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EVALUATE HIGH PERCEN TAGE RECYCLED ASPHAL T PAVEMENT AS BASE

MATERIALS

Abstract

by Mengqi Wu, M.S.
Washington State University
August2011

Chair: Haifang Wen

The use of recycled materials for construction is beneficial to both the environment and the
economy. Recycled asphalt pavement (RAP) is one of the most commonly used recycled materials.
Different state departments of transportation allow the use of RABsia materials at different
percentages. Evaluation of engineering performance of base materials with RAP is important for
proper pavement design. This study evaluated the potential use of high percentage recycled asphalt
pavement as base course matexighout compromising the pavement performance in terms of

stiffness, permanent deformation and permeability.

RAP from two different sources were collected for lab testiegilient modulusNl,) was
selected to represent the stiffness of base courseial@ad the models that account for the effects
of moisture content on the resilient modulus of unbound materials were evaduetad hed
aggregates with RAP. In addition, models were proposed to account for the effects of temperature on

theresilient modulus of base materials with RAP

Based on Mtesting resultspermanent deformation was compared for specimens containing
different percentages of RAP to evaluate the rutting potefttizds found adding RAP to virgin
aggregate increased isnt modulus, but also increased rutting pote ntiadler certain conditions,
such as 60C (140F), OMG4 or OMG2; and OMC at 20€C for RAP1Repeated load triaxial

test was conducted in order to evaludue effect of RAP percentage on permanent strain of base



course materialTseng and Lyttointroduced goermanent deformation prediction modte 1989 for
granularbase coursenaterial and the modedas modified by adding RAP percentage as a parameter
for base course materials containing RAP

Constant head permeability tests were conducted for samples containing different
percentages of RAP, and the results suggested that coeffiof iparmeability decreased with the
increase of RAP percentada.addition, freezé¢haw conditioning was applied to specimens to
investigate the effect on and permeability

X-Ray Computed Tomography scanning was conducted for specimens contaifangndif
percentages of RAP. Lower air void was detected for specimens containing higher RAP percentage,

which might be one of the reasons leading to highearM lower permeability.
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CHAPTER 1:INTRODUCTION

1.1 PROBLEM STATEMENT

Large amount of construction waste is produced each year and it bermonsegifficult
to find appropriate locations for landfilRecycled materials offer viable solutions to the concern,
which is beneficial to both environment and econoihe Federal Highway Administration
(FHWA) estimates that 100.1 million tons of Hot Md Asphalt (HMA) is scrapegiach year
[Cosentind200]]. Recycled Asphalt Pavement (RAP) is one of the masinconly used
recycled materials. RAB the term given to removed and/or reprocessed pavement materials
containing asphalt and aggregat@éP is generated when asphalt pavements are removed for
reconstruction, resurfacing, or to obtain access to buried utilities. RAP consists-gjubigh,
well-graded aggregates coated by asphalt ce fRMIRC 2M8]. Many state departments of
transportatiorallow the use of recycles asphalt pavement (RAP) to be blended with aggregate
materials to produce a composite base course matMa@arrah conducted a survey among the
State Department of Transportation regarding the use of RAP as base course. mheerial
results indicated that the percentage of RAP allowed by highway agencies to use as base course
material varid from 2 percento 60 percenfMcGarrah 2007.]Currently, the Washingto$tate
Department of Transportation (WSDOT) allows ud.1® percenbitumen (abouR0 percent
RAP) in base materialpVSDOT 2008. An increased percentage of RAP in base course could
offer economical and environmental benefitwever, 8 more RAP material is incorporated
into the base course materiedncerns are raisday the agencies, such as the impact of high
percentage RAP on pavemelasign the appropriate compaction requirements, and drainage
characteristics, all of which may affect the overall kdagn performance of both flexible and

rigid pavemenstructuregUhlmeyer 2008]. A study is needed to evaluate the potential use of



high percentagégreater than 20%gcycled asphalt pavement as base course material, without
compromising the pavement performance. A successful application of high perdeARge

could contribute to the sustainability, in terms of costs, g@neand greenhouse gas emission.

1.2BACKGROUND

Some studies have been conducted onrecycled materials in other states, primarily
focusing on laboratory evaluation of physical propertiém et al.found that recycled asphalt as
base materials had higher resilient modulus, but higher rutting potential than gggegates in
Minnesota [Kimet al.2007. Wen et al. studied the recycled asphalt pavement with andwtith
fly ash as base course materials in Wisconsin and compared tedaggie gat¢Wenet al.
2008. Experiment roads were albwilt atMnNnROAD in Minnesota. It wafound in tle study
that RAP has high modulus, but high permanent deformation, when conparedhed

aggregateAdding cementitious materials improved the resistance to perinde@mrmation

Jeon et alreported that both the static shear strength and the resilient modulus of the pulverized

materials were generally higher than virgin aggre gaaterialsHowever resistancef RAP to
permanent deformation at low stress levels was ldkgar that of the typical aggregate base
material in Californialn addition, & high stress levels, RAP had higher remiseto permanent

deformation than aggregate matefidon et al. 2009]The sources of RAP could bring much

variation to the engineering properties of RAP. In addition, due to the existence of asphalt, unlike

crushed aggregates, properties of RA&P affected byemperature fluctuatiofConsentino 200[L
The permeaiity of RAP is another concernh& moisture trapped in RAP base could cause

further moisture damage to RAP. The stripping, due to moisture damage, can generate fines

which affect the permeability [Saeed 2008].



The above studies have shown that RAP has potemtisd good base course materials,
but also have some issues. The issues related to RAP have to be addressed before high

percentage RAP can be used for routine highway construction.

1.30BJECTIVES
The primaryobjectives of thisresearcltonsisted of théollowing:

(1) Engineering performance of RAP, intes of stiffness (modulusjutting potentiabnd
permeabilitydue to moisture damagehange of moisture conteanhd effect of temperature.

(2) Evaluationof the resilientmodulus modeihtroduced in NCHRP -R8A specification for
samples containing different percentages of RAP.

(3) Modeling the effect of moisture content on resilient modulus for samples containing different
percentages of RAP.

(4) Development of modesvaluatingthe effect of temperature on resilienbdulus for samples
containing RAP.

(5) Modification ofthe permanent deformation prediction model introduced by Tarthg
Lytton (1989, in order to evaluate the effect of RAP percentage on permanent strain of base

course material.

1.40RGANIZATION OF THESIS
This thesis consists diffe chapters. The first chapter presents the introduction of the
research topic, background and objectives. Chapter 2 introduces findings based on literature
review on past studies of related topics as well as current practice. ChdpseriBes
materid and laboratory testing. In this chapter, detailed experiment design and protocol

followed by each test are introduced. Chapter 4 presents testing results and analysis. Based



on the testing data, models are developed and evaluated in this chapter. &hetpdeiuces

the conclusions and recommendations of this study.



CHAPTER 2: LITERATURE REVIEW

2.1INTRODUCTION

According to the National Asphalt Pavement Association (NAPA), more than 90 percent
of U.S. roads and highways are paved WHMA . About 500million tons (454 million metric
tons) are produced each yeBuring rehabilitation or reconstruction, te&isting HMA layers
are removegbartiatdepth or fuldepth.In responsedo the shrinking supply of raw materials and
the rising costs o¥irgin aggregates and bindeRAP is considered to ken alternative to virgin
materials ad a valuable componeimt HMA. According toa survey by th&ederal Highway
Administration EHWA), in 2007the average amount of RAP incorporated into AMixtures
by State DOTs was 1@ercenby theweightof total mixture Although the state DOTs are using
more RAP in HMA, high percentages of RAP (greater thapezben)allowed in HMA
productions aretdl not common.n addition, RAP can be useditu as a baseotirse material
which eliminates the transportation of RAP to HMA plant and reduces the need for virgin

aggregates

2.2CURRENT USE OF RAP AS BASE COURSE

The use of RAP as a base course material offers economical and environmental be nefits.
The WSDOT currently allowsp to 20 perceriRAP to be blended withirgin crushed
aggregates to form the base course mateN&d§arrah conductedsurvey of current practices
of State DOTSs regarding the uUsERAP as base course material @ndhtacted Btatesncluding
Colorado, Florida, lllinois, Minnesotdontana,New Jersey and UtdMcGarrah 2007]The

result for the survey is listed fablel.



Table 1 State DOTs Survey ResulfMcGarrah 2007]

Ra|
State A||0WE‘ d' | Max%? Processed Testing®
Florida No
lllinois No
Montana Yes 50-60% No Corrected Nuclear Gauge
New Jersey Yes 50%° Yesi Gradation Corrected NucleaGauge + Sample]
Minnesota Yes 3% Yesi Gradation Dynamic Cone Penetrometer
Colorado Yes 5096 Yesi MaxAgg. Size Roller Compaction Strip
Utah Yes 2%° Yesi Gradation NuclearGauge or Breakdown Curv
Texas Yes 20% Unknown Various (including NucleaGauge)
California’ Yes 50% Unknown No special testing procedure liste
New
Mexico’ Yes Unknown Unknown Corrected NucleaGauge
Rhode
Island’ Yes Unknown Yesi Gradation Unknown
South
Dakotd No

1 Describes whether state allows RAP as a base course material.
2 The maximum percentage of RAP (by weight) allowed.
3 Describes whethehe listed state requires the RAP blend to be processed prior to placement and what

requirements must be met
4 Describes the type of QA testing required.
5 These are modified values. The current values are 100%, but the materials department is in theforocess

modifying current values.
6 These values are the maximum AC content allowed in the RAP blend.
7 These states were not contacted and the information

specification.

As shown in the table, the maximurarpentage of RAP as base course material allowed
by state DOTs vary frof percent to 60 percebased on the data collected from the survey
the state of Montanayhether RAP may be used as base course material is decided on a project
by-project basisnstead of being stated in the standard specifications, and the maximum

percentage of RAP used as base course material may reachlé® ¥haximum percentage of



RAP used as base course was selected on the basis of the research conducted by Mokwa, which
proved that the blending of RAP with virgin aggregate only caused minor changes to the

engineering properties ofemixed base course matefisliokwa 2005]

For theState of FloridaRAP wasallowedto beused as backfill in roadways or as
construction material for embankmnis around pipes and culvertRAP was also allowedo be
used in roadway subbase and basecibitld meet specifications, such as the Limerock Bearing
Ratio, for subbase/baseaterials A study conducted by Cosentiebal.indicated that the
deformation potential of RAP significantly increased with theeaseof temperatur¢ Cosentino

et al 2001].

2.3PAST STUDIES ON RESILIENT MODULUS OF RAP

The stiffness of base layer gty affects the fatigue life of hot mix asphalt surface layer.
High stiffness is desired to prolong the pavement Riesilient modulus-( ) is a basic property
that represents theifftess of base course materResilient modulus test is commonly
conducted in the laboratory to determine. - test is commonly conducted in accordance with
NCHRP 128A or AASHTO T307 test protocol for base course material. In the laboratoiig,
determined by applying repeatedmpressie loading(Figure 1) on tesgspecimens of the
unbound material under confining conditidtesilient modulugs definedas the ratio of the peak
repeatedxial deviator stress to the peak recoverable axial strain of the specimen, which is
shownin Equation JWitczak 2004].

- 3 7 (1)
where,- is the resilient modulus,

3 = 0 11, and A is the initial cressectional area of the sample,



—handA is the recoverable axial deformation dueSto , L is the distant

between measurement points for resilient axial deformadion,

Load Duration

Rest Period_

Maximum Load
Pmax

Cyclic Load - Peycic

Load

Haversine Load Pulse
/ (1-cos? )2

o |
+ Contact Load - Pgontact [

Time
Figure 1 Witczak (2004) Definition of Resilient Modulus Terms

Temperature and moisture content are main factors affecting the in situ modulus of
unbound pavememhaterials on a seasonal EafRichter 2006]In a pavement design, such as
the American Association of State Highway and Transportation Officials (AASHBO3
design method [AASHTO 19938) the mechanistiempiricalpavement design guide (MEPDG)
[ARA 2004], resilient modulus is the primary design property for unbound materidle In
MEPDG, the effects of moisture content fluctuation on resilient modulus are modeled with the
soilwatercharacteristic curve (SWCQYloisture content also affects thermanent deforation
of unbound materialdMEP DG only considers traditional unbod materialssuch as virgin
aggregatesThe recycle materials, suasRAP, may present unique propertiesievhare not

accounted for iIMEPDG. For instance, the asphaltRAP is sensitive to temperatusdich is



not considered for traditional unbound materidlge resilient modulus of base materials with
RAP has to include the effects of climatic effects, such as temperature and moisture contents, in
theMEPDG.

Wen et alstudied the resilient modulus of base materials with RAP. It was found that
base materials containing RAhad higher resilient modul{d/enet al.2010] whichagreed
with findings by othersilaher1997] Kim et al.conducted resilient modulus testsspecimens
containirg different ratios of RAP at 65 percent and 100 peroéaptimum moisture content
(OMC), respectively. It waseported that specimens at %€rcentOMC had lower- values
thanthose of specimens at 65 perc®MC [Kim et al. 2007] Attia et al.alsofound that
samples containing RAP had higher values than those of crushed aggre gpAgia et al.
2009] However, the sensitivity of the resilient modulus of RAP to moisture content was higher
than that oQranular materialAttia etal. 2010]. Sargious et al. studied the effects of low
temperature on the behaviors of RAP. It was concluded thatcreased with the decrease of
temperature from 20 to -40C [Sargious et all991] However, only low temperatures were
considered for theffects on material properties. The effects of high temperature on resilient

modulus and permanent deformation were not considered

2.4PAST STUDIES ONOTHER ENGINEERING PR OPERTIES OF RAP

2.4.1Moisture-density relationship

Cooleydetermined OMC anMDUW for samples containing different percentages of
RAP using modifiegroctor compactiomethod The results indicated that the increasing
percentage of RAP caedadecrease of OMC and MDU\Cooley 2005] Attia et al.found that
RAP had a lower MDUW comparing to aggregate sampkesed on results from both proctor

compaction tests and tests using gyratory compactor at 50 gyrp&itieset al. 2009] For the



gyratory compaction, increasing RAP decreased Qih€reador standard proctor compaction,
OMC increased with the increase of RAP percent&ggta et alconducted testt® determire

the OMC and MDUWor samples containing different percentages of RBRg gyratory
compactor at a compaction angle of 1.25 degtees;ompaction pressure of 6kPa(87.02ps),
and 50 gyrationfGupta et al. 200P It was concluded thahcreasingRAP increasedVIDUW

but decreased OM@/JacGregor et akevaluated theelatiorshipbetweerOMC, MDUW and

RAP content. Fie resulf indicated that n@orrelationwas foundoetween the RAP content and

OMC or MDUW [MacGregor et all999].

2.4.2 Permanent deformation

Permanent deformation in base cougseatly affects the pavement performance, such as
rutting. A series ofrepeated triaxial compression &gtere conducted by Mohammad et &b
determine the permanent deformatoibase course materiglslohammad et al. 2006]Two
vertical linear variald differential transducers (LVDT) were used to detect the displacendents.
haversine load pulse of @skcond loading and G$82cond resperiod was appdid to samples for
10,000 cyclesThe samples were conditioned before the tests were conducted byngmply
number cyclesof vertical stress and confining stresghe permanent deformation of RAP
exhibited an initial acceleration and then reached a steady. $tatas reportedthat the M was
not sufficient in characterizing base course material of pavement structure and permanent
deformation should be incorporatedthe pavement design procedohammadet al.2006]

Kim et al.conducted 20M, tests for samples with differepercentagesf RAP to
investigate the effesbf RAP percentage omesilient modulusSpecimens were preparasing
the gyratory compactor and NCHRP28A testprotocol was followedKim et al. 2007] The

testresults showethat the RAP specimens were stiffer at high confining pressure when

10



compared with virgin aggregate sampklewever,the permanent deformation of specimens

containing RAP was greater than that of virgin aggregates.

2.4.3Permeability

Hydraulic conductiviy is recognized as an important paramdéde base course material
If the subgrade material is saturated, the pawmrmmay deteriorate rapidly [Attia 2008RA
2004. The moisture trapped betwete particles in base layer may lead to the destruction of
the pavement structure due to the loss of supportasphalpavementmoisturecaninfiltrate
into the base layer through surface cracking or shoaldertime.

