.79 94.77
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Table A.16 Gyp, Gmm, and %Va of dynamic modulus specimens for both saoes of RAP

Sample ID Gmb Gmm % Binder % Va
Mix

Design = = = — = — = — = —

& = & = & = Tl 2| 2| &

g Z 3 B 3 B 2| 2| 8| 3
s1 21 2278 | 2.285 | 2.463 | 2.462 751 | 7.19
20 s2 22 2202 | 2.267 | 2.463 | 2462 | 470 | 430 | 6.94 | 7.92
s3 S3 | 2288 | 2.307 | 2.463 | 2.486 711 | 7.20
V-1 31 2200 | 2.259 | 2.455 | 2.438 6.72 | 7.34
S0 V-2 33 2207 | 2.252 | 2.455 | 2.438 | 4.80 | 4.40 | 6.44 | 7.63
30-2 34 2202 | 2.250 | 2.470 | 2.438 721 | 771
2 42 2320 | 2.292 | 2.468 | 2.477 6.00 | 7.47
‘R‘% 21 43 2307 | 2.301 | 2.454 | 2.484 | 430 | 410 [ 5.99 | 7.37
2.2 44 2306 | 2.289 | 2.454 | 2.484 6.03 | 7.85
30-| 31 | 2.313 | 2.286 | 2.461 | 2.471 6.01 | 7.49
% | 3o 32 | 2.308 | 2.305 | 2.461 | 2.471 | 430 | 440 | 622 | 6.72
30-111 34 | 2.310 | 2.313 | 2.458 | 2.494 6.02 | 7.26
40F(0) t42 | 2293 | 2.306 | 2.466 | 2.496 7.02 | 761
gl s1 43 | 2202 | 2302 | 2.471 | 2473 | 440 | 420 | 7.24 | 6.01
52 t44 | 2.206 | 2.304 | 2.471 | 2.473 7.08 | 6.83
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Table A.17 Diameter and thickness of dynamic modukispecimens for the first source of
RAP

20% RAP 30% RAP 40% RAP 30% FRAP 40% FRAP
Sample # S1 Sample # V-1 Sample # 2 Sample # 30-I Sample # 40F
101.49 100.90 100.90 100.50 100.80

@ | 10139 & | 100.70 & | 100.70 & | 10110 & | 100.70
2 | 10152 2 | 100.90 2 | 100.90 £ | 100.60 2 | 100.80
2 10133 2 10080 2 10080 2 [ 10060 2 10080
101.44 100.70 100.70 101.40 100.90
149.90 150.60 150.60 151.90 150.00

# | 15110 2 | 15040 2 |_150.40 2 |_152.00 2 |_149.80
g | 151.20 g | 150.40 £ | 150.40 g | 15107 £ | 150.00
£ | 15120 £ | 15030 £ | 15030 £ | 15170 £ | 150.08
149.90 150.20 150.20 151.80 150.07
Sample # S2 Sample # IV-2 Sample # 2-1 Sample # 30-I Sample # S1
101.70 100.80 100.90 100.80 100.60

% | 101.80 @ | 100.90 @ | 100.80 & | 100.70 @ | 100.70
£ | 101.90 £ | 100.70 £ | 100.80 £ | 100.80 £ | 100.80
2 [ 102,00 2 [ 10030 2 [ 10080 2 [ 10080 2 [ 10080
101.80 100.90 100.90 100.70 100.70
150.80 150.20 148.90 150.00 148.90

2 | 150.30 2 | 149.70 2 |_148.40 2 | 149.90 2 |_148.70
g | 150.10 g | 149.70 g | 14850 g | 150.10 g | 148.90
£ | 15070 £ | 15010 £ | 14870 £ | 15020 £ | 14880
151.00 150.00 148.90 149.80 148.90
Sample # S3 Sample # 30-2 Sample # 2-2 SampI”eI #30- Sample # S2
101.20 100.80 100.90 100.90 100.60

% | 101.80 @ | 100.90 % | 100.80 & | 100.70 @ | 100.70
£ | 102.00 £ | 100.80 £ | 100.80 £ | 100.60 £ | 100.80
2 10190 2 [ 10080 2 [ 10080 2 [ 10080 2 [ 10080
101.30 100.70 100.90 100.70 100.70
147.90 150.70 149.80 150.50 148.80

2 | 148.50 2 |_150.80 @ |_150.70 2 | _150.40 2 |_148.70
g | 14880 g | 150.50 £ | 15100 g | 150.30 g | 14830
£ | 148.90 £ | 149.80 £ | 14970 £ | 15020 £ | 14850
148.80 149.90 150.00 150.30 148.70
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Table A.18 Diameter and thickness of dynamic modukispecimens for the second source of

RAP

20% RAP 30% RAP 40% RAP 30% FRAP 40% FRAP
Sample # 21 Sample # 31 Sample # 42 Sample # f31 Sample # f42
101.00 101.00 101.10 101.40 101.20

@ | 10110 @ | 101.20 & | 100.90 @ | 101.80 & | 101.20
£ | 101.00 2| 101.20 2 | 100.80 £ | 101.70 2 | 101.00
2 10110 2 10190 2 10100 2 10150 2 10110
101.00 101.30 100.70 101.40 101.10
149.50 151.30 152.00 152.00 151.60

2 | 149.70 # | 15110 2 |_153.00 2 | _152.70 2 | 15170
g | 150.10 g | 15110 g | 15270 g | 151.90 g | 15180
£ | 15030 £ | 15150 £ | 15220 £ | 152.00 £ | 15140
150.40 151.50 151.50 151.90 151.50
Sample # 22 Sample # 33 Sample # 43 Sample # 32 Sample # f43
101.00 101.00 100.90 101.10 101.30

& | 101.10 @ | 101.80 % | 100.90 & | 100.90 3 | 101.20
£ | 101.00 £ | 101.00 £ | 101.10 £ | 100.90 £ | 101.30
2 10110 2 [ 10130 2 [ 10100 2 [ 101.00 2 [ 10120
101.00 101.50 101.00 101.10 101.20
149.50 150.80 151.10 149.60 150.90

2 | 149.70 2 |_150.00 2 |_151.90 2 |_150.00 2 | _150.30
g | 150.10 g | 149.80 £ | 15160 g | 150.20 £ | 150.00
£ | 15030 £ | 149.90 £ | 15170 £ | 149.90 £ | 15060
150.40 150.00 151.80 149.80 150.40
Sample # S3 Sample # 34 Sample # 44 Sample # 34 Sample # f44
101.20 100.90 101.00 101.10 101.10

& | 101.70 & | 100.70 3 | 101.10 & | 101.00 @ | 100.90
£ | 102.00 £ | 100.10 £ | 101.20 £ | 101.30 £ | 100.90
2 10190 2 [ 100.00 2 10190 2 10120 2 10120
101.50 100.80 101.00 101.10 101.00
148.00 151.90 150.80 148.90 150.70

2 | 148.50 % | 15120 2 | 150.70 2 | 149.10 % | _150.20
£ | 14880 £ | 15050 £ | 150.60 £ | 14860 £ | 149.90
£ | 148.90 £ | 150.40 £ | 150.80 £ | 1490 £ | 15030
148.70 151.00 150.80 149.00 150.40
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