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EXECUTIVE SUMMARY

Cracking is a primary distress on flexible paversentrlorida. With the increased use of
reclaimed asphalt pavement (RAP) in mixtures, kn@soes with the Asphalt Rubber
Membrane Inter-layers (ARMI) and a push for morgliace recycling and recycled asphalt
shingles (RAS) materials, there is a critical neele able to quickly and effectively evaluate
the crack resistance of proposed asphalt mixtdites traditional method used to characterize the
asphalt mixtures for flexible pavement design iorida is the Indirect Diametral Test (IDT). On
the other hand, the overlay test (OT), which wastiged by the Texas Transportation Institute
(TTI), can also be adopted as an effective waywtduate the crack resistance of an asphalt
mixture.

The primary objective of this research study istaluate the applicability of using the
overlay test to characterize common asphalt mistéoecrack resistance in flexible pavement
design in Florida. The overlay test procedure,uasently available, will be revisited and
evaluated to see if it is appropriate for Floridixtores. An overlay test procedure suitable for
application with Florida asphalt mixtures will bewvetloped to evaluate the crack resistance of
asphalt mixtures with various mix designs. The gdat these experiments are to evaluate the
effects of material characteristics, polymer maifand RAP content on the crack resistance of
Florida asphalt mixtures.

To achieve these objectives and goals, crackinipmeance of common Florida asphalt
mixtures were evaluated using laboratory OT procediine standard mix designs for traffic
level C & E, which included SP-12.5, SP-9.5, anédSP5 mix designs, were selected to conduct
the OT. Granites, which were from different soureesre used as the aggregate in the mixtures.
In addition, the mixtures were prepared using athin asphalt binder (PG 67-22) and
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polymer-modified asphalt (PMA) binder (PG 76-22idkionally, a lower maximum opening
displacement, 0.0125 inches, was tried out on goe of mixture (SP-12.5 with 20% RAP) to
determine the significance of displacement ratéhercrack resistance of the Florida asphalt
mixture. Three replicate samples were tested foin &goe of mixture.

The applicability of overlay test on Florida asphmalxtures was verified. The test results
had good agreement among the three replicate sanipile coefficients of variation (COV)
were less than 20%. It was found that obtainingiggarom different aggregate sources did not
have a strong influence on the test results, whgenominal maximum aggregate size did have a
significant effect. SP-9.5 mixtures had the beatking performance compared to SP-12.5 and
SP-4.75 mixtures for the mixes with 20% RAP. Coesathle effects were found on the asphalt
binder type and RAP content. Crack resistance aifdd asphalt mixtures was significantly
improved if PG 76-22 (PMA) binder was used instehBG 67-22 virgin asphalt binder.
However, the crack resistance was reduced whenRARcontent was included in the mix
designs.

Fracture mechanics analysis was conducted on tag\vest results based on Paris’
Law. A simplified analysis procedure was develofzedbtain the fracture properties of
mixtures. In addition to fracture properties A andrack indices A’ and n’, which can be easily
obtained from the overlay test load reduction cuwwere introduced to evaluate the crack
resistance of asphalt mixtures. The correlatioati@hships between the crack indices and the
fracture properties were developed. It was founad the asphalt mixtures with greatérr n
values had better crack resistance than the asphdlires with lowen’ orn. It is
recommended to use the crack indices to evaluatertitk resistance of asphalt mixtures to

reduce the discrepancies among different analysiseplures in OT.



The research program may be expanded to evaluatahkr types of Florida asphalt
mixtures. Asphalt mixture with other types of aggtes, such as limestone, can be evaluated
using the OT procedure. Mixtures with different eeggate sizes, asphalt binder types, or RAP
contents can also be evaluated. A database camilbéolrecord the test parameters, test results,
and fracture properties for different types of mesigns. The fracture properties obtained from
the OT-based analysis procedure can be compatbé tesults from the other tests. Correlation
relationships can be developed to compare theteftem the database, which can be further
used to evaluate the crack resistance of othestgpmixtures. Then, the laboratory test results
can be compared to the field observations to bptestict the cracking performance of asphalt
mixtures in the field. Some criteria based on tkk&lfcalibrated laboratory test results can be

adopted into the design guide to evaluate the arggherformance of the asphalt mixtures.
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CHAPTER 1