Compaction efforts during samplegmaration reduce the volume of large pores and
increae the volume of small porg&upta 2009] Trzebiatowski et atonducted a study to
determine the hydraulic conductivity BfAP as base course matef{i@itzebiatowski et a2005]

It was concluded thahe saturated hydraulic corctivity of RAP ranged from 4.5p 11 to

1.7%p 11 m/s when compacted with modified proctor effaatxfrom 2.4xp 11 t0 9.0%p Tt

m/s when compacted wittandardroctor effortsFor the hydrauliconductivity testing

conducted in the studyy Trzebiatowski et al.a rigidcwall, compactiormold permeameter was
selected to conduct for sample preparation and ASTM DE&&iprotoclvas followed. By
comparing the testing reswit RAP am crushedstone, it was repcet thatthe permeability of

RAP is comparable to that of traditional base course mafé@riedbiatowski 2005]Another

study by Gupta found that samples containing RAP had higher hydraulic conductivity when
compared to aggregates. Howge, no correlation was detected between RAP percentage and the
hydraulic conductivitffGupta 2009 Bouchedid et al. tested base course materials for coefficient
of permeability in the triaxial permeameter as well as in the rigid wall permeanesiectively

[Bouchedid et aR001] It wasfounded that the differendeetweerthe two methods was caused
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by different boundary conditions and sample preparation metBagdsed on the results of field
permeability measurementsiaxial permeameter wagecommended to be used for lab testing
since the average field permeabiltsasclose tothat from the triaxial permeabilitjacgregor

et al.conducted 12 hydraulic conductivity tesvith samples containing RABrushedstone

base materials and graMedrrow stbbase materialgMacgregor et al. 1999]t was foundthat
hydraulic conductivity wasot significantly affected bthe change of RAP percentage in the
RAP/crushed stone mixtures while the hydraulic congitgtof RAP/gravelborrow mixtures
increased by nearly an order of magnitude with the assef RAP percentage from 0% to 50%.
The uniform gradationf RAP wasbelievel to be theeason for the oreased hydraulic
conductivity Since factorsuch aszompaction efforts, type of soil and gradation affect hydraulic
conductivity, it is difficult based on the literatur®, determinevhether the RAP percentage

affectsthe hydraulicconductivity of mixtures.

2.4.4Moisture damage

The base materials asebjected to moisture damage and fredzav cycls. When RAP
is used in base course, asphalt may strip off the aggregates and affect the permeahdity.
laboratory, pavement materiaee subjectetb freezethaw conditioning for determining
stripping. For hot mix asphalt, WSDOT Test Meth®d18 is commonly followed, which
speci fies a mini muml88g (0:8Fpfolldwediby 80H.C (140£FE)z i n g
for 24 hours. For aggregates, AASHTO T102 introduces pliwes for freezing and thawirig
whichsamples should beooled until the center of the samples reacB8E€+3C ( -9F15F)
and the temperature shall be held for a minimu@ bdurs prior to the thaw cyclghich lasts a
minimum of 30 minutes at 21C43€C (70F45F). According to AASHIO T102, the procedure

of alternate freezing and thawing should be repeated for 25 cycles.
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2.4.41 Effect of Freezethaw on resilient modulus

The modulus of base course exhibits seasonadti@ns due tovariation of moisture
content and/or temperaturhe stresses and strains induced in the pavement by traffic loads also
vary with the modulus of the pavement laygv®hammadet al.2006] Attia et al.subjected a
set of samples to two freethaw cycles to evaluate the effect of fre¢lzaw on the resént
modulus of RAP as compared to virgin aggre §atdia et al. 2009. One cycle offreezethaw
conditioningconsisted of 24 hours of freeze conditioningl&f followed by 24 hours thawing
conditioningat room temperatur®ased on test results, samples containing RAP compacted at
OMC did not show loss of strength due to fredflz@wvcycles It was reported that the moisture
content was decreased, which indicated loss of moisture during conditioning and/or Té&ing.
decreaed moisture content could be a reason for higher moduludrateethaw conditioning

for samples.
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Chapter 3: MATERIAL AND EXPERIMENTS

In order to study the effects of high percentage of RAP on the performance of base course,
lab tests wereonducted, in terms aésilient modulusrutting potential and hydraulic

conductivity.

3.1CHARACTERIZATION OF BASE COURSE MATERIAL CONTAINING RAP
3.1.1Sampling

Material used in this study includes crushed aggregaté RAP Crushed aggregate
were sampled frorROE Asphalt Paving Inen Pullman, WA siteRAP was collected from two
sources: POE Asphalt Paving limcP ullman, WAandFairmount Roaaonstruction siten
Pullman, WA The RAP samplérom Fairmount Road was collected after the mglof the
existng pavement sectioffhe RAP collected from POE Asphalt Paving Inc was referred to as

RAP1and heRAP fromFairmount RoadProjectwas referredo as RAP2.

3.1.2Gradation

As some fine particles mighthere to large RAP particles, more accurate result would
be obtained by performing wet sieving insteadfsieving method. According to AASHTO T
11-05, the amount of material finer than No.200 sieve can be determined by washing. Particle
gradation foRAP was conducted according to AASHTO TFQ3, in which procedure A was
chosen.

Since the objective of this study was to evaluate the effects of RARder toeliminate
the effect of gradatioan the material propertieene single gradation waglected to meet the
WSDOT specification8-03.9(3)for crushed surfacingase course materi@rushed aggregate
particles of different sizes were addedhiain the target gradation of the mixtufable 2 and

Figure 2 showhe typical gradations for xtiures containing RAP1 and RAP2, the original
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gradations of RAP1 and RAP2, and the gradation required in WSDOT specification for base
course materiaRAP 1 has a top size of 12.5 nth5 inch)which is process for use in HMA

while the RAP has top size 81.5mm(1.25 inchek

Table 2 Gradation for evaluated samples and required gradation in WSDOT specifications

Passing percentage
Sieve Typical gradation
size,"(mm) RAPL mixtures | RAP2 mixtures | RAP1 | RAP2 | WSDOT specification
1-1/4"(31.5) 100 100 100.00 100
1'(25.0) 99 94 93.56 80-100
3/4(19.0) 86 84 82.26
5/8(16.0) 76 75 71.23 50-80
1/2(12.5) 72 66 100.00| 61.31
3/8(9.5)
1/4(6.3)
No.4(4.75) 39 31 47.10 | 22.20 25-45
No.6(3.35)
No.8(2.36) 22 18 21.79 | 11.07
No0.10(2.00)
No.16(1.18) 15 12 10.62 | 5.70
No0.20(0.850)
No.30(0.600)
No0.40(0.425) 10 7 514 | 252 318
No.50(0.300)
No.80(0.180)
No0.100(0.150) 7 4 3.13 1.44
N0.200(0.075) 3 2 2.47 1.08 7.5max
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Figure 2 Gradation for evaluated samples and required gradation in WSDOT
specifications

3.1.3Asphalt content determination

Thelgnition Method was used to determine the asphalt conieR®\P1 and RAP2nd

the typical correction factor was used for the teSgRSHTO T308. Ignition oven was

preheated to 538C (1000F) and the weight of the assembly with lid was recorded. Mixtures
were placed on the tray and spread evenly with a ladtfsp The tray containing the sample was

placed into the ignition oven and the ignition started until the weight loss become constant. The

calibrated asphalt content was calculated as follows:

AC% = [[(WSiWA) / WS] x 100]- CF

where,

AC% = measured (corrected) asphalt content percent by weight of the HMA sample;

WA = total weight of aggregate remaining after ignition;

WS = total weight of the HMA sample prior to ignition; and
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CF= calibration factor, percent by weight of HMA sample, which depends on oven setup

and efficiency.

3.1.4Specific gavity

The bulk specific gravity of coarse aggregates was determined in accordance with the
AASHTO T 85. Aggregate retained on No. 4 sieve s@aked in water for 15 hours before
testing. Based on the testing ddtalk specific gravity can be calculated according to the
equation presented as follows:
' =N (BC) )
where,

" = buk specific gravity

A = mass of overdry test sample in air, g;

B = mass of saturategurfacedry test sample in air, g;

C =mass of test sample in water, g.

3.1.5Moisturedensity relationship

The modified proctor compaction tegas conducted to determitiee optimum moisture
content (OMC) and maximum dry unit weight (MDUW) in accordance with D method of the
AASHTO T 180, because less than 30 percent by mass of the material is retained on the 19 mm
(3/4 irch) sieve. This procedure uses a 48 N (10 lb) hammer and a 45.72 am{&8 drop
height.Particlesretained on the 2&nm (0.75 inch) sieve @reremoved prior to compaction, and
samples were compacted in 5 lifts in a 4f6gh (6 inches) mold using 56 blows per layer. The
wet density was calculatesd shown in Equation 8ased on the wet densigndthe average
moisture content, dry density was calculated according to Equation 5.

W1 = (A-B)V 4)
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where,
W1 is wet density;
A is the mass of compacted specimen and mold;
B is the mass of mold;

V is the volume ofmold.

W=——x100 (5)
where,

W is the dry density;

w is the moisture content of the specimen by percentage.

3.1.5.1 Correction for OMC and MDUW

As specified in AASHTO 7224, corrections to OMC and MDUW values were
recommended if more tha®% particles are retained on-b®m sieve.Based onthe typical
gradations chosen in this study, 14% particles were retained on 19.00 mm (3/4 inch) sieve for
testing samples containing different percentages of RAP1 and 16% were retained on 19.00 mm
(3/4 inch) sieve for samples containing RAPZhe OMC and MDUW values from the
compaction tests were corrected in accordance with the adjustment equations expressed as
follows:
- # =(- #-0+ #-0)/100 (6)
where,

- # is the corrected moisture content of the testing sample, expressed as a decimal,

- # is the moisture content of the fine particles, which are passing 19.00mm sieve,

expressed as a decimal;
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- # is the moisture content of the oversized particles, which are retained on 19.00mm

sieve, expressed as a decimal; can be assumed to be 0.02 for most construction

applications.
0 is the percentage of fine particles, by weight;

0 is the percentage of coarparticles, by weight.

$ =100% k/($ O +kO0)
where,
$ isthe corrected total dry density, kg/;
$ is the dry density of the fine particles, kg/;

K equals to 1000x Bulk Specific Gravity of coarse particles] kg/

0 =100- /(- + )
0 =100- /(- + )
where,
- =mass of fine particles;

- =mass of coarse particles

3.1.6Stiffness

3.1.6.1 Introduction

)

(8)
©)

The fatigue life of hot mix asphalt surface layer is greatly affected by the stiffness of base

course. High stiffness of base course is considered to reduce the tensile strain at the bottom of

HMA layer and prolong the fatigue lifef pavementResilient modulysadopted in the
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mechanistieempirical pavement design gujde recognized as an effeati measure of

engineering performance of granular materials

3.1.6.2 Resilient modulus test

3.1.6.2.1 Sample preparation and conditioning

The resilient modulus tests were conducted on mixtures containing different percentages
of RAP and crushed aggregate in accordance with the NCHEFA Test protocol. Samples for
resilient modulus testing were prepared in accordance with the manual compactedure in
the NCHRP 128A. Sample particles retained on 25.0 mm (1 inch) sisareremoved before
sample preparation. After the materials were sm@ited, the mixture was compactedaisplit
mold with a diameter of 152 mm (6 inches) for 6 layeiithveach layer of Anch height to make
a target height of 304.8 mm (li@ch). The mass of each layer was determined in accordance
with corrected OMC and 95% MDUW in accordamgiéh the protocol. For testing samples
containing moisture conteswther tharthe OMC, the dry density of samplegas kept constant
Latex membrane was placed between the sample and the split mold, and vacuum was applied
during the compaction.

Table 3shows the testing schedule. For testing samples containing RAP1 or RAP2 with
OMC, temperatures were varied fro20 to 60C (-4 to 140F)in order to determine the effect
of temperature on Mr. For tesi® specimens witharied moisture contents, the moisture
contentsvariedfrom OMC-4% to OMC+2% to evaluate the effsoin stiffness obase course
material, while controlling other factors the same, such as the temperature and the percentage of
RAP. Tests designed to evaluate the effects of moisture content were conducted right after

sample preparation void moisture los. Samples uskto determine the effect of temperature
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on- were put in the environmental chamber of the Geotechnical Consulting and Testing

SystemgGCTS)overnight set at the target temperature.

Table 3 Test variables of RAP percentage, temperature and moisture content

RAP | Percentage, % Temperature, ©
-20 20 40 60
0 OMC | OMC-4% | OMC-2% | OMC | OMC+2% oMC
RAP1 20 OMC | OMC-4% | OMC-2% | OMC | OMC+2% OMC
40 OMC | OMC-4% | OMC-2% | OMC | OMC+2% oMC
60 oMc | oMc-4% | oMc-2% | omc | omc+2% oMC
RAPD 0 oMc | oMc-4% | omc-2% | omc | omc+2% | omc | omc
20 oMc | omc-4% | omc-2% | omc | omc+2% | omc | omc
40 OMC | OMC-4% | OMC-2% | OMC | OMC+2% | OMC | OMC
60 oMc | omc4% | omc-2% | omc | omc+2% | omc | omc
80 oMc | omc4% | omc2% | omc | omc+2% | omc | omc

3.1.6.2.2 Resilient modulus test procedures

Samples were placed in a triaxial cell of the GCA$Spresented in Figure By testing,

following the NCHRP 128A protocol for base and subbase materials. Two linear variable

differential transducers (LVDTs) were used to measure the axial deformation. The resilient

modulus was calculated based ontheasege v a l

ue

of t he

t wo LVDTs®H

chamber was used to provide antight environment so that the target confining pressure could

be reached during the test. The water vafeedrainage were kept opgwitczak 2004].

According to the NCIRP1-28A protocol, the test sequence for base and subbase material

consisted of 1 preonditioning sequencend30 load sequences. Confining pressure was varied

from 3to 20psi Foreach confining pressure, cyclic stress increased @®io 7 timesof

corfining pressure. For each sequence, the axial loading was applied using a hesslesec

loading 0.1-second load pulse followed by a &s8cond rest period. The test sequsifecebase

and subbase materiaselisted in Tabled.
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Figure 3 Resilient Modulus Sample during Testing in GCTS

22



Table 4 Test Sequence for Base/Subbase Materidlgvitczak 2004]

Confinin
Sequence press urg Contact stress Cyclic stress | Maximum stress Nurlr;t;ilr of
kPa Psi kPa Psi kPa Psi kPa Psi
0 103.5 15 20.7 3 207 30 227.7 33 1000
1 20.7 3 4.1 0.6 10.4 15 145 2.1 100
2 41.4 6 8.3 1.2 20.7 29 4.2 100
3 69 10 13.8 2 34.5 5 48.3 7 100
4 103.5 15 20.7 3 51.8 7.5 72.5 105 100
5 138 20 27.6 4 69 10 96.6 14 100
6 20.7 3 4.1 0.6 20.7 24.8 3.6 100
7 41.4 8.3 1.2 41.4 49.7 7.2 100
8 69 10 13.8 69 10 82.8 12 100
9 103.5 15 20.7 103.5 15 124.2 18 100
10 138 20 27.6 138 20 165.6 24 100
11 20.7 4.1 0.6 41.4 6 455 6.6 100
12 41.4 6 8.3 1.2 82.8 12 91.1 13.2 100
13 69 10 13.8 2 138 20 151.8 22 100
14 103.5 15 20.7 3 207 30 227.7 33 100
15 138 20 27.6 276 40 303.6 44 100
16 20.7 3 4.1 0.6 62.1 9 66.2 9.6 100
17 41.4 6 8.3 1.2 124.2 18 132.5 19.2 100
18 69 10 13.8 207 30 220.8 32 100
19 103.5 15 20.7 3 310.5 45 331.2 48 100
20 138 20 27.6 4 414 60 441.6 64 100
21 20.7 3 4.1 0.6 103.5 15 107.6 15.6 100
22 41.4 6 8.3 1.2 207 30 215.3 31.2 100
23 69 10 13.8 345 50 358.8 52 100
24 103.5 15 20.7 517.5 75 538.2 78 100
25 138 20 27.6 690 100 717.6 104 100
26 20.7 4.1 0.6 144.9 21 149 21.6 100
27 41.4 6 8.3 1.2 289.8 42 298.1 43.2 100
28 69 10 13.8 2 483 70 496.8 72 100
29 103.5 15 20.7 3 724.5 105 745.2 108 100
30 138 20 27.6 4 966 140 993.6 144 100

3.1.7Permanent deformation

Base materials areubjeced to stresses suchthe weightof surface layeandrepeag¢d

traffic loading. Compressive and extensional deformatidipavement layersccurs due to
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repeatedlynamicaltraffic loading.In the field, he permanent deformation of base layer
contributesto the rutting of asphalt pave mewtith the adding of RAP to base course material,
permanent deformation should be evaluated to determine the rutting poteritisd.study,
permanent deformation was evaluabesed orwo testing methodsyhich were resilient

modulus testingnethodandrepeated load triaxial compression testing method.

3.1.7.1 Resilient modulus testing method

Permanent deformation was evaluafetbwing NCHRP 128A protocolfor base course
material containing different percentageRAP. For each tesg total 0f30 sequences were
conductedneachtesting sample and different confining pressaewell as deviator stress
were applied for each sequence, which lasts 100 seconds. Dirsgtipfe measuring
techniques were recognized as the most accurate method of measuring strains in a sample
[Wijeratne 1987] Two verticalLVDTs were mounte@nthe testing samples tneasue the
axial deformation. As shown kigure4, two clamps were used fox the LVDTSs so that the

accuratedeformation coulde read.

Figure 4 LVDTs used for measuring the permanent deformation
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3.1.7.2 Repeated load triaxiatompression testing method

Sinceno test procedures foepeated loagermanent deformation has been introduced
for base course material, test procedures similar to NCHRBAlprotocol was followedr-or
each cycle, a 0.1 second haversine load pulseallasvéd by a 0.9econd rest period. Repeated
loading was applied to samples until no obvipesmanentleformation could be observed. In
this study,five samples containing different percentages of RAP2 were selected for testing since
RAP2 was collecteddm the construction site which could better simulate the field condition.
Samples were compacted and prepared in accordance with the procetiodegedin NCHRP
1-28A protocol. Cylindrical samples after pregpton wereplaced in GCTSand verticaLVDTs
were mounted on the samples to measure the permanent deformation as shown in Figure 4.
samples were conditioned before the test by appl/psicyclic stress combined with 15psi
confining pressure for 1000 cycles. The-gosditioning procesw/ias supposed to minimize the
effect of different compaction efforthuring sample preparati@nd stable the sampier more
consistentesults.For samples containing different percentages of RAP2, combinations of

different cyclic stress and confinipgesurewere applied.

3.1.8Permeability

Based orthe typical gradations for both RAP1 and RAP2, less than 10% particlesipass
75 un sieve, constant head method was chosen for determining the permeability, in accordance
with the AASHTO TF215 specification. As shown in Figubea constarhead permeameter was
used to conduct the hydraulic conductivity testyCRAP2 mixtures weg tested due to time
limitation. Particles larger than 19mm weremovedand the percentage of oversize particles was
recorded. A permeameter williameter of 152 mm (6 inches) was selected for conducting the

testing.Waterwas added to the dry samplemtaining different percentages of RARcGthat
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OMC could be reached. According to the specification, samples were compacted in the
permeability cylinder in thin layers to a height about 2.03 cm (0.8 inch) above the upper
manometer outlet. As shown in kg5, the distance between the bottom of permeameter and
upper manometer outlet is about 20.32 cm (8 inches), thus the total sample height of 22.35 cm
(8.8 inches) would make the top surface of the sample reach 2.03 cm (0.8 inch) above the upper
manometeputlet. Since the compaction was conducted inside the permeanudtanhich was
made ofacrylic tobe transparenponly 90% MDUW could be achieved by using the hammer of
22.2 N (5 pounds) with standard proctor compaction effartsch simulates the wars
compaction scenarjpossible in the fieldSamples were compacted into the permeameter for
four layers with each layer of 5.5 cm (2.2 inches) to make the total height of 22.35 cm (8.8 inch).
The weight of samples added to each layer was calculated badgiseof 90% MDUW.
Hydraulic conductivity tests were conducted in accordance to AASHTO T125 test protocol to
evaluate the permeability of base course material containing different percentages of RAP. After
the sample was saturated, test runs were repatgdncrement 00.5 cm (0.2 inch) head so
that the range for laminar flbw can be established. When the ralijidetween velocity and
hydraulic gradient started to date from the linear relationship it indicatesthe start of turbulent
flow. The tst was run within the range laiminarflow. Coefficient of permeability was
calculated as follows:

K = QL/Ath (10)
where,

K is coefficient of permeability;

Q is quantity of water discharged;

L is the distance between manometers, whidbi@4cm (6 inches) in this study;
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A is the crosssectional area of specimen, which equals 182?32&126irf) in this study:

t is total time of discharge and h is difference in head on manometers.

Figure 5 Constanthead Permeability Test Equipment

3.1.9Moisture damage
In order to evaluate the engineering performance of RAP in terms of stiffness (mpdulus)
rutting potentiabnd permeabilitglue to moisture damage, testing samples after freezing

thawing wee tested for resilient moddrutting potential and permeability.

3.19.1 Freezethaw conditioning of Mr test samples
Samples containing different percentages of RAP1 and RAP2 were prepared based on the
selected gradation and water was added to achieve OMG.niwell samples were compacted
into the split mold by 2 inches height per layer, totaling 304.8 mm (12 inches)n&€mbrane
used for compaction was cut off and replaeeth a new membrane usirggmembrane stretcher

so that minimum amount of moisture would be lost during conditioning and testing. Samples
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with the new membrane were placed in the triaxial cell foe&iag and thawing to eliminate
external disturbance due to handling. The freetayving consisted of the following steps:
1 Freezing for 24 hours a20€ after sample preparation

1 Thawing for 24 hours at 60€ after freezing

Samples after the thawing wem®ved out of the triaxial cell and kept inside the
membrane for 12 hours at room temperature. Resilient modulus tests were not condtied o

samples until the temperature of the samples decreased to room temperature.

3.1.92 Freezethaw conditioning of permeability test samples
Samples containing different percentages of RAP2 were prepared and mixed
thoroughly aODMC andwere kept inside of sealed plastic bagpteventmoisturefrom

evaporation during freémythawing. The steps were listed &sdlows:

1 Put the wellmixed samplesontaining OMCin the freezer for 24 hours at a temperature
below-18C.

1 Leave the sample in the oven for 24 hours with the temperature@@Ta

Samples after the thamg conditioning weremoved out of the oven ahapt inside the
plastic bagdor 12 hours at room temperatug&amples were compactedthe permeameter
Permeabilityte stswere conducted in accordance wtile AASHTO T-215 specificatio.
Permeabilitytests were not conducted the samples until the terapature of the samples

decreased to room temperature.

3.2 XRAY COMPUTED TOMOGRAPHY SCANNING FOR SPECIMENS
CONTAINING RAP

3.2.1 Introduction
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Tomographictechniques combine information from radiographic projections taken at
different angles to produce a detailed map of internal properties of the object. In recent years,
systems for acquiring and processing this data have been developed and are in segimar u
medical and industrial applications. The term "computed tomography,"” or CT, refers to the use of
a computer to combine the projection data into a complete map.

High resolutionX-RayComputed TomographiX-ray CT) is becoming a widely used
techniqueto studysolids includinggedogical materials in 3D at a potscale leve]Cnuddeet al
2009].Defectssuch as void# geological materials can be constructed via computed
tomographyased on the three dimensional topology. The internal structure of specimens can be
studied without disturbing the samples and thegcroscopic behaviaman be estimated by the
advanced characterization simulation

Based on the literature review, highesilient modulus and higher permanent
deformation were repa@tiby resarchersfor base course materials containing RAPRXy CT

scanningvas conductetb investigate the microstructure of specimeostaining RAP

3.2.2X-Ray CT scanning methods fois pecimens containing RAP

The Xray CT scaning set up at Washington State Universitwolves two Xray
sources thaarecapable of generating 420 keV and 225 keV voltagiés. 420 keV sourcevas
used for scanning RAP mixtures sintes preferably usedbr relatively bigger samples where
sufficient detail of sample constituent structures can be visualized with a relatively lower
resolution.The X-ray sourcesre networked to a central work station, @gessing platform that
consiss of four paralel conputing processorsvith each cosisting of a double cor€entral
Processing Uit (CPUs)anda set of software that control the scanning process and subsequent

image analyses.
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Scanning of the samplegas initiated withFlashC TData Acquisition(DAQ), whichis a
specifically devised acquisitiothat controls hardware operation, calibration and scanAiftex
the scan parameters agteredthe object would be rotated such tradiographic images at the
desired anglesan be collected. Tréatasetsire sagd asUnified DirectoryStructure file (UDS)
for later proessing and reconstruction IData Processing Systesoftware(DPS) The UDS
header fileswhich are éxt files containing datdields separated by linefeedseprocessed with
FlashCT DPSwhich is a programproviding reconstructed imageof the scanned slicesn
addition, @alibration filesareused to correct pixel to mXdifferences in the detectesuch adad
pixel correctionsince radiographs takefor the objectrange from completely darkwhere an
image was taken with no exposing radiation, to light where an imags taken with full
exposure.

In this study, 0% RAP and 80% RAP samples after resilient modulus testing were applied
with X-ray CT scanning. For each sample, over 700 slices of transversal surfaces were scanned,

which could finally form the image of the cylinder with the total heigt&@.8& mm.
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Chapter 4: ANALYSIS AND RESULTS

After the completion of laboratory tests, the test results were anatyziedermine
resilient modulus, ruttingotentialand hydraulic conductivitylThe effects of temperature and

moisture on resilient modulus and rutting were &saluated

4.1 ASPHALT CONTENT D ETERMINATION
Asphalt contents in RAP1 and RAP2 were 4.86% and 6.1d8pgectively The asphalt
contents for samples containing different percentages of RAP are listed irbTable

Table 5 Asphalt content corresponding to RAP percentage

RAPL percentage, %
20 40 60
Asphalt
Content, % | 0.97| 1.94 2.92
RAP2 percentage, %
20 40 60 80
Asphalt
Content, % | 1.22| 2.44 3.67 4.89

4.2 BULK SPECIFIC GRAVITY AND MOISTURE-DENSITY RELATIONSHIP

The relationships between moisture content and dry density for samples containing
different percentages of RAP1 and RAP2 were established based on the modified proctor tests.
As recommended by the AASHTO 224, corrections to OMC and MDUWere made since
more than 5% oversize particles were retained on 19.00 mm (3/4 inch) sieve for both RAP1 and
RAP2 mixtures. Bulk specific gravity tests were conducted because bulk specific gravity is
needed for corrections to OMC and MDUW. TaBkhows the OMC and MDUW \aes from
modified proctor tests. The corrected val(féee Section 3.1.5.bf OMC and MDUW for
samples containing different percentages of RAP were calculated based on bulk specific gravity

valuesaslisted in Tables. The moisturedensity relationshipwves are shown in Figure Bs
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shown inFigure 7 OMC valueandbulk specific gravities of mixturesiecreased with the

increaseof RAP percentage

Table 6 Compaction Characteristics before and after Correction

Proctor compaction result

After correction

Optimum moisture | Maximum dry | Bulk specific
Material content,% density, kg/m3 gravity OMC ,% | MDUW, kg/m3
0% RAP1 8.9 2199 2.603 7.9 247
20% RAP1 8.2 2169 2.581 7.3 2218
40% RAP1 7.5 2207 2.559 6.7 2250
60% RAP1 72 2138 2.537 6.5 2186
0% RAP2 9.0 2200 2.590 7.9 2254
20% RAP2 8.8 2142 2.510 7.7 2193
40% RAP2 7.9 2113 2.510 7.0 2167
60% RAP2 7.5 2143 2.460 6.6 2189
80% RAP2 7.1 2127 2.440 6.3 2172
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Figure 6 Moisture -density relationship for (a) RAP1 mixtures (b) RAP2 mixtures
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4.3 STIFFNESS
4.3.1Modeling of resilient modulus

Resilient modulusis dependent on the stress states, such as deviator and confining
stressesSimilar to the MEPDG, heresilient modulusan be modeleds shown irequation 11
[Witczak 2004]

s, - 3k t
M, =k p, (F——5)" (= + k)
Pa Pa (11)

where, M is resilient moduluskE , E , E |, E , E are empirical constant®, is the atmospheric

pressurez, is the octahedral shear stress, ands the bulk stress. Bulk stress is calculated by

S,=8,+s,+s, (12)
where sy is the bulk stress anfl , A , A are the principaktresses acting on the specimen.

Octahedral shear stress is calculated as:

1. 2 2 2
tow = (51'52) +(51'53) +(52'53)
30\/ 13

Based on Mr test data, model coefficients were determined using the Excel Solver (Table
7). As an illustrationFigure8 shows the relationship between measured and predictéat 0%

RAP1 sample based on the NCHRR2&A model.lt can be seen the model is effective in

characterizing the resilient modulus.
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Table 7 Coefficients and R2 for Different Samples Based on NCHRP-28A Model

Coefficient of
pe?ézgage Condition Model coefficients determination
k1 k2 k3 k6 k7 R?
OMC-4% | 3045.17 | 1.95 | -2.19| -107.40| 4.29 0.98
OMC-2% | 4878.25 | 2.12 | -2.66| -107.29| 4.57 0.99
OoMC 1913.71 | 1.19 | -1.17| -8.01 | 2.10 0.99
OMC+2%| 315556.61] 1.49 | -3.23| -46.24| 7.91 0.99
20C 1913.71 1.19 | -1.17| -8.01 2.10 0.99
0 60C 4136.65 | 151 | -1.77| -67.82| 4.23 0.99
OMC-4% | 8.64E+09| 1.20 | -5.77| -40.86 | 17.08 0.95
OMC-2% | 2013.37 | 1.40 | -1.41| -38.77| 2.72 0.98
OoMC 614.02 149 | -1.05| -35.75| 1.29 0.99
OMC+2%| 765.04 1.27 | -0.80| -25.13| 1.20 0.99
20C 614.02 149 | -1.05| -35.75| 1.29 0.99
20 60C 332.97 1.38 | -0.58 | -52.25| 1.00 0.91
OMC-4% | 1348.81 | 1.25 | -0.83| -44.01| 1.00 0.97
OMC-2% | 1274.34 | 1.35 | -1.14| -35.24| 1.80 0.99
OMC 74.96 2.40 | -1.43| -114.53| 1.00 0.94
OMC+2%| 1306.94 | 1.27 | -1.08| -22.86| 1.66 0.99
20C 74.96 2.40 | -1.43| -114.53| 1.00 0.94
40 60C 733.63 1.25 | -0.70| -44.00| 1.00 0.91
OMC-4% 28.60 3.02 | -1.90| -168.03| 1.00 0.77
OMC-2% | 1080.94 | 1.32 | -1.02| -30.32| 1.34 0.99
oMC 2006.57 | 1.02 | -0.82| -13.56| 1.00 0.8
OMC+2%| 1083.87 1.26| -0.86| -42.14| 1.40 0.99
20C 218.77 1.82| -0.90( -84.85| 1.00 0.97
60 60C 1310.75 1.33| -1.24| -43.66| 2.15 0.99
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4.3.2 Effect of RAP percentage on resilient mdulus

Figure9 shows the relationship between and RAP percentage at OMC and room
temperature. The results indicated that increasing RAP percentage increased Mr for both RAP1
and RAP2at low cyclic stresandhigh cyclic stressConfining pressurel( ) wasfoundto be a
significantparameter that affgs- of RAP[Richter2006]. Detailed resilient modulus testing

results for all samples are presentethamAppendix.
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(b)
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Figure 9 Effect of RAP1 Percentage on Mat (a) Low Cyclic Stress Figure (b) High Cyclic
Stress Figure;Effect of RAP2 Percentage on Mat (c) Low Cyclic Stress (d) High Cyclic
Stress
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4.3.3Modeling the effect of moisture ontent on'E-,
In the pavement structure, the moistaoatent inthe unbound base layemay change
with time due to environmental conditions, which would affect the resilient mofARA
2004. In MEPDG for the purpose of designing a new pavement or evaluationexiatingone,
it is necessary to estimate digange oimodulusin response tthe change of moisture content.
Both the dry density and moisture content affect the resilient modaoltlsis study,
modulus was determined at different moisture contents while keeping the density constant which
simulates the field condition
Forthe models used in this study, dry density was assumed to be constant, wh@gdtvas
of the maximum dry density. The moisture contents in this study were varied frorm4OMO
OMC+2%. In the MEPDG, models are proposed to acctmurthe effects of moisture content on
resilient modulus of unbound materigdsRA 2004], as shown in Equatiol®. The models

referredto as+ model for the rest of the paper
log—— + 7 7 (24)

where

- resilient modulus at moisture content w (%);

- = resilient modulus at optimum moisture contént (%) and maximum dry

density;
+ = gradient of logesilient modulus ratio (log( /- )) with respect to variation in
percent moisture content @V  ); + is material constant.