INTRODUCTION

1.1 Background

The quality of flexible pavements on Florida’s 8talighway System has significan
improved over the past decade by the introductfdhe Superpave mix design system, polyi
modified binders, and other changes. However, angdk still a primary cstress on flexible
pavements in Florida. Cracks appear in flexiblegmaents primarily through either fatigue
reflective cracking mechanisms. Fatigue crackingr(@rily top down cracking in Florida) is ol
of the major distress modes in the I-term performance of asphalt pavements. This typ
failure generally occurs when the pavement has beeased to the limit of its fatigue life
repetitive axldoad applications. On the other hand, when an dispagement overlay is place
over jointed orcracked rigid/flexible pavements, the joint/crankhe existing paveme
structure can reflect to the surface over time cWihs considered to be reflective cracking
shown in Figure 1.1.

Figure 1.1. Reflective Cracking of Asphal oncretePavem(nt
(from http://www.pavementinteractive.org/article/reflection-cracking/)

These cracks are a problem because they allow teapemetrate the underlying lays
causing further damage to the pavement structacecantribute to premature deterioratiol
the pavement, usually showing up as a spallingeattack, bumpy ride, etc. Cracks occur fi
a variety of causes including stresses from axdddptemperature changes in the hot mix as
(HMA) layer, or moisture and temperature changanmndelying layer. It has been found tt
flexible pavement cracks have to be monitored aashtained to prevent increased roughr
and possible further pavement distress (Zhou andi&@t 2003). Therefore, it is important



accurately identify the type of cracking which a@ment exhibits in order to accurately assess
the causes for the cracking and subsequently fge¢hg proper repair techniques. To evaluate
the cracking performance of flexible pavements important to evaluate the crack resistance
of asphalt mixtures. With the increased use ofaiewdd asphalt pavement (RAP) in mixtures,
known issues with the Asphalt Rubber Membrane {latgers (ARMI) and a push for more in-
place recycling and recycled asphalt shingles (RA&grials, there is a critical need to be able
to quickly and effectively evaluate the crack resise of proposed asphalt mixtures.

Crack resistance is an important parameter to hsidered, because to perform well in
the field, asphalt mixes must have a good balahbeth rut and crack resistance properties. The
traditional method used to characterize the asphiatiures for flexible pavement design in
Florida is the Indirect Diametral Test (IDT). TH2T method has been shown to be an expedient
and reliable way of obtaining mixture propertieewéver, complicated data processing and
skilled technicians are required for the test. Amoteffective way to evaluate the crack
resistance of asphalt mixtures is the overlay(te€31), which was developed by the Texas
Transportation Institute (TTI). The OT has alsangdli significant popularity with a number of
states as a method to evaluate the cracking pateftasphalt mixtures. The ability of the
overlay test to predict cracking has been verifigdtudies using the Federal Highway
Administration (FHWA) Accelerated Loading Facilig well as various field evaluations (Zhou
et al. 2007). To implement the OT into flexible paent design in Florida, it is necessary to
evaluate the applicability of the OT on the Floradaohalt mixtures. A comparison study should
be conducted in the future to correlate the IndiBgametral Test results and the OT results for
the Florida asphalt mixtures.

1.2 Objective of Study

The primary objective of this research study istaluate the applicability of using the
overlay test to characterize common asphalt mistéoecrack resistance in flexible pavement
design in Florida. The OT procedure, as currentbilable, will be revisited and evaluated to see
if it is appropriate for Florida mixtures. A moaitl overlay test procedure suitable for
application in Florida asphalt mixtures will be é&ped. Different types of asphalt mixture
which are commonly used in Florida will be testathg the overlay tester. The cracking
performance of Florida asphalt mixtures using tievdl be identified and evaluated using
fracture mechanics analysis. The effects of mdtehiaracteristics, polymer modifier, and RAP
on the crack resistance of Florida asphalt mixtwidsalso be evaluated based on the
comparative study.