Witczak et aldeveloped a sigmoid model predicting the changes of resilient modulus due

to changes of dgeeof saturationdér MEPDG[Witczak et al. 2000 The model was develed

based on test results witthe degree of saturatisanging from 30% te30%of Sopti the
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degree of saturation at maximum dry density and optimum moisture cofiberéame model
was introduced on the basis of the moisture content, presented in Eqafidtnis modeis

referred to as sigmoithodel for the rest of thihesis

Log— A (15)

where a =minimum of log¢ 7-

b= maximum of log{ *- For coarse graimksoil, b is assumed to be 0.30

b = | oc at il obtaingdas agdfumaidn®fra andbp imposing the condition ofa

zero inteb@ept: b=Ln(

+ =regression parameter

- =resiliert modulus at moisture content W

- =resilient modulus at OMC and maximum dry density.

Both the+ model and the Sigmoid model were selected to evaluate the effect of
moisture content on of RAP.Table8 showsthe model parameteend2 for all the teting
samplesThe relationship between measured and predictets shown irFigure10 for the
sample containing 20% RAPas arillustration The main factoto determine the reliability of a
modelis the goodness of fit statistics atie mathematical stabilifyAttia et al.2010]. Models
are considered to have good fit wRkh>0.7. Based on the same set of testing data, random
numbers were selected as original value for each parameter. Five trial tests were conducted for
each modeknd regression results showed that the todels under evaluation were stable as
the coefficients kept constamh addition statistic analysis for comparing the means of measured
data and predicted data was done using-thethod. Measured data andgbicted data were
assumed as two groups, and the 30 loading sequences were subjects randomly assigned to each

group. The hypotheses for the comparison of means for the two groups were:
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Ho: measured data = predicted data (means ofthe two groups aequal)
Ha: measured datapredicted data  (means are not equal)

By using the data analysis function in Excetelt was firstly conducted to determine
whether the variances were equal in both groups. Based on the resulttesmHest was
conducted for either equal or unequal variances case and probabistiue could be obtained.
Generally, the null hypotheses Ho of equal means is rejected if p value is less than 0.05, which
indicates that significant difference exists between the twgpgrander comparison. The results
for F-test and Ttest were included ifiable8. Based on available testing data in this stixbyh
of the twomodels areffective constitutive models to determine the effects of moisture content
on-

Table 8 M odel coefficients Pvalue and R for determining the effect of moisture content

on Mr
Model
Kw model Sigmoid model( b=log(2) ) Sigmoid model
Material | Kw R? P a Ks R’ P a b Ks R® P
0% RAP1 | -0.028 | 0.929 | 0.074 | -0.001 | 57.770| 0.748 | 0.0003 | -1E-08 | 0.130 | 57.770| 0.923 | 0.862
20%RAP1 | -0.014 | 0.937 | 0.749 | -0.010 | 0.590 | 0.935 | 0.968 | -5E-05 | 0.070 | 3.480 | 0.941| 0.833
40%RAP1| -0.04 | 0.78 | 0.698 | -1E05 | 2.450 | 0.745 | 0.409 | -1E-06 | 0.260 | 3.500 | 0.884 | 0.286
60%RAP1 | -0.024 | 0.806 | 0.204 | -0.006 2.000 | 0.765 | 0.060 | -1E-05 | 0500 | 3.000 | 0.763 | 0.060
0% RAP2 | -0.045 | 0.932 | 0.569 | -0.003 | 1.362 | 0.978 | 0.854 | -2E-04 | 0.229 | 3.104 | 0.972 | 0.149
20%RAP2 | -0.009 | 0.975| 0.926 | -8E-07 | 2.453 | 0.957 | 0.875 | -0.046 | 0.027 | 11.593] 0.987 | 0.764
40%RAP2 | -0.034 | 0.939 | 0.34 -2E-05 | 2.453 | 0.971 | 0.494 | -1E-05 | 0.500 | 2.453 | 0.970 | 0.536
60%RAP2 | -0.07 | 0.852 | 0.494 | -0.1526 | 60.000| 0.713 | 0.688 | -3E-05 | 0.300 | 2.453 | 0.851 | 0.504
80%RAP2 | 0.0147 | 0.537 | 0.347 | -0.0001 | 2.658 | 0.702 | 0.433 | -1E-04 | 0.309 | 2.658 | 0.56 | 0.347
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Figure 10 Relationship between predicted and Measured Mr for 20% RAP1 based on (a)
Kw Model (b) Sigmoid Model

Based o+ model, theelationship between and the moisture content of samples
was plotted in Figurél. For allthe samples,- values decreased with the increase of moisture
content from OMCGA4% to OMC+2%However, the effeadf RAP percentage on the sensitivity

of resilient modulus to moisture content is not pronounced.
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Figure 11 Effect of Moisture Content on Resilient Modulus of (a) RAP1 mixtures (b) RAP2
mixtures

4.3.4Effect of temperature on resilient nodulus
The temperature was varied freB0C (-4F) to 60C (140F) to evaluate the effects of

temperature on . The- value for frozen coarsgrained material recommended by the
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MEPDG varies from 10,342 MPa (1500 ksi) to 34,4MBa (5000 ksi]JARA 2004]. Figure 12

shows the relationship between at high cyclic stresses (Cyclic stress/Confining pressure=7)
and confiningpressure for different samples tested2®C. The - values range from 12,800

MPa (1856 ksi) to 33,607 MPa (4874 ksi), which is consistent with values recommended by the
MEPDG for granular materials. When the RAP1 percentage increased from 0% to 20%, no
significant change of was observed and the values remained about 27,000 MPa (3916 ksi).
However,- ofthe 60% RAP1 sample decreased by up to 30%.- Th&alues of samples
decreased with the increase of RAP1 percentageO& (-4F). For the tests a60C (140F),

Figure 13 shows the effect of high temperature on resilient modulus. Except for RAR %
sample, the resilient modulas 60C (140F) were lower than those at 20G-4F), as expected.

This is due to t he fredocesas tbnaperaturehinereages.p hal t 6 s
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Figure 12 (a) Effect of RAP1 percentages on Mr at20T (b) Effect of RAP2 percentages on
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Figure 13 Effect of temperature on Mr for diffe rent samples
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Models are needed to account for the effects of temperature on resilient modulus. Based
onthe observation of the test data, similar to the modelsvaluating the effects afoisture

content Ky model and Sigmoidal model were posed.+ model is expressed as Equatiih
log— + 4 4 (16)
where

- resilient modulus at temperaturesT (;

- = resilient modulus at 20;

+ = gradient of log resilient modulus ratio (log (/- )) with respect to variation in

temperature+ is material constant.

Sigmoid model proposed in Equatidn.

Log— A 17)

where
a= minimum of log¢ 7- :
b= maximum of logf *- MBoth a and b are obtained by regression.
b = | oc at il obtaingd@as agfumatidn@fandb by imposing the condition of a
zero inteb@ept: b=Ln(
+ =regression parameter;
- =resilient modulus at temperature3r (;
- =resilient modulus &03 .
Based on the testing data foRAP1samples tested at 20(68F) and 603 (140F) as

well as that for RAP2 samples tested at@(68F) , 40°C (104F) and 60C (140F), models in

Equationsl6 and17 were evaluated for the fitness and reliability. Model coefficients were
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obtained using the Excel Solver. The same statistic methods as used for models evaluating the
effect of moisture content on Mr, includingt€st and Ttest, were conducted for compay the
measured data and the predicted data. Talidés model coefficients, coefficients of
determination. The relationship between tested and predicted Mr was plotted inIHidurel0%
RAP2, as an example, based on the two models. For test sasupkasning different

percentages of RAR, decreased with the increase of temperature, as shown in Elgure

Table 9 Model efficient, R*2 and P-value for evaluating the effects of temperature on Mr

Model
M aterial Equation (16) Equation (17)
KT R? P a b Ks R? P
0% RAP1 0.002% | 0.982| 0.733 -5.3E07 2.006| 1.00 0.912 0.224
20%RAP1| -0.001®D | 0.952| 0.972 -0.07585 2.014| 1.00 0.952 0.972
40%RAP1 | -0.00036| 0.943| 0.922 -0.01444 3.000| 1.00 0.943 0.922
60%RAP1| -0.06609| 0.997| 0.85 -0.24353 1.793| 1.00 0.997 0.85
0% RAP2 0.08305| 0.980 | 0.342 -0.00001 2.006| 1.00 0.20 0.002
20%RAP2 | -0.00064| 0.975| 0.882 -1.36330| 1.0E05| 0.20 0.0 0.877
40%RAP2| -0.0082| 0.972| 0.7 -1.12997| 1.0E04 | 0.16 0.980 0.1
60%RAP2 | -0.0a66| 0.906| 0.541 -0.16598 0.175| 0.06 0.902 0.140
80%RAP2 | -0.0674| 0.8B2| 0.996 -0.17388 0.301| 1.00 0.854 0.672
K+ Model
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y=1.016x 5237.1 &
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Figure 14 Relation between predicted and measured Mr for 40% RAP2 based on (ayK
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Figure 15 (a) Effect of Temperature on Mr for RAP1 mixtures based on Kr Model (b)
Effect of Temperature on Mrfor RAP2 mixtures based on Kr Model

Based on Kk model,- decreased with the increase of temperature from 20C (6&F
60€C (140F ) for samples containing different percentages of RAP2 varying from 2@a%.
The samples with higher RAP percentage were more sensitive to the temperature. As shown in
Figure 15, M, value of samples containing higher RAP percentages dedrease rapidly with
the increasing temperature when compared to samples with lower RAP percentages, which
indicatedthat the asphalt in RAP was more sensitive to temperature cedparirgin
aggregate.
4.3.5 Effect of state of stress on resilient odulus
4.3.5.1 Effect of Confining Pressure on Resilient Modulus

The test resultgxdicatedMr increasedvith the increase of confining pressure. Figlée

presents the effegbf confining pressure on Mr measured at OMC and room temperature.
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Figure 16 Effect of confining pressure on Mr for (a) 0%RAP2 (b) 20%RAP2 (c) 40%RAP2
(d 60%RAP2 (e) 80%RAP2

4.3.5.2Effect of deviator Stress on Resilient Modulus

As shown in Table 4, the loading sequence for lzasiese material specified in NCHRP
1-28A consisted of 30 sequences with varied confining pressures and cyclic stresses. Results
showed that increasing confining pressure led to an increase btoMever, the response of M
with the gain of deviator strediffered for samples containing different percentages of RAP.
Figure 17 presents the effect of deviator stress pofdamples containing 0, 40 and 80% RAP2.
For 0% RAP2 samples, increase of deviator stress led to an increageespétially at low
confining pressures. However, increasing deviator stress led to the decreasie ot sample
containing 80% RAP2 for which the Malue reduced more rapidly at high confining pressure.
For 40% RAP2 sample, the effect of deviator stress pwadd dependa on the confining
pressure. Increasing deviator stress resulted in increasadidv confining pressure; however,
the opposite was true at high confining pressure. It can be concluded that the effects of deviator

stress on Mcontaining RAP are depenaeon RAP percentage as well as confining pressure.
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Figure 17 Effect of deviator stress on Mr for samples containing (a) 0% RAP2 (b) 40%
RAP2 (c) 80% RAP2

4.4 PERMANENT DEFORMATIO N

4.4.1Permanent deformationdetermined by resilient modulus test method

Permanent deformation was determined based on the average seddwy LVDTs
clamped on the specimarfier resilient modulus tests accordance witthe NCHRP 128A
protocol,30 loading sequences weapplied to the specimeim addition to the preonditioning.
In this study, only the permanent deformation generated during the 30 sequences were
considered since the deformation generated duringgnditioning may differ considerably due
to compactioruring the sample preparation. Figure 18 shows the permanent strain of RAP1
mixtures tested at room temperature, around!Z68F) and 60€ (140F). For RAP 1, the
difference in permanent strain betwee ®2@B8F) and 60C (140F) was insignificant whereas
the opposite was true for RAP2. This might be due to the fact that the top size of RAP1 is only
12.5 mm (0.5 inch) while the top size of RAP2 is 31.5 mm (0.75 inch). The large particles might

play a signiicant role in resisting the permanent deformation. When the RAP percentage
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increases, the permanent strain increased under certain conditions, such as 60C (140F¥ OMC
or OMC-2; and OMC at 20€ for RAP1, as shown in Figure 19. At high temperature, high

asphalt content in mixture led to higher permanent deformation. In addition, at4Oaa

OMC-2, the high permanent deformation at high RAP percentage could be because it was more
difficult to compact RAP than aggregate when materials were dry. Howe @K@t-2 or after
freezethaw conditioning, the permanent deformation was not sensitive to RAP percentage, as
shown in Figure 20. With regard to moisture content, as shown in Figure 21, increasing moisture

content increased the permanent deformation, asceege

Table 10 Permanent Strain for RAP1 and RAP2 mixtures

After
RAP Temperature, € Freezethaw Moisture content,%
percentage 60 20 Conditioning | OMC-4 | OMC-2 OMC | OMC+2
0% RAP1 | 8.95E03 | 9.40E03 9.29E03 3.93E03 | 7.85E03 | 9.40E03 | 1.37E02
20% RAP1 | 1.43E02 | 1.45E02 9.01E03 1.22E02 | 1.18E02 | 1.45E02 | 1.54E02
40% RAP1 | 1.52E02 | 1.61E02 9.74E03 2.14E03 | 9.62E03 | 1.61E02 | 1.63E02
60% RAP1 | 2.09E02 | 1.90E02 1.02E02 9.65E03 | 1.66E02 | 1.90E02 | 1.63E02
0% RAP2 | 9.91E03 | 1.83E02 6.85E03 1.43E03 | 9.79E03 | 1.83E02 | 1.27E02
20% RAP2 | 1.66E02 | 1.07E02 4,93E03 428603 | 8.89E03 | 1.07E02 | 1.36E02
40% RAP2 | 2.35E£02 | 1.72E02 1.18E02 428603 | 1.00E02 | 1.72E02 | 1.33E02
60% RAP2 | 2.19E02 | 1.58E02 9.56E03 7.24E03 | 1.06602 | 1.58E02 | 1.21E02
80% RAP2 | 2.80E02 | 1.59E02 7.20E03 9.35E03 | 1.44E02 | 1.59E02 | 1.36E02
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4.4.2 Permanent deformation determined byepeated load triaxial compressiortest
method

Since the preonditioningprocessvas designed toemove therregularitiesin the top
surface of the cylindrical sampdaused by compaction and moving, the permanent deformation
that took place in the preonditioning process was not considered in this stlitig.stress levels
of cyclic stress and coinfing pressure applied to samples containing different percerdfges

RAP2 were listed in Table 11

Table 11 Cyclic stress and confining pressure applied to RAP2 samples

RAP2 Percentage% 0 20 40 60 80
Cyclic stress kPa 690.0 414.0 310.5 207.0 138.0
Confining pressure,kPa | 138.0 138.0 103.5 69.0 69.0

4.4.2.1 Permanent deformation characterization

Tseng and Lytton introduced the method that characterized permanent deformation of the
pavement materials in terms of three parameters inclwlifgA 1 #M[Tseng et al. 1989]The
relatiorshipbetweercumulated permanent strain and loading cycles from repeated load triaxial
tests can be plotted and the three parameter can be resolved by fitting a curve. The equation for

the curvecan be expressed in the form of Equati@n

R RA ™ (18)

where,

R = cumulated permanent strain;

N = number of load cycles, and

R , b, ] = materialparameters.
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In this model, valuesf R , b, } vary for different samples, which may depend on the type
of materials as well as the testing conditionings such as temperature and stresBdsed|s.n
thetest data, model coefficients wayktainedby using Excel Solverwhich produced least
squareestimates of the parametérgregressionThe values of the three parameters wissted
in Tablel2 Figure 22shows the trend of cumulated permanent strain with the increasing
number of cycles for samples containing different percentages of RABRier to evaluate the
fitness of the model, the relationship between measured permanent strain and predicted
permanent strain based on the model was plotted and val@e svefe included in Table 12
Good fitness of the model can peved with2 0.95. In order to evaluate the reliability of
the selected modehé same statistic methods as used for models evaluating the effect of
moisture content on Mncluding Ftest and Ttest were conducted for comparing the measured
data and the predicted datasked orthe model(See Section 4.3.3As shown in Table 1,2no
significant difference could be observed witv&lue greater than 0.0Based on the testing data

in this studythe model expressed in the form of Equation 18 is effective in characterizing

permanent deformation of base course material containing RAP.