1.3 Scope of Work

To achieve these objectives, a series of asphaltiesigns were selected for testing. An
experimental program was developed to measuredbtufe properties of asphalt mixtures in
the laboratory using the OT procedure. To redueer#riability within the test, one type of
aggregate, granite, was selected for the aspheaitims, since granite is the most commonly
used aggregate in the state highway system indélofihe majority of testing was conducted on



Superpave asphalt mixtures with 12.5 mm (SP-128)%5 mm (SP-9.5) nominal maximum
aggregate sizes (NMAS). In addition to the SP-8% &P-12.5 mixtures, the newly introduced
SP-4.75 mixture was also evaluated as a crack fajier. Two types of asphalt binders, PG 67-
22 and PG 76-22 Polymer Modified Asphalt (PMA), eewaluated to find the effect of polymer
modifier. To find the effect of RAP material on tback resistance of asphalt mixtures, the
virgin asphalt mixtures were compared to the agphidtures with 20% RAP. Due to the
limitations of this research study, the asphalttories were only evaluated using the overlay test
procedure. The experimental program with IDT maybeomplished in the future.

Fracture mechanics analysis will then be conduectethe overlay test results for the
tested asphalt mixtures. An OT-based analysis pruoeewill be developed to calculate the
fracture properties for each type of mixture. Thack resistance of each type of mixture can
then be characterized by the fracture properties.

1.4 Process of Project

This research study was undertaken to evaluatealypDOT asphalt mixtures for crack
resistance using the overlay test procedure. A cehgmsive literature review (Task 1) was
conducted on the evaluation of crack resistan@sphalt mixtures. At the first, the TxDOT
standard OT test Tex-248-F was recommended fan¢geBtorida asphalt mixtures.
Subsequently, the TXxDOT OT procedure was modifeletter suit Florida asphalt mixtures.
Some Florida test methods on asphalt concrete qiadd compaction, maximum theoretical
specific gravity measurement, air void measurenard,sample preparations were used in
conjunction with the modified test procedure. Alpnenary experimental study (Task 2) was
then carried out to evaluate several Florida asphixtures using the overlay test in 2014.

Based on the preliminary study, a test plan wagld@ed, shown in Table 1.1, to
evaluate the crack resistance of common Floridhasmixtures. The number of mix designs to
be evaluated is indicated in the table. The test plas subsequently approved in a meeting held
on July 31, 2014, at the FDOT Central Office inldlahssee. The standard 0.025-inch opening
width, which is approximately equal to the displaeat experienced by Portland Cement
Concrete pavements undergoing 30°F changes in matg¢emperature, was used in the OT tests
throughout the laboratory evaluation phase. Intamdia lower maximum opening
displacement, 0.0125-inch, was tried out on one tyfgmixture (SP-12.5 with 20% RAP) to
determine the significance of displacement ratéhercracking performance of Florida asphalt
mixture. A total of 51 overlay specimens were teégte the Task 3 laboratory evaluation phase
of the project. A Task 3 Deliverable report sumrmag the laboratory OT test results with
preliminary analyses was submitted to the FDOTdlatse 14, 2015.

Subsequently, cracking performance of the typidatitfa asphalt mixtures was further
evaluated in the Task 4 analysis phase. Stalisditalysis of the laboratory test results was
performed to study the significance of test factors test results. The effects of material
characteristics, polymer modifier, RAP content, digplacement rate on the crack resistance of
Florida asphalt mixtures were further evaluatedugh comparative study. Fracture mechanics



analysis was also conducted to evaluate the fragxoperties of tested asphalt mixture based on
the OT results.

Table 1.1. Proposed Test Plan for Laboratory Evalugon using Overlay Tester

Binder PG 67-22 PG 76-22 (PMA)
Asphalt Mixture RAP
0, 0, 0, 0,
Content 0% 20% 0% 20%
1251 Granite 3 | 34| 3 3
mm
NMAS 9.5 Granite 0 0 1 1
mm
4.75 Granite 0 1 0 1
mm

*One type of mixture was tested with 0.0125-incleripg displacement (OD).
1.5 Organization of Report

This report summarizes the study to evaluate thekaesistance of Florida asphalt
mixtures using laboratory overlay test procedutes fieport is organized as follows:

Chapter 1 introduces the background, problemrsité objective, and scope of study.

Chapter 2 gives a comprehensive literature rewiewthe evaluation of reflective
cracking of asphalt mixtures. Mechanisms of reflectracking, crack models, and crack
resistance evaluation were reviewed based on @seardies performed by other researchers.