Table 12 Model coefficients, Pvalue and R2 for Permanent Deformation Characterization

RAP percentage 0 20 40 60 80
¥o 0.018 0.006 0.008 0.005 0.004
b 0.214 0.254 0.209 0.219 0.450
G 884.335[ 450.356 | 564.213 | 472.242| 3537.663
R 0.990 0.990 0.990 0.980 0.980
P 0.990 0.840 0.880 0.960 0.850

62




20% RAP2 40% RAP2

45

2 4o o

S S50

C 35 X

= k=

£ 30 40

[ -

= 25 <

J ) T 3.0

Q= &

S 15 220

T 1.0 2

£ S 10

o 05 =

[a [0}

00 & Qo0
0 5000 10000 0 5000 10000
Time, IS Time, S

Figure 22 Relationship between permanent strain and time for RAP2 mixtures

4.4.2.2 Predictive equations for permanentleformation model coefficients

Rutting depth in the wheel path of a flexible pavemenptasiuced by repetitive traffic
loads. The model gfermanent deformation is based on the vertical resilient strain in each layer
as well as the fractional increase of total strains for each layer. This approach can be applied to
either a singleaxle load or multiple ael loads on the pavement surface. &single axle load,

the permanent deformation can be expressed in the form of Equation 19 [Tseng et al. 1989].
1 . =B A~ R UAU (19)

where n is numler of pavement layerg is resilient strain determined in the laboratory test; N

is expected number d load cycldsjs the depth ofl layer, andRr is the vertical resilient strain

from the finite elemertolution

In this equation,— A ~ is defined as the fractional increase of total strdmsrder

to determine appropriate values R 7R , b and }, the relationship between each of these

parameters and material characteristics including density, moisture content needs to be
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investigate. Tseng and Lytton conducted @mprehensive literature review of permanent
deformationtest data reported by other researchers. Based on the available data cdhlected,

most reliable equatiodefiningr ¥R, b and} were developed for granular base enal [Tseng

et al. 1989]

Log(i—) =0.80978 0.06626< + 0.0030774 + 0.00000%06 (20
Logi =-0.9190 + 0.0310% + 0.001806( - 0.000001%0 (21)
Log” =-1.78667 + 1.45062 - 0.0003784 - 0.002074 A - 0.000010% (22
where,

W = water content, %;

A =Dbuk stress, psi;

% = resilient modulus, psi.

The analysis conducted by Tseng and Lytton showeddémaititor stress, bulk stress,
moisture content, and resilient modulus were most significant in affertifiy and b for
granular base materigTseng et al. 1989]Based on the results oésilient modulus testing
conducted in this study, RAP percentagel leffects on permanent deformation for base course
materials containing RARSince the values of 7R, b and} are material constanigshich are
derived from a permanent deformation test, RAP percentage should also be considered as one of
the factorsaffecting the three parameteds accordance with the testing data determined by
repeated load test methadnducted in this studyombined with permanent deformation test

data collected by Tseng and Lytton (1989), the models expressed in the formati6 EQ0, 21
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and 22 were modified by adding RAP percentage as a paraifede 13reflects the permanent
deformation data reported by different researchers as well as that determined by repeated load
testing conducted in this study¥he regression analgsofr TR, b and} in terms of RAP
percentage was performed for samples containing different percentages of RAP. Several forms
of equations were established and evaluated in the anéBgsied on the available testing data,

the most reliablequations were determineshd shown as Equation 23, 24 andf@®wing the

rule of highest Rand lowest standard error

Table 13 Permanent deformation data for base material [Tseng et al. 1989]

S?)a‘tr"é‘e RAP% | Wo% | Gupsi | E.psi | 5, b G
0 7.87 164.0 | 76071 | 0.01845 | 0.001267| 0.2136 | 884.3

20 7.73 124.0 | 71754 | 0.00625 | 0.000801| 0.2544 | 450.4

Lab testing| 40 6.99 93.0 | 70676 | 0.00845 | 0.000603| 0.2088 | 564.2
60 6.63 62.0 | 73455 | 0.00510 | 0.000394| 0.2194 | 472.2
80 6.27 520 | 90672 | 0.00367 | 0.000220| 0.4499 | 3537.7
0 4.20 76.0 | 37500 | 0.01688 | 0.001230| 0.1756 | 3375.0

Barksdale 0 4.20 58.3 | 32600 | 0.00510 | 0.000868| 0.2319 | 224.2
1972 0 4.20 49.4 | 29800 | 0.00398 | 0.000651] 0.1661 | 1779.0
0 4.20 45.0 | 28400 | 0.00329 | 0.000528| 0.1592 | 8870.0
0 2.40 191.0 | 189000 | 0.02710 | 0.000614] 0.1200 | 6093.0

Chisolm 0 2.40 75.9 | 120000 | 0.00849 | 0.000383| 0.1370 | 31.0
Tov?/rr:gen q 0 2.40 101.4 | 167000 | 0.00335 | 0.000248| 0.1400 | 199.6
1976 0 4.50 76.4 | 109000 | 0.01076 | 0.000426] 0.1300 | 1638.0
0 5.60 62.6 | 90000 | 0.01150 | 0.000362| 0.1250 | 349.3
0 5.00 30.0 | 46000 | 0.00212 | 0.000326| 0.1904 | 2853.0
0 5.00 30.0 | 45000 | 0.00043 | 0.000333| 0.1628 | 6596.0
Kalcheff 0 5.00 30.0 | 48000 | 0.00113 | 0.000313| 0.1835 | 3856.0
amd Hicks 0 5.00 120.0 | 116000 | 0.00633 | 0.000517| 0.1992 | 2255.0
1973 0 5.00 120.0 | 114000 | 0.00414 | 0.000526] 0.1977 | 2382.0
0 1000 | 500 | 37000 | 0.00138 | 0.000541] 0.2858 | 1052.0

0 1000 | 50.0 | 37000 | 0.00122 | 0.000541] 0.2759 | 730.3

Log () =0.82808 0.06388x + 0.0034114 + 0.0000@1% + 0.005512RAP
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Logi =-0.84638 + 0.026278 + 0.000506¢ - 0.000001% + 0.00321KRAP (24)
Log” =3.364796 0.00334 +0.000091X -0.00016x A -0.0000B% - 0.1685112 | @

0.035955RAP (25)
where, RAP = RAP percentage contained in the base course materidhedrelatioship
between measured and predicted values @f , b and} were plotted in Figure 23n order to

draw a general conclusiomore laboratoy testingfor specimens containing RAR needed to

evaluate the reliability of the modified models.
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4.5 PERMEABILITY

Hydraulic conductivity test wereconducted following AASHTO T 215 for samples
containing different percentagesRAP2only at room temperatur€oefficient of permeability
was calculated based on Equatidh The results arpresented iMable ¥ andFigure24. The
capacityof compacted samples to draiacreaseavith the increase of RAP percentage.
Considering the same gradation used for all the mixtures, the reduction of permeability might be
due to the aggregation B¥AP particlesas a result of compactiomhe asphalt in RAP could

form bond between particles.

Table14 Coefficient of permeability for RAP2 mixtures

RAP2 Percentage, % k, cm/s
0 0.16170
20 0.085742
40 0.075111
60 0.038278
80 0.010585
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Figure 24 Trend of hydraulic conductivity with the increase of RAP2 percentage

4.6 MOISTURE DAMAGE
4.6.1 Effect of freezethaw on resilient modulus

Two set of samples containing different percentages of RAP1 and RAP2 werddested
study the effects of freezirttpawing on resilient modus. One setwas tested for Mright after
compaction while the other set walsiced in the triaxial cell for freezing and thawgicondition
prior to the testingFor RAP mixtures and virgin aggretga,Mr valuesincreasedfter freezing
thawingas shown in Figure32 However,, the moisture contents in tkenditionedsamples
were reduce, indicating loss of moisture, as indicatedTeble15. During 24-hour thawing,
somewater wagdrained to thdottom of the samplandwas lost through the watdrain lineat
the bottom of the triaxial chambérrhe lower moisture contentliselievedto be theaeason for

higher Mr after freez¢haw conditioning.
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Table 15 Moisture Content of Specimens before and after Mr Test

Sample Condition MC before test, % | MC after test, %
0% RAP2 no freezethaw cycle 7.87 7.24
20% RAP2 no freezethaw cycle 7.73 7.53
40% RAP2 no freezethaw cycle 6.99 6.67
60% RAP2 | no freezethaw cycle 6.63 6.33
80% RAP2 no freezethaw cycle 6.27 6.17
0% RAP2 with free zethaw cycle 7.87 5.85
20% RAP2 | with freezethaw cycle 7.73 5.37
40% RAP2 | with freezethaw cycle 6.99 4.60
60% RAP2 | with freezethaw cycle 6.63 4.46
80% RAP2 | with freezethaw cycle 6.27 4.20

4.6.2 Effect of freezethaw on permeability

As introduced in Chapter 3, the watliixed loose samplasontaining OMCwere
conditioned with freezinghawing, followed by thepermeability testsFigure26 shows the
relationship between the coefficient of permeability and RAP percentage. The rescdiseohd
that the permeability increased after freezihngwing.The change of gradation of RAP particles
during conditioningcouldbe a reason. During theeezing andhawing, RAP particlesould

disintegratevhich could change the gradation of RAP deall toanincrease in permeability

and this need to be verified by more lab testing.

Coefficient of permenbility k, cm/s

Figure 26 Effect of Freezethaw conditioning on permeability of specimens containing
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4.7 X-RAY CT SCANNING FOR SPECIMENS CONTAINING RAP

The recmstructed images of the slicegre converted into a-Bimensional image with
FlashCTVisualization(V1Z). The processed imagess analyzed wittMatlab File Converter
(MFC) to getXY, XZ and YZsliced imagdormats sathat other image processing software
could handle. In thistudy Image Pro Plugvas used athe image processing softwareigure 27
shows the Dimensional images formed by more than 700 slices scanned for 0% RAP and 80%
RAP specimens. It is obvious tHatger pores could be detected for 0% RAP witempaedto

80% RAP specimen.

(@)

71



(b)

Figure 27 3-Dimensional images for (a) 80% RAP2 specimen (b) 0% RAP2 specimen

In the Image Pro Plus platformisual basic macros can be integrated and run to quantify
desired physical properties of specimens. In this studgrowas devedped to count the black
pixels which indicate wid spacesandthe average value of porosity for each slice can be
calculatedwith porosity computing algorithnThe values of porosity for slices wantegrated
and averaged over the depth of the speciam@hthedistributionof porosity could be determined
over the entire deptis shown in Figure 2&he average porosity for 0% RAP is 8.67%, which
is higher than that of 80% RAP as 5.734gure 29 shows the original and segmented images
for the slice at the depth of 9.9mm for b@& RAP and 80% RAP. More black area can be
observed for 0% RAP image when compared to 80% RAP, which reflects that more void spaces
could be detected for 0% RAP.

Although the gradation of all the tested samples containing different percentages of RAP

was controlled constant, the porosity of 80% RAP was proved to be lower than that of virgin
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aggregatePorosityis a measure of the void spaceste compacted sampland is a fraction of
the volume of voids over the total volurmeigher porosity reflets more void spaces in the
compacted sample, which may cause higher resilient deformation under cyclic stresses during
triaxial testing. In addition, higher resilient deformatiosupposedo result in lower resilient
modulus under the same level of sieln this study, eonclusion was drawn in evaluating the
effect of RAP percentage on resilient modulus that increasing RAP percentage leads to the gain
of M,. Based on the analysis on porosity, it can be suggested that the lower air void for
specimengontaining higher RAP percentage migtone of the reasons leading to the
increased M

Particle size and porosity were reported to have effects on hydraulic conductivity of
crushed granite. It was demonstrated that for a giyevedue,which indicates the diameter for
which 10% of alparticleare smaller, hydraulic conductivity decreased with decreasing porosity
[Cote et & 2011] More void spaces in the compacted sample is suggested to increase the ability
of the sample to drain, wd leads to the increase of permeability. In this study, it was
concluded that permeability of compacted samples containing RAP decreased with the increase
of RAP percentagdBased on the analysis on porosity, it carcbecludedhat the lower air void
for specimens containing higher RAP percentsigeuld be one of the reasons leading to the

decreased permeability.
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Figure 28 Porosity distribution over the depth of (a) 0% RAP2 (b) 80% RAP2
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(b)
Figure 29 Original and segmented images at the depth of 0.39inch for (a) 80% RAP2 (b) 0%
RAP2

4.8 SUMMARY

Based on the laboratory experiments, the resilient moduli of mixtures containing RAP
were higher than that without RAP and increased with the increase of &&€npageBased on
the NCHRP 128A report,the resilient modulus shall be reported at confining pressure of 35kPa
(5.07psi) and deviator stress of 103kPa (14.94psi). The stress states which are close to these
criteria were used to interpolate the resilient modulus values at confining pressure of 41kPa

(5.95psi) and deviator stress of 103kPa (14.94psi), as shown in@able

Table 16 Resilient Modulus at Confining Pressure of 41kPa (5.95psi) and Deviator Stress of
103kPa (14.94psi)

RAP 1 | RAP2
RAP. % Deviator Stress
82kpa 122kPa Average 82kpa 122kPa Average
(11.89psi) | (17.69psi) 9 (11.89psi) (17.69psi) 9
0 2&%23 217 MPa 213.2MPa | 176.99MPa| 206.22MPa| 191.61MPa
(30.30 ksi) | 148 ks) (30.94 ksi) (25.67ksi) | (29.91ksi) | (27.79 ksi)
20 197 MPa | 212MPa 204.77MPa | 214.91MPa| 232.84MPa| 223.87 MPa
(28.65 ksi) | (30.75ksi) (29.70 ksi) (3L.17 ksi) | (33.77ksi) | (32.47 ksi)

75




40 2&%51 263MPa | 254.97MPa | 255.66MPa| 259.31MPa| 257.45MPa
@571 ksiy| (825ks) | (@698ks) | (7.08ks) | (37.61ks) | (37.34ks)

60 3&%26 364.8MPa| 366.67Mpa | 304.54MPa| 313.02MPa| 308.82MPa
Gaanksiy| G29Lks) | (6318ks) | (4417ks) | @5.40ks) | (4479 ks)

80 527.86 MPa | 482.15MPa| 505.4MPa
(76.56 ksi) | (69.93 ksi) | (73.25 ksi)

The higher Mr values of mixtures containing RAP are beneficial to the pavement
performance, because it strengthémssupport to the surface layer from the base and reduces
the tensile strain at the bottom of HMA. However, the rutting poteintibdse isalso increased,
especially at high temperature and excessive moisture content.

Therefore, RAP as a base course material has its advantage and disadvantages when
compared to virgin aggregates. Current pavement design method, such as the AASHTO 1993, is
not capable of capturing the performance of base material containing RAP. For instance, only
resilient modulus is used in a pavement design. The MEPDG includes prediction model for both
fatigue, rutting, and other performance distresses and can be useditd gheeperformance of a
pavement containing RAP base material. Thus a life cycle cost analysis is possible to evaluate
the costeffectiveness of using RAP. However, it is noted that the characteristics of RAP is
different from those of traditional matefs. For instance, the rutting potential of virgin
aggregates is negatively correlated with stiffness of virgin aggregates. That is, high stiffness
materials are more resistant to rutting. This is, apparently, not the case for RAP. Therefore, the
rutting prediction model for granular materials in MEPDG is not applicable to base materials
containing RAP. A rutting prediction model specific to RARch as the model developed in this
study, aftervalidation canbe included in the MEPDG before the ce$fectiveness of using

RAP as a base material can be assessed.

76



CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
Currently WSDOT allows up to 1.2 bitumen content (about 20% RAP to be blended with
crushed aggregates) in the base mateNaSIPOT 2008 A successful application of high
percentage RAP could contribute to the sustainability, in terms of costs, energy, and greenhouse
gas emissionT his study investigated the potential of using high @etage of RAP as base

course material and the following conclusions and recommendations can be made.

5.1 CONCLUSIONS
(1) RAP collected from different sources have various afiglontend and gradations,
for example, RAP1 used in this study contains 4.86% asphalt content while RAP2 contains

6.11%.

(2) Modified proctor compaction method was used in this study to evaluate the
relationship between moisture content and dry dersaly RAP fom two sourcesDMC
decreased with the increase of RAP percentbigevever, no obvious trend was detstfor
MDUW with the increasedRAP percentage. In addition, inergeof RAP percentage led to the

reduction of bulk specific gravity.