Chapter 3 introduces the development of the ldboraxperimental program. Detailed
testing methods and procedures are specified.

Chapter 4 presents the results from OT for thoeeces of granite aggregate, three levels
of gradation, two asphalt binders, and 0% or 20%°RAntent.

Chapter 5 analyzes the OT results in detail tduawa the effects of aggregate source,
gradation, asphalt binder, and RAP content on cresistance of asphalt mixtures. Fracture
mechanics analysis procedures are presented.

Chapter 6 summarizes the study. Conclusions asepted.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A comprehensive literature review was conductetherevaluation of reflective cracking
of asphalt mixtures. Mechanisms of reflective cragkcrack models, and crack resistance
evaluation was reviewed based on research studiésmed by other researchers. The ability of
OT for characterizing the cracking performancesghalt mixtures was methodically reviewed.
Available information, such as test proceduregjltesand findings, were collected and
examined. The variability and effects of differémttors on the OT, such as test setup, opening
width, sample thickness, asphalt binder, and RARert, were also evaluated. The following
sections provide an explanation of the basic mdshanand approaches used to evaluate the
cracking performance of asphalt mixtures.

2.2 Mechanism of Reflective Cracking

Reflective cracking occurs due to breaks or cracksderlying layers because of
movement at the original crack. At this locatioimesses concentrate and the crack propagates
and reflects to the pavement surface over time.cbinemon sources of reflective cracking could
be joints/cracks in rigid/flexible pavement, lowrtperature or shrinkage cracks in asphalt
pavements, longitudinal joint failures, fatigueaks, or subgrade shrinkage and subsidence over
culvert or other utilities. Although reflective ciles are generally not load induced, loading does
accelerate the rate and severity of deterioration.

The basic mechanism of reflective cracking is stcincentration in the overlay due to
the movement in the existing pavement at the \igiof joints/cracks. This movement may be
induced by bending or shearing action resultinghftcaffic loads or daily and seasonal
temperature change. A basic schematic is showiguré-2.1 (Nunn 1989). Mode 1 shows the
loading results from loads that are applied noryrtallthe crack plane (thermal and traffic
loading). Mode 2 shows the loading results fronplame shear loading, which leads to crack
faces sliding against each other normally to thelileg edge of the crack (traffic loading). Mode
3 shows the loading (tearing mode) results fromadtglane shear loading parallel to the crack
leading edge, while this tearing load is negligilslepavements. In fact, the majority of
reflective cracking is caused by the combinatioalbthese mechanisms. In addition, crack
initiation and propagation are also influenced theofactors such as the existing pavement’s
structural geometry and asphalt mixture overlagttree properties, specifically, the load transfer
efficiency at joints and cracks. Thus, the combaraof all these three mechanisms (bending,
shearing, and thermal) should be considered ingftective cracking study (Hu et al. 2010).
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Figure 2.1. Mechanism of Reflective Cracking (Nunri989

Reflective cracking is generally induced by tempeeavariation or traffic loadinc
There are two basic types of reflective crackihgria-induced reflective cracking and tra-
induced eflective cracking. The horizontal or vertical mowents of the underlying pavemer
which could be created by temperature variation,czuse reflective cracking. Asphalt mixti
can relax under slow moving conditions. Therefdeely temperature chaes have a far more
instrumental role to play in the performance ofredpmixture than seasonal temperat
changes. Tensile stresses are induced in the gwagtet above the joint when contraction occ
during nighttime or during a cooling cycle (Eifi and Bandaru 2011). Several research stu
were conducted to investigate the therinduced reflective cracking of asphalt overle
Minhoto et al. studied the influence of temperatumehe reflective cracking in a flexible ro
pavement through éhevaluation of the asphalt overlay damage assatiaith traffic anc
temperature variations throughout the course aa.\A thre-dimensional finite elemel
analysis was developed to simulate the asphaltayvbehavior considering the simultane:
loading of traffic and temperature variation. Thalgsis found that climatic temperatt
variations in pavements lead to an increase ofdfiective cracking phenomenon due to
stress and strain states created by temperatstdting in the premare distress of the asph
overlay (Minhoto et al. 2008). A thermal reflectiacking mechanism, which is from Hv
mixture tests and fracture model, was developeDde and Buttlar (Dave and Buttlar 201
The curling of Portland Cement Concrete (Ptslabs due to temperature differential and j
opening caused by pavement cooling was found twibtieal in the initiation of therme
reflective cracking. This effect is greatly minirazor eliminated in the case of pavenr
rubblization.