(3) Mr test wasconducted following NCHRP-28A protocol.Overall, Mr increased with
the increase of RAP percentafge samples containing differentoisture contestwhen tested at

room temperature

(4) Moisture content was varied to investigate the effect gnfMase course materials
containing RAPMr decreased with the gain of moisture contenbdils were evaluated for

goodfit and mathematical stabilitydsed on avaable testing data in this study. It was concluded
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that both Kw model an8igmoid modelcanbe used as constitutive models to determine the

effects of moisture conteain -

(5) Based on testing data varying temperaturemédel and §moidal model wereised
to account for the effects of temperature on Bbth the fitness and mathematistdbility were
evaluated and models were proved of reliability. For RAP collected from two sources, M
reduced with thelevated temperature. In additiapecimens containing higher percentage of
RAP were more sensitive to the increagée mperatureForsamples tested a20C, the range

for - values was consistent with values recommended by the MEPDG.

(6) M, increased with thencrease of confining pressureowever, the effect of deviator
stress on Mof samples containing RAP is dependent on RAP mage as well as confining

pressure.

(7) Based on resilient modulus test resuibs,specimens containing different percentages
of RAP1 and RAP2, permanent stramsreasedvith the increase oRAP percentageHowever,

the increased permanent stragturred only at high temperature and/or dry side of OMC.

(8) Permanent deformation prediction modelsgranular base course materials
introduced by Tseng and Lytton in 1989 were modified by adding the RAP percentage as a
parametefor base course mataf$ containing RAPBased on available testing data in this study,
permanent strain increased with the increase of RAP percentage. However, more lab testing is

needed to draw a general conclusion.

(9) Constanthead permeameter was selected for conducenmeability test for

specimens containing RAP as base course mat€halresult indicated thgermeabilitywas
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reducedby the addition of RAPComparing the coefficient of permeability of 20% RAP2

mixture to that of virgin aggregatedicatesadecrease by up ®0%.

(10) Freezethaw cycles were applied to specimens to investigate moisture damage.
Comparing M values for samplegpplied with FT cycles witthosewithout conditioning
presented that rimadeffect of FT conditioning was noticed on specimens containing RAP.
However, omparing the result of samples after conditioning to that without conditioning
indicatesthe increase ipermeability The effect of freez¢éhaw conditioning on hydraulic
conductivity ofbase course materials wamich greater for 80% RAP specintéan0% RAP
specimen.

(11) X-Ray Scanning was conducted for 0%RAP2 and 80% RAP2 specimmeage Pro
Plus software was used for porosity analysis. It was reflected that 0% RAP2 specimen had higher
air void when compared to 80% RAP2, which suggested that the lower air void might be one of

the reasons leading to higher Mr for samples containmigehiRAP percentage.

5.2 RECOMMENDATIONS
(1) More sources of RAP should be studied to draw a general conclusion on the use of

RAP in base course.

(2) Current pavement design method, such as AASHTO 1993, could not capture the
rutting potential of RAP in a base course. The-@dfgctiveness ofthe use of RAP as a base

material should be determined by the MEPDG.

(3) The rutting model for granular neaials in the MEPDG is not applicable to RAP as a

base material. A rutting model for RAP is needed in MEPDG.
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Appendix Detailed Testing Resuls

Table 1 Resilient modulus test result for 0% RAP1 sample containing OMC tested at 20C

0% RAP1 Sampleontaining OMC tested at 20C
Sequence Confining pressurekPa Cyclic stressKPa) Resilient Modulus KPa)
1 20.68 10.27 80958.24
2 41.37 21.14 161102.89
3 68.95 35.44 238468.96
4 103.42 53.22 336029.77
5 137.90 70.43 447345.62
6 20.68 20.94 83171.45
7 41.37 41.76 178319.10
8 68.95 70.53 266585.78
9 103.42 105.92 384168.97
10 137.90 140.47 462024.56
11 20.68 45.76 76469.75
12 41.37 83.50 209510.98
13 68.95 140.09 301618.04
14 103.42 208.07 401392.07
15 137.90 276.14 483915.41
16 20.68 60.14 92176.01
17 41.37 124.84 217074.53
18 68.95 208.30 315945.34
19 103.42 310.79 413844.00
20 137.90 415.48 488100.53
21 20.68 103.04 137302.19
22 41.37 207.08 221404.44
23 68.95 344.43 319144.51
24 103.42 519.40 408431.62
25 137.90 699.83 482812.25
26 20.68 142.06 136350.71
27 41.37 289.55 239406.65
28 68.95 482.75 341166.37
29 103.42 726.28 429729.52
30 137.90 966.03 492788.97

83



Table 2 Resilient modulus test result for 20% RAP1 sample containing OMC tested at

20C
20% RAP1Samplecontaining OMC tested at 20€C
Sequence| Confining pressurekPa) Cyclic stress (Ra) Resilient Modulus KPa)
1 20.68 10.54 128628.59
2 41.37 21.19 182931.69
3 68.95 35.03 267323.52
4 103.42 52.72 386202.92
5 137.90 70.02 501069.57
6 20.68 20.99 115590.60
7 41.37 41.71 184345.12
8 68.95 69.45 274721.59
9 103.42 104.65 395386.73
10 137.90 139.85 508384.91
11 20.68 44.37 117093.66
12 41.37 83.23 197541.68
13 68.95 139.68 303383.10
14 103.42 208.54 417491.33
15 137.90 275.76 501483.26
16 20.68 63.56 125663.84
17 41.37 124.82 212020.67
18 68.95 208.84 319847.78
19 103.42 309.40 416822.53
20 137.90 414.44 483384.52
21 20.68 106.56 139929.09
22 41.37 206.53 233359.95
23 68.95 343.77 333864.82
24 103.42 518.89 425344.45
25 137.90 693.61 519195.89
26 20.68 147.23 148154.54
27 41.37 288.98 252803.16
28 68.95 484.01 365291.12
29 103.42 732.71 457853.23
30 137.90 970.51 545871.70
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Table 3 Resilient modulus test result for 40% RAP1 sample containing OMC tested at

20C
40% RAP1Samplecontaining OMC tested at 20€C
Sequence| Confining pressurekPa) Cyclic stress (IRa) Resilient Modulus KPa)
1 20.68 10.32 313994.13
2 41.37 21.05 354817.98
3 68.95 34.71 471980.59
4 103.42 52.50 632538.80
5 137.90 70.08 788560.25
6 20.68 20.62 164570.95
7 41.37 41.75 244384.66
8 68.95 69.64 354549.09
9 103.42 104.92 499228.67
10 137.90 139.28 614529.69
11 20.68 41.62 150353.97
12 41.37 83.47 246204.88
13 68.95 138.94 377791.32
14 103.42 207.91 496587.98
15 137.90 274.88 570610.09
16 20.68 62.19 158606.99
17 41.37 125.00 263738.24
18 68.95 208.18 384699.86
19 103.42 308.49 473421.59
20 137.90 412.95 555000.36
21 20.68 103.62 173596.19
22 41.37 207.68 286511.63
23 68.95 342.63 386037.44
24 103.42 516.71 480833.46
25 137.90 692.70 580373.07
26 20.68 144.47 182814.48
27 41.37 288.15 308119.80
28 68.95 484.24 429329.62
29 103.42 731.06 525911.38
30 137.90 972.23 619900.71
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Table 4 Resilient modulus test result for 60% RAP1 sample containing OMC tested at

20C
60% RAP1Sample containing OMC tested at 20€C
Sequence| Confining pressure{Pa) Cyclic stress (IRa) Resilient Modulus KPa)
1 20.68 10.33 175306.09
2 41.37 21.20 268805.89
3 68.95 34.60 371723.93
4 103.42 51.99 494657.45
5 137.90 70.04 605214.87
6 20.68 19.96 156393.77
7 41.37 41.43 256264.33
8 68.95 69.20 375516.05
9 103.42 104.67 502524.36
10 137.90 140.13 602429.39
11 20.68 40.23 157007.41
12 41.37 82.98 265461.93
13 68.95 138.31 393566.52
14 103.42 205.51 514838.40
15 137.90 275.14 592287.21
16 20.68 60.40 165818.91
17 41.37 124.76 276865.86
18 68.95 208.37 405046.29
19 103.42 308.33 505916.58
20 137.90 413.04 583979.02
21 20.68 101.32 180346.16
22 41.37 207.60 304844.79
23 68.95 340.68 407211.24
24 103.42 521.36 513383.61
25 137.90 702.13 625382.04
26 20.68 145.42 196686.73
27 41.37 288.89 329072.96
28 68.95 484.77 456453.60
29 103.42 731.95 570458.40
30 137.90 971.37 839216.03
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Table 5 Resilient modulus test result for 0% RAP1 sample containing OMC+2% tested at

20C
0% RAP1Sample containing OMC+2% tested at 20C
Sequence| Confining pressurekPa) Cyclic stress (IRa) Resilient Modulus KPa)
1 20.68 9.97 123423.05
2 41.37 21.17 178484.57
3 68.95 35.11 272632.48
4 103.42 52.86 389271.09
5 137.90 70.12 512963.03
6 20.68 20.20 121526.99
7 41.37 4191 191453.61
8 68.95 69.57 295454.13
9 103.42 104.88 424558.45
10 137.90 139.43 544203.17
11 20.68 41.29 136585.14
12 41.37 83.45 225658.50
13 68.95 139.94 339408.20
14 103.42 208.26 473545.70
15 137.90 277.26 576994.63
16 20.68 62.16 152153.50
17 41.37 125.25 250617.52
18 68.95 208.06 370255.35
19 103.42 311.95 486866.37
20 137.90 412.88 561819.27
21 20.68 103.41 188764.66
22 41.37 206.57 274383.75
23 68.95 344.76 379266.79
24 103.42 519.66 471249.75
25 137.90 698.93 547974.60
26 20.68 149.33 164626.11
27 41.37 290.65 280478.71
28 68.95 485.72 399661.48
29 103.42 734.60 488941.69
30 137.90 977.06 530696.34
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Table 6 Resilient modulus test result for 20% RAP1 sample containing OMC+2% tested at

20€
20% RAP1 Sample containing OM C+2% tested at 20T
Sequence| Confining pressurekPa) Cyclic stress (Ra) Resilient Modulus KPa)
1 20.68 9.54 111963.96
2 41.37 21.20 170679.71
3 68.95 34.85 258884.34
4 103.42 52.57 367580.18
5 137.90 70.32 475793.39
6 20.68 19.86 115032.13
7 41.37 41.68 178050.20
8 68.95 69.45 267199.41
9 103.42 104.92 384286.18
10 137.90 140.18 489900.06
11 20.68 40.73 125312.21
12 41.37 83.12 201809.54
13 68.95 139.50 306837.37
14 103.42 208.17 423289.82
15 137.90 277.02 502317.52
16 20.68 61.63 135681.92
17 41.37 124.87 226320.40
18 68.95 208.20 331244.81
19 103.42 311.50 413568.21
20 137.90 412.80 486997.37
21 20.68 102.90 151670.86
22 41.37 208.12 248273.30
23 68.95 343.63 333906.19
24 103.42 519.46 433032.11
25 137.90 697.20 530441.24
26 20.68 143.99 161944.05
27 41.37 290.42 276472.86
28 68.95 483.47 380114.85
29 103.42 732.89 483667.20
30 137.90 974.90 588191.72
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Table 7 Resilient modulus test result for 40% RAP1 sample containing OMC+2% tested at

20C
40% RAP1 Sample containing OMC+2% tested at 20C
Sequence Confining pressurekPa) Cyclic stress (IRa) Resilient ModulusKPa)
1 20.68 9.51 124671.00
2 41.37 20.82 198196.68
3 68.95 34.76 294157.91
4 103.42 52.37 410762.04
5 137.90 70.11 529427.71
6 20.68 19.37 120065.30
7 41.37 41.58 203347.07
8 68.95 69.56 313228.81
9 103.42 104.70 429295.15
10 137.90 139.39 540748.90
11 20.68 40.58 131214.12
12 41.37 83.43 227016.77
13 68.95 138.99 343110.69
14 103.42 208.30 460066.45
15 137.90 277.02 544051.49
16 20.68 61.40 143417.84
17 41.37 124.06 243309.08
18 68.95 208.17 359113.42
19 103.42 311.33 454867.80
20 137.90 412.12 528386.60
21 20.68 102.84 160799.52
22 41.37 207.10 269495.37
23 68.95 345.08 367256.13
24 103.42 518.38 453868.06
25 137.90 695.49 544113.54
26 20.68 143.89 172644.72
27 41.37 290.40 289690.11
28 68.95 483.45 393876.78
29 103.42 732.72 479626.88
30 137.90 971.77 561688.27
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Table 8 Resilient modulus test result for 60% RAP1 sample containing OMC+2% tested at

20C
60% RAP1 Sample containing OMC+2% tested at 20C
Sequencq Confining pressure (KPa)| Cyclic stress (KPa)] Resilient Modulus (KPa
1 20.68 7.69 235842.06
2 41.37 19.96 298529.19
3 68.95 33.80 392808.10
4 103.42 52.96 510074.12
5 137.90 70.96 644342.62
6 20.68 16.46 197286.58
7 41.37 40.78 278113.81
8 68.95 70.00 392670.20
9 103.42 105.28 527814.33
10 137.90 139.66 649851.53
11 20.68 37.98 189991.92
12 41.37 85.12 302300.62
13 68.95 139.66 428488.46
14 103.42 208.37 556027.68
15 137.90 277.58 651292.54
16 20.68 61.36 197914.00
17 41.37 125.86 317944.82
18 68.95 208.31 453047.59
19 103.42 309.71 564673.70
20 137.90 416.60 646348.99
21 20.68 102.21 216150.63
22 41.37 207.70 348192.12
23 68.95 341.44 471677.22
24 103.42 519.25 581820.96
25 137.90 695.47 692881.71
26 20.68 143.33 231656.94
27 41.37 290.99 382141.91
28 68.95 481.24 519568.20
29 103.42 728.33 623092.98
30 137.90 966.29 711628.55
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Table 9 Resilient modulus test result for 0% RAP1 sample containing OM&% tested at

20C
0% RAP1 Sample containing OM@% tested at 20C
Sequence| Confining pressure (KPa)| Cyclic stress (KPa) | Resilient Modulus (KPa)
1 20.68 9.47 194101.20
2 41.37 21.19 261835.29
3 68.95 35.35 335140.35
4 103.42 53.45 448945.21
5 137.90 70.96 584041.08
6 20.68 19.45 180801.21
7 41.37 41.91 245542.98
8 68.95 70.60 335367.88
9 103.42 105.94 461638.45
10 137.90 139.92 599733.54
11 20.68 40.54 181869.90
12 41.37 84.12 263696.88
13 68.95 139.57 371579.14
14 103.42 207.98 523443.06
15 137.90 276.53 648438.11
16 20.68 62.03 200058.27
17 41.37 125.32 300956.14
18 68.95 207.03 427647.30
19 103.42 311.81 570368.77
20 137.90 412.98 657539.19
21 20.68 103.95 205408.60
22 41.37 207.02 315049.03
23 68.95 346.06 453930.12
24 103.42 522.19 555165.83
25 137.90 687.72 630842.69
26 20.68 144.99 202388.70
27 41.37 290.93 323405.47
28 68.95 485.98 450751.63
29 103.42 728.98 547995.29
30 137.90 957.79 604270.29
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Table 10 Resilient modulus test result for 20% RAP1 sample containing OM@% tested at

20C
20% RAP1 Sample containing OM4% tested at 20C
Sequencqg Confining pressure (KPa Cyclic stress (KPa) Resilient Modulus (KPa)
1 20.68 8.80 186496.28
2 41.37 20.62 227692.46
3 68.95 34.75 299384.14
4 103.42 52.33 388947.03
5 137.90 69.89 473780.12
6 20.68 18.86 167983.86
7 41.37 41.55 227520.09
8 68.95 69.27 317731.09
9 103.42 105.41 421724.71
10 137.90 139.61 516182.88
11 20.68 39.86 166439.43
12 41.37 83.05 255064.64
13 68.95 140.09 369531.40
14 103.42 207.49 493133.70
15 137.90 276.67 577070.48
16 20.68 60.95 179953.16
17 41.37 125.42 286022.10
18 68.95 207.89 410996.46
19 103.42 310.82 519519.94
20 137.90 413.68 567741.87
21 20.68 102.15 197872.63
22 41.37 207.06 315793.66
23 68.95 343.41 437755.02
24 103.42 521.20 494319.60
25 137.90 695.91 504923.74
26 20.68 143.30 174844.14
27 41.37 289.59 280506.29
28 68.95 485.35 381548.96
29 103.42 735.77 429639.89
30 137.90 972.65 405204.87
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Table 11 Resilient modulus test result for 40% RAP1 sample containing OM@% tested at

20C
40% RAP1 Sample containing OM4% tested at 20C
Sequencg Confining pressure (KPa)| Cyclic stress (KPa) Resilient Modulus (KPa)
1 20.68 10.18 338504.99
2 41.37 20.91 476903.45
3 68.95 34.65 627050.57
4 103.42 52.34 808796.36
5 137.90 69.78 980448.23
6 20.68 20.84 324425.90
7 41.37 41.62 475386.60
8 68.95 69.24 622279.40
9 103.42 104.61 806645.20
10 137.90 140.36 977731.70
11 20.68 41.58 345523.85
12 41.37 83.16 486976.69
13 68.95 139.68 655712.07
14 103.42 209.49 843683.84
15 137.90 276.86 975380.59
16 20.68 62.36 344724.06
17 41.37 124.42 497394.66
18 68.95 209.51 672769.70
19 103.42 311.53 844269.89
20 137.90 415.50 944492.08
21 20.68 103.68 363277.85
22 41.37 208.29 523167.27
23 68.95 344.95 697873.51
24 103.42 518.69 818497.29
25 137.90 3.81 901489.48
26 20.68 144.60 319330.67
27 41.37 290.79 484735.89
28 68.95 484.27 657773.61
29 103.42 726.56 804190.67
30 137.90 971.06 851157.75
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Table 12 Resilient modulus test result for 60% RAP1 sample containing OM@% tested at

20C
60% RAP1 Sample containing OM£4 tested at 20C
Cyclic stress

Sequencg Confining pressure (KPa| (KPa) Resilient ModulugKPa)
1 20.68 9.74 1004635.04
2 41.37 20.89 948690.98
3 68.95 34.96 1025774.37
4 103.42 51.78 1136883.38
5 137.90 69.98 1378220.56
6 20.68 20.61 571244.41
7 41.37 40.97 643198.09
8 68.95 68.98 758843.85
9 103.42 103.68 964300.71
10 137.90 138.91 1102037.27
11 20.68 42.06 399337.43
12 41.37 82.37 527931.54
13 68.95 136.94 710697.76
14 103.42 206.74 852647.02
15 137.90 275.19 955771.90
16 20.68 61.27 332796.13
17 41.37 122.76 537529.05
18 68.95 206.59 697266.78
19 103.42 311.24 809354.84
20 137.90 412.60 876047.82
21 20.68 102.99 338139.57
22 41.37 204.04 483674.10
23 68.95 342.75 635758.65
24 103.42 514.07 727465.81
25 137.90 687.40 823406.35
26 20.68 143.26 315979.82
27 41.37 287.66 468547.00
28 68.95 481.05 628781.15
29 103.42 719.95 745316.34
30 137.90 946.42 846448.63
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Table 13 Resilient modulus test result for 0% RAP1 sample containing OMQ% tested at

20C
0% RAP1 Sample containing OMZ% tested at 20T
Cyclic stress

Sequencgq Confining pressure (KPa (KPa) ResilientModulus (KPa)
1 20.68 9.35 166232.59
2 41.37 21.12 223886.55
3 68.95 35.00 303907.10
4 103.42 52.68 424565.35
5 137.90 70.26 565721.71
6 20.68 19.51 152291.39
7 41.37 41.95 222231.81
8 68.95 69.55 310808.75
9 103.42 105.21 439864.81
10 137.90 139.65 559964.58
11 20.68 40.56 154470.14
12 41.37 83.52 238227.64
13 68.95 139.16 343310.64
14 103.42 209.52 481281.62
15 137.90 277.48 585378.66
16 20.68 61.83 162033.68,
17 41.37 125.07 256050.59
18 68.95 209.39 369896.82
19 103.42 312.01 486170.00
20 137.90 412.46 570030.93
21 20.68 103.17 171189.92
22 41.37 207.66 275266.28
23 68.95 345.61 378949.63
24 103.42 518.73 472449.43
25 137.90 699.67 552552.72
26 20.68 141.48 149650.70
27 41.37 291.17 258339.65
28 68.95 486.02 373399.35
29 103.42 732.29 471925.43
30 137.90 975.78 549436.29
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Table 14 Resilient modulus test result for 20% RAP1 sample containing OMQ% tested at

20C
20% RAP1 Sample containing OMZ% tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 9.61 133772.08
2 41.37 20.86 187475.34
3 68.95 34.92 272604.90
4 103.42 52.75 391043.04
5 137.90 70.14 501821.10
6 20.68 19.80 130042.01
7 41.37 41.86 191488.09
8 68.95 69.42 284856.89
9 103.42 104.91 408500.56
10 137.90 139.71 519257.94
11 20.68 41.07 127773.64]
12 41.37 83.15 221728.49
13 68.95 138.28 341076.73
14 103.42 209.26 463975.78
15 137.90 277.38 546733.55
16 20.68 62.94 143190.31
17 41.37 124.62 234097.68
18 68.95 208.59 350956.92
19 103.42 311.86 458659.92
20 137.90 411.53 529999.97
21 20.68 107.00 162219.84;
22 41.37 207.46 262462.71
23 68.95 344.17 361836.85
24 103.42 518.82 454688.54
25 137.90 697.35 531813.29
26 20.68 143.87 159179.25
27 41.37 291.77 282919.46
28 68.95 485.71 393263.15
29 103.42 731.82 480281.88
30 137.90 972.74 571451.25
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Table 15 Resilient modulus test result for 40% RAP1 sample containing OMQ% tested at

20C
40% RAP1 Sample containing OMZ% tested at 20C
Cyclic stress Resilient Modulus
Sequencg Confining pressure (KPg (KPa) (KPa)
1 20.68 9.26 150036.81
2 41.37 20.59 222528.28
3 68.95 34.69 320571.73
4 103.42 52.42 444291.25
5 137.90 70.09 562357.07
6 20.68 19.17 146134.37
7 41.37 41.71 230939.89
8 68.95 69.48 335947.03
9 103.42 104.64 463555.2(
10 137.90 139.45 581041.84
11 20.68 40.29 152973.97
12 41.37 82.94 252161.95
13 68.95 138.49 372447.88
14 103.42 208.51 499952.62
15 137.90 277.89 575657.05
16 20.68 61.91 164888.11
17 41.37 124.62 269212.68
18 68.95 208.21 390739.67]
19 103.42 311.66 499194.2(
20 137.90 411.86 577084.27
21 20.68 102.75 181573.43
22 41.37 207.21 293785.60
23 68.95 345.81 403177.8]
24 103.42 517.26 487528.27
25 137.90 695.97 570086.09
26 20.68 143.98 179932.47
27 41.37 289.84 300873.4]
28 68.95 483.00 414030.16
29 103.42 726.40 515769.19
30 137.90 970.44 612364.74
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Table 16 Resilient modulus test result for 60% RAP1 sample containing OMQ% tested at

20C
60% RAP1 Sample containing OMZ% tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 9.56 163192.00
2 41.37 20.92 246901.25
3 68.95 34.92 353314.93
4 103.42 52.31 484660.05
5 137.90 69.70 604194.45
6 20.68 19.62 151333.02]
7 41.37 41.68 248080.25
8 68.95 69.13 370648.35
9 103.42 104.83 502882.89
10 137.90 139.01 615494.96
11 20.68 41.56 162047.47]
12 41.37 83.14 274218.28
13 68.95 138.53 400619.86
14 103.42 209.00 521698.68
15 137.90 278.10 598878.59
16 20.68 61.40 169714.44;
17 41.37 124.40 284787.94
18 68.95 208.30 407114.72
19 103.42 310.79 511556.50
20 137.90 411.30 610503.15
21 20.68 102.62 189757.50
22 41.37 206.86 309553.91
23 68.95 344.07 415064.37
24 103.42 515.10 507626.48
25 137.90 689.54 602477.66
26 20.68 143.31 193142.83
27 41.37 289.35 317296.72
28 68.95 479.51 433714.69
29 103.42 730.38 524711.69
30 137.90 969.95 632814.59
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Table 17 Resilient modulus test result for 0% RAP1 sample containing OMC tested at

60C
0% RAP1 Sample containing OMC tested at 60C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.20 160751.26
2 41.37 20.75 212351.62
3 68.95 35.25 286346.15
4 103.42 52.86 390153.61
5 137.90 69.71 502076.20
6 20.68 20.86 158979.31]
7 41.37 41.98 220832.17
8 68.95 69.58 305127.47
9 103.42 104.89 422634.81
10 137.90 140.23 549243.24
11 20.68 41.80 158269.15
12 41.37 83.54 237427.85
13 68.95 139.84 347288.91
14 103.42 211.00 468016.11
15 137.90 278.13 563605.02
16 20.68 62.73 169238.71]
17 41.37 125.04 259477.28
18 68.95 211.02 372799.51
19 103.42 312.46 484915.15
20 137.90 413.30 550904.87
21 20.68 104.57 184455.43
22 41.37 209.15 287642.37
23 68.95 347.03 395152.31
24 103.42 519.06 485142.68
25 137.90 691.74 559054.48
26 20.68 146.12 183490.17]
27 41.37 292.06 297322.61
28 68.95 485.36 405666.82
29 103.42 729.40 511032.49
30 137.90 973.07 597899.54
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Table 18 Resilient modulus test result for 20% RAP1 sample containing OMC tested at

60C
20% RAP1 Sample containing OMC tested at 60C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.44 114384.02]
2 41.37 20.97 147816.70
3 68.95 34.78 200665.01
4 103.42 52.45 258001.81]
5 137.90 71.86 364353.43
6 20.68 20.93 109530.11
7 41.37 41.70 146251.59
8 68.95 69.65 210145.30
9 103.42 106.22 297239.87
10 137.90 139.96 393483.78
11 20.68 41.71 115025.23
12 41.37 83.30 168735.39
13 68.95 139.21 254368.27]
14 103.42 210.79 351039.66
15 137.90 277.82 419215.02
16 20.68 62.31 122506.04;
17 41.37 124.53 190440.08;
18 68.95 210.88 279665.13
19 103.42 310.04 347619.86
20 137.90 412.08 409203.83
21 20.68 104.40 130490.17,
22 41.37 208.84 211606.99
23 68.95 344.01 271487.95
24 103.42 520.11 330562.23
25 137.90 696.15 405439.29
26 20.68 147.13 117893.45
27 41.37 288.79 206573.81
28 68.95 484.12 290483.01
29 103.42 730.47 571699.46
30 137.90 965.27 396180.92
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Table 19 Resilient modulus test result for 40% RAP1 sample containing OMC tested at

60C
40% RAP1 Sample containing OMC tested at 60C
Confiningpressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.19 185303.49
2 41.37 20.70 270963.95
3 68.95 34.49 374847.25
4 103.42 52.28 479164.93
5 137.90 69.89 581579.65
6 20.68 20.86 183331.59
7 41.37 41.44 263627.93
8 68.95 69.13 368835.03
9 103.42 104.50 485197.84
10 137.90 139.13 579132.01
11 20.68 41.47 176147.25
12 41.37 82.63 277824.23
13 68.95 138.61 379839.06
14 103.42 208.69 488707.27
15 137.90 276.93 562777.65
16 20.68 61.69 176050.73
17 41.37 124.15 267847.52
18 68.95 208.50 380611.27
19 103.42 309.88 478771.93
20 137.90 413.96 550043.03
21 20.68 103.21 181973.32
22 41.37 207.88 289979.69
23 68.95 344.54 387788.71
24 103.42 515.64 472883.80
25 137.90 689.08 567576.40
26 20.68 144.56 190984.77]
27 41.37 289.48 306051.37
28 68.95 479.88 422779.60
29 103.42 721.80 508295.28
30 137.90 965.89 683828.89
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Table 20 Resilient modulus test result for 60% RAP1 sample containing OMC tested at

60C
60% RAP1 Sample containing OMC tested at 60C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.21 301549.09
2 41.37 20.57 436934.54
3 68.95 34.60 629994.63
4 103.42 51.91 896787.25
5 137.90 69.78 1123149.02
6 20.68 20.75 271646.53
7 41.37 41.39 373737.20
8 68.95 68.58 489644.96
9 103.42 103.58 693653.92
10 137.90 138.85 886086.59
11 20.68 40.81 222652.39
12 41.37 81.71 335478.19
13 68.95 137.40 500145.67
14 103.42 207.62 625961.20
15 137.90 276.82 711525.13
16 20.68 61.03 211282.93
17 41.37 123.43 324356.95
18 68.95 206.54 463934.41
19 103.42 310.73 540514.48
20 137.90 412.22 598223.59
21 20.68 103.58 224748.39
22 41.37 206.04 320819.94
23 68.95 343.94 444842.83
24 103.42 501.65 522519.16
25 137.90 673.40 672038.86
26 20.68 142.29 229464.41]
27 41.37 288.64 378329.11
28 68.95 477.07 500538.67
29 103.42 714.90 583517.07
30 137.90 945.99 700010.89
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Table 21 Resilient modulus test result for 0% RAP1 sample containing OMC tested at

20C
0% RAP1 Sample containing OMC tested21C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.30 13644469.0Q
2 41.37 21.65 29482222.25
3 68.95 35.81 21089386.24
4 103.42 53.06 25501906.61
5 137.90 69.82 25784012.49
6 20.68 21.45 22895185.15
7 41.37 42.11 24337340.79
8 68.95 69.60 24685270.91
9 103.42 105.34 27160399.04
10 137.90 140.20 26243589.41
11 20.68 42.25 29039523.69
12 41.37 83.07 26880740.8¢
13 68.95 141.63 27354789.87
14 103.42 209.66 26864379.54
15 137.90 275.78 26986644.27
16 20.68 62.36 29404435.6(0
17 41.37 125.13 27383237.59
18 68.95 209.32 27410520.14
19 103.42 310.59 26389978.89
20 137.90 412.38 26314915.67
21 20.68 103.73 30034313.07
22 41.37 207.46 27752189.87
23 68.95 344.11 26736985.17
24 103.42 517.60 26152095.99
25 137.90 701.20 26078977.09
26 20.68 146.03 29143696.57
27 41.37 290.37 27426736.61
28 68.95 482.60 26839868.64
29 103.42 728.86 25665912.2(¢
30 137.90 950.57 25141359.08
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Table 22 Resilient modulus test result for 20% RAP1 sample containing OM @& sted at-

20C
20% RAP1 Sample containing OM C tested24iC
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.00 12134937.79
2 41.37 22.04 31479460.99
3 68.95 35.43 30013318.49
4 103.42 51.61 29427926.04
5 137.90 68.80 32013652.97
6 20.68 29.24 31923917.70
7 41.37 41.65 28317670.21
8 68.95 70.09 30327002.35
9 103.42 109.76 31871476.19
10 137.90 142.07 31171258.45
11 20.68 41.80 33309481.17
12 41.37 85.01 31482667.04
13 68.95 142.44 31262393.35
14 103.42 208.09 30216155.34
15 137.90 276.34 29021204.37
16 20.68 62.07 30870964.20
17 41.37 128.45 30937291.771
18 68.95 207.46 30310441.14
19 103.42 310.98 28701901.23
20 137.90 410.12 29421148.49
21 20.68 106.46 33606714.15
22 41.37 207.50 28687656.64
23 68.95 344.12 28195502.01
24 103.42 515.59 28072547.81
25 137.90 691.88 27434224.3]
26 20.68 149.72 31439981.60
27 41.37 290.55 28436956.4(
28 68.95 480.59 27490561.37
29 103.42 726.14 27463340.87
30 137.90 967.05 26970607.04
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Table 23 Resilient modulus test result for 40% RAP1 sample containing OMC tested at

20C
40% RAP1 Sample containing OMC tested2C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.21 10777629.04
2 41.37 21.97 22933326.94
3 68.95 35.89 18595118.264
4 103.42 51.96 26657047.3(
5 137.90 67.36 21846230.61
6 20.68 22.06 16679085.97
7 41.37 42.15 21413074.39
8 68.95 69.46 24969658.95
9 103.42 110.43 26094848.87
10 137.90 143.18 25748704.44
11 20.68 42.38 25600936.01
12 41.37 84.81 24031592.79
13 68.95 142.72 25087359.35
14 103.42 208.15 24426152.15
15 137.90 274.97 24622645.83
16 20.68 61.28 23984480.91
17 41.37 131.66 25170710.04
18 68.95 207.44 25095012.53
19 103.42 309.40 24809038.69
20 137.90 411.60 24817753.64
21 20.68 108.63 25132340.74
22 41.37 206.66 23866966.67
23 68.95 342.76 24279624.771
24 103.42 517.30 24126657.7(
25 137.90 693.43 24607373.94
26 20.68 153.32 25398071.57
27 41.37 288.95 24202113.97
28 68.95 483.87 24382756.55
29 103.42 727.65 24270813.29
30 137.90 968.27 24129098.44
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Table 24 Resilient modulus test result for 60% RAP1 sample containing OMC tested at
20C

60% RAP1 Sample containing OMC tested2iT
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 11.16 13755398.74
2 41.37 21.99 17295346.25
3 68.95 36.17 23559715.67
4 103.42 53.10 24744614.08
5 137.90 69.44 24504807.54
6 20.68 21.84 17969453.54
7 41.37 42.71 27518064.56
8 68.95 72.57 24612124.43
9 103.42 108.08 24099526.83
10 137.90 146.35 24157787.52
11 20.68 43.53 24042941.56
12 41.37 83.94 25585546.91
13 68.95 144.78 23901288.77
14 103.42 209.06 23543430.2¢
15 137.90 274.69 23797495.1(Q
16 20.68 63.74 25516426.97
17 41.37 128.91 23481632.49
18 68.95 207.66 22823748.57
19 103.42 311.08 22817825.97
20 137.90 410.23 22381346.49
21 20.68 104.64 24323599.53
22 41.37 205.13 22511464.34
23 68.95 346.14 22374251.78
24 103.42 514.31 21824712.07%
25 137.90 689.82 21233645.24
26 20.68 148.24 24167481.55
27 41.37 287.22 22357807.79
28 68.95 480.06 21629128.5@
29 103.42 726.34 21277426.94
30 137.90 965.71 20734699.25
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Table 25 Resilient modulus test result for 0% RAP1 sample containing OMC tested after
FT conditioning

0% RAP1 Sampleontaining OMC tested after freetieaw conditioning
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.34 149057.75
2 41.37 20.93 205353.44
3 68.95 35.10 286249.63
4 103.42 53.34 410293.20
5 137.90 71.03 546188.86
6 20.68 20.48 126112.00
7 41.37 42.06 193370.35
8 68.95 69.84 283146.99
9 103.42 105.36 422648.60
10 137.90 139.03 547340.28
11 20.68 40.32 134337.45
12 41.37 82.45 219991.01
13 68.95 138.02 332520.34
14 103.42 207.70 468305.68
15 137.90 277.53 564411.70
16 20.68 62.50 153401.45
17 41.37 124.11 246859.88
18 68.95 208.79 357348.36
19 103.42 312.43 468995.16
20 137.90 414.42 556400.00
21 20.68 101.91 168776.76
22 41.37 206.37 280837.24
23 68.95 345.85 376846.73
24 103.42 517.40 474193.81
25 137.90 689.10 551828.77
26 20.68 144.58 172299.98
27 41.37 289.28 279968.50
28 68.95 482.32 388698.82
29 103.42 722.54 490879.12
30 137.90 959.83 576546.48
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Table 26 Resilient modulus test result for 20% RAP1 sample containingMC tested after
FT conditioning

20% RAP1 Sample containing OMC tested after frethzav conditioning
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.37 186365.28
2 41.37 21.11 266434.09
3 68.95 35.24 365098.07
4 103.42 52.52 501083.36
5 137.90 69.86 642122.51
6 20.68 20.95 182345.64
7 41.37 42.38 264600.09
8 68.95 69.56 376826.05
9 103.42 103.85 533468.03
10 137.90 138.16 664054.73
11 20.68 42.11 187034.07]
12 41.37 82.88 293578.75
13 68.95 137.37 422552.08
14 103.42 206.39 570561.83
15 137.90 275.99 677265.09
16 20.68 62.61 203491.86
17 41.37 123.80 306561.58
18 68.95 205.94 435989.96
19 103.42 310.96 571713.25
20 137.90 413.73 646824.73
21 20.68 103.65 210834.77
22 41.37 205.48 328045.64
23 68.95 345.18 451165.32
24 103.42 515.47 552132.14
25 137.90 0.26 651692.43
26 20.68 144.74 206187.71
27 41.37 287.75 331941.18
28 68.95 481.85 467967.84
29 103.42 726.02 588260.67
30 137.90 962.29 682746.42
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Table 27 Resilient modulus testesult for 40% RAP1 sample containing OMC tested after
FT conditioning

40% RAP1 Sample containing OMC tested after fredzav conditioning
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 8.74 638151.13
2 41.37 20.45 572051.09
3 68.95 34.75 706236.85
4 103.42 52.01 982006.45
5 137.90 69.89 1214752.76
6 20.68 20.19 322950.42
7 41.37 41.42 433659.53
8 68.95 68.83 586916.19
9 103.42 103.54 845138.63
10 137.90 137.48 1057841.88
11 20.68 41.38 282485.09
12 41.37 82.72 415864.16
13 68.95 137.27 597058.38
14 103.42 207.44 775611.90
15 137.90 275.25 859500.41
16 20.68 62.09 252520.48
17 41.37 124.01 382224.64
18 68.95 206.47 557999.58
19 103.42 309.05 671218.38
20 137.90 412.48 758430.16
21 20.68 102.75 247370.09
22 41.37 206.73 384761.91
23 68.95 344.17 501641.84
24 103.42 514.83 598575.22
25 137.90 661.37 698756.04
26 20.68 143.20 231477.68
27 41.37 285.22 368586.81
28 68.95 455.00 512887.18
29 103.42 693.88 627029.89
30 137.90 930.51 729913.45




Table 28 Resilient modulus test result for 60% RAP1 sample containing OMC tested after
FT conditioning

60% RAP1 Sample containing OMC tested after frethzav conditioning
Confining pressure Cyclic stress ResilientModulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.29 558558.05
2 41.37 20.78 701424.31
3 68.95 34.47 899979.53
4 103.42 51.83 1246441.07,
5 137.90 69.35 1542674.30
6 20.68 20.50 399020.27
7 41.37 41.62 545547.65
8 68.95 68.75 750053.04
9 103.42 103.24 971629.84
10 137.90 137.79 1151362.37
11 20.68 40.49 334154.40
12 41.37 81.87 503730.95
13 68.95 135.93 692861.03
14 103.42 206.69 860803.52
15 137.90 274.03 944816.13
16 20.68 61.76 320502.78
17 41.37 122.79 459025.34
18 68.95 204.91 646431.73
19 103.42 306.98 783154.76
20 137.90 410.52 846414.16
21 20.68 102.03 300170.14
22 41.37 201.43 448048.89
23 68.95 339.42 599037.17
24 103.42 505.88 723370.33
25 137.90 680.31 827474.26
26 20.68 142.35 285808.36
27 41.37 284.70 446207.99
28 68.95 477.89 617060.07
29 103.42 714.05 730127.19
30 137.90 953.90 837313.08
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Table 29 Resilient modulus test result for 0% RAP2 sample containing OMC tested at

20C
0% RAP2 Sample containing OMC tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.29 86170.67
2 41.37 21.04 139791.20
3 68.95 35.01 212392.99
4 103.42 52.58 311036.28
5 137.90 70.11 414181.84
6 20.68 20.91 88659.68
7 41.37 41.60 145582.79
8 68.95 69.47 227023.66
9 103.42 104.74 338387.78
10 137.90 139.58 436617.38
11 20.68 41.98 108268.37]
12 41.37 83.47 177009.10
13 68.95 139.88 275369.70
14 103.42 210.19 384982.55
15 137.90 277.18 465630.52
16 20.68 62.27 121830.36)
17 41.37 124.82 206256.66
18 68.95 209.45 304941.31
19 103.42 311.99 394200.84
20 137.90 416.42 453130.32
21 20.68 103.55 147540.91]
22 41.37 207.81 231422.52
23 68.95 347.08 313490.81
24 103.42 518.39 392111.73
25 137.90 1.63 455943.39
26 20.68 145.06 152849.87]
27 41.37 289.47 242819.55
28 68.95 483.57 340311.42
29 103.42 727.35 407728.35
30 137.90 942.86 521154.00
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Table 30 Resilient modulus test result for 20% RAP2 sample containing OMC tested at

20C
20% RAP2 Sample containing OMC tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.25 131503.70
2 41.37 20.85 179691.16
3 68.95 34.44 270136.58
4 103.42 52.36 376770.89
5 137.90 70.12 488714.17,
6 20.68 20.58 123809.15
7 41.37 41.69 188095.87]
8 68.95 69.11 284222.57
9 103.42 104.36 401185.23
10 137.90 139.94 509667.33
11 20.68 41.71 134034.08
12 41.37 82.98 214882.00
13 68.95 138.81 326280.59
14 103.42 209.71 443670.72
15 137.90 276.89 526435.38
16 20.68 62.18 142149.21
17 41.37 124.32 232870.42
18 68.95 208.66 348343.81
19 103.42 310.45 454854.01
20 137.90 414.78 525270.17
21 20.68 103.55 163529.85
22 41.37 207.36 266220.36
23 68.95 345.17 375019.62
24 103.42 515.01 462576.14
25 137.90 688.72 540576.53
26 20.68 144.29 172196.56
27 41.37 289.81 284856.89
28 68.95 482.56 400047.59
29 103.42 724.95 490513.70
30 137.90 968.20 584571.97
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Table 31 Resilient modulus test result for 40% RAP2 sample containing OMC tested at

20C
40% RAP2 Sample containing OMC tested at 20C
Confining pressure | Cyclic stress | Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.21 163516.06
2 41.37 20.82 240758.02
3 68.95 34.70 330872.49
4 103.42 52.39 446463.09
5 137.90 69.91 551042.77
6 20.68 20.67 151401.97,
7 41.37 41.35 234283.84
8 68.95 68.92 342952.11
9 103.42 104.43 458590.97
10 137.90 138.01 550808.35
11 20.68 41.47 157752.04
12 41.37 82.96 255064.64
13 68.95 137.75 367366.44
14 103.42 208.97 472628.70
15 137.90 275.70 532420.03
16 20.68 61.83 159868.73
17 41.37 123.63 259284.23
18 68.95 208.35 366897.60
19 103.42 308.97 449593.31
20 137.90 411.08 500738.62
21 20.68 102.71 167694.28
22 41.37 206.14 265330.93
23 68.95 341.77 347675.02
24 103.42 512.63 411451.52
25 137.90 650.23 494078.29
26 20.68 143.11 174340.83
27 41.37 252.78 274625.07
28 68.95 447.01 378866.90
29 103.42 680.07 444201.61
30 137.90 918.01 547740.18
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Table 32 Resilient modulus test result for 60% RAP2 sample containing OMC tested at

20C
60% RAP2 Sample containing OMC tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.30 210855.46
2 41.37 20.80 300859.62
3 68.95 34.59 413657.84
4 103.42 52.04 546044.07
5 137.90 70.09 668853.48
6 20.68 20.91 183138.54
7 41.37 41.50 295633.39
8 68.95 68.95 419242.59
9 103.42 103.87 555027.94
10 137.90 137.45 650672.01
11 20.68 41.40 183028.22,
12 41.37 82.12 304562.10
13 68.95 135.92 436017.54
14 103.42 206.10 548843.34
15 137.90 274.17 617873.65
16 20.68 61.49 188778.45
17 41.37 122.42 313035.76
18 68.95 206.23 438347.97
19 103.42 303.51 536205.25
20 137.90 408.21 598816.54
21 20.68 102.26 201354.48
22 41.37 202.82 328059.43
23 68.95 340.85 439382.18
24 103.42 477.72 528614.12
25 137.90 645.97 613791.95
26 20.68 140.78 208614.66
27 41.37 285.84 345427.33
28 68.95 443.25 472828.65
29 103.42 677.35 553738.62
30 137.90 907.89 1555298.60
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Table 33 Resilient modulus test result for 80% RAP2 sample containing OMC tested at

20C
80% RAP2 Sample containing OMC tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.06 584241.02
2 41.37 20.77 925786.60
3 68.95 34.58 1295056.00
4 103.42 51.83 1726743.63
5 137.90 69.84 2025286.61
6 20.68 20.74 553614.51
7 41.37 41.29 712076.71
8 68.95 68.74 809830.58
9 103.42 104.07 1001160.08
10 137.90 139.68 1097631.52
11 20.68 41.09 371972.14
12 41.37 82.33 527869.49
13 68.95 138.48 691240.76
14 103.42 208.28 811140.58
15 137.90 277.15 873717.40
16 20.68 61.67 340442.42
17 41.37 123.11 482171.04
18 68.95 206.50 637730.55
19 103.42 310.08 742006.85
20 137.90 411.95 813484.80
21 20.68 102.24 304796.52
22 41.37 205.68 470732.64
23 68.95 344.61 614205.64
24 103.42 513.47 685876.64
25 137.90 684.20 774563.90
26 20.68 143.61 293723.54
27 41.37 289.05 455577.96
28 68.95 480.69 602263.92
29 103.42 722.58 690123.81
30 137.90 953.14 789463.47
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Table 34 Resilient modulus test result for 0% RAP2 sample containing OMC+2% tested at

20C
0% RAP2 Sample containing OMC+2% tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.01 107751.26
2 41.37 20.74 126608.42,
3 68.95 34.65 190964.08
4 103.42 52.30 293840.75
5 137.90 69.91 418311.80
6 20.68 20.73 101235.72,
7 41.37 41.52 143907.37]
8 68.95 69.01 220101.33
9 103.42 104.75 333478.71
10 137.90 139.61 451227.37|
11 20.68 41.09 117976.19
12 41.37 82.51 179001.68
13 68.95 138.78 273204.75
14 103.42 210.03 393938.84
15 137.90 277.17 482860.52
16 20.68 62.04 136433.45
17 41.37 123.34 209407.56
18 68.95 207.69 297701.82
19 103.42 310.07 383734.60
20 137.90 411.89 461762.56
21 20.68 103.09 141728.62)
22 41.37 206.70 213116.94
23 68.95 343.33 275121.49
24 103.42 512.52 361547.27
25 137.90 665.13 456494.97
26 20.68 142.96 143148.94
27 41.37 289.43 229884.99
28 68.95 453.49 311263.80
29 103.42 723.95 382085.78
30 137.90 965.27 408382.24
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Table 35 Resilient modulus test result for 20% RAP2 sample containing OMC+2% tested

at 20C
20% RAP2 Sample containing OMC+2% tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.18 129090.54;
2 41.37 20.85 185641.33
3 68.95 35.01 261918.03
4 103.42 52.81 357548.31
5 137.90 70.15 440499.13
6 20.68 20.58 120154.93
7 41.37 41.62 184745.01]
8 68.95 69.35 266909.83
9 103.42 104.63 369214.24
10 137.90 139.41 456074.39
11 20.68 41.74 129497.33
12 41.37 82.93 201547.54
13 68.95 138.40 299859.88
14 103.42 208.45 410403.52
15 137.90 275.65 477579.13
16 20.68 62.49 139742.93
17 41.37 123.87 228099.25
18 68.95 207.98 333078.82
19 103.42 309.93 420387.12
20 137.90 413.23 473035.49
21 20.68 103.30 150760.76
22 41.37 205.97 244577.72
23 68.95 344.21 336057.35
24 103.42 515.08 398317.01
25 137.90 687.19 463141.51
26 20.68 143.47 146789.38
27 41.37 288.71 245736.03
28 68.95 481.25 342193.68
29 103.42 710.83 401212.80
30 137.90 956.71 507785.06
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Table 36 Resilient modulus test result for 40% RAP2 sample containing OMC+2% tested

at 20C
40% RAP2 Sample containing OMC+2% tested at 20C
Confining pressure Cyclic stress Resilient Modulus
Sequencq (KPa) (KPa) (KPa)
1 20.68 10.27 141039.15
2 41.37 20.90 231677.62
3 68.95 34.90 332361.76
4 103.42 52.54 443388.03
5 137.90 70.24 538390.89
6 20.68 20.90 143438.52)
7 41.37 41.64 237503.69
8 68.95 68.94 340849.21
9 103.42 104.67 460225.03
10 137.90 138.54 550698.03
11 20.68 41.27 149595.54;
12 41.37 82.77 253534.00
13 68.95 137.90 369862.34
14 103.42 204.86 475159.07
15 137.90 275.52 549043.29
16 20.68 61.62 162647.32]
17 41.37 123.64 268019.89
18 68.95 207.48 383086.49
19 103.42 309.02 474593.70
20 137.90 409.89 535060.72
21 20.68 102.57 197121.10
22 41.37 205.79 303645.10
23 68.95 342.17 396813.95
24 103.42 513.97 475317.65
25 137.90 682.11 558509.79
26 20.68 143.62 195397.41]
27 41.37 288.46 316951.98
28 68.95 478.78 427957.57
29 103.42 682.74 521643.53
30 137.90 911.58 594907.21
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