Traffic loadings are not significant in initiating reflectieeacking, but they worsen ti
pavement damage by accelerating the cracks thatitieged by thermal stress. Traffic loadi
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causes the opening and shearing actions at tloé @igrack in an overlay placed on a cracked
pavement. It also creates vertical movement in B@@s due to poor load transfer efficiency at
the joints. These movements create bending andéar stress underneath the asphalt overlay at
the location of joints, which in the course of tinedlects to the surface (Bennert et al. 2009).
Recently, a neural network methodology has beed tssmodel the cracks as they grow upward
through an HMA overlay as a result of both load #retmal effects, which can be used to
efficiently predict a 20-year reflection crackinfyeotypical overlay (Ceylan et al. 2011).

2.3 Cracking Models

Various models have been developed to analyzeedligirreflective cracking (Owusu-
Antwi et al. 1998, Sousa et al. 2002, Sousa &04l5, and Tsai et al. 2010). An empirical model
is used in the Mechanistic-Empirical Design Guis=PDG) under the National Highway
Cooperative Research Program (NCHRP) Project 1{BIHRP 2004). Some extended multi-
layer linear elastic models and equilibrium equati@sed models were also developed (Van
Gurp and Molenaar 1989, Treybig et al. 1977, aretiSet al. 1985). Due to the simplicity of
these models, they cannot be used to accuratelyaiethe reflective cracking phenomenon. In
recent years, with the application of computer tetbgy, some advanced mechanistic-based
models were developed to simulate the reflectiaelding behavior. These models include
traditional fatigue model with finite element ansil; Paris’ law-based fracture mechanics
model, cohesive cracking/zone model, and non-locatinuum damage model (Zhou et al.
2009). Some commonly used reflective cracking nodet discussed below.

2.3.1 Traditional Fatigue Equation Model

The traditional fatigue equation model has beep@sed since the 1980s. A
comprehensive review was made by Monismith and Zeetwhich recommend the use of
reflective cracking from finite element analysi€@) to examine the strain state of a HMA
overlay around the crack in the existing pavembBtanismith and Coetzee 1980). The computed
strain can then be used with standard fatigue arsahgethods to predict the HMA overlay life.
This approach was improved by using the criticah\Wtises strain instead of tensile strain at the
crack tip (Sousa et al. 2002). A statistical moda$ developed to evaluate the critical Von
Mises strain.

It should be noted that crack propagation was apsiclered in this model. To improve
this, an M-E design procedure to mitigate refleetivacking was proposed (Wu 2005). A
general design flowchart is shown in Figure 2.2e€hmodels are included in this design
procedure: 1) the statistical critical strain mo@lthe regression model that links the initial
conditions of a HMA overlay to its crack throughmg; 3) the model for calculating the shift
factor accounting for traffic wander, aging, etcshould be noted that the second model requires
the use of the first model as well as the collecbbdamage evolution law parameters for typical
HMA mixes and running FE simulations with non-locahtinuum damage mechanics model for
thousands of overlay structures. The third modgliires the use of the previous two models, as
well as collecting extensive field performance d&ace the procedure requires a lot of field



data collection work, the researchers just finisest@dblishing the first statistical critical strain
model. Significant work is still needed to devetbs M-E design procedure.
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Figure 2.2. Overlay M-E Design Flowchart

2.3.2 Cohesive Crack/Zone Model

The Cohesive Zone Model (CZM) was introduced by d@alg (Dugdale 1960) and
Barenblatt (Barenblatt 1962), and is one of thetmuzdern evolutions in the area of fracture
mechanics in which fracture formation is regarded gradual phenomenon. In CZM, the
separation of the surfaces involving in the craies place across an extended crack tip, or
cohesive zone, and is resisted by cohesive tractldMA fracture is also a complex
phenomenon due to the fact that there is a strammhinear fracture process zone around the
crack tip in the HMA concrete. CZM has been useddsgarchers to investigate the fracture of
asphalt concrete pavement. The CZM provides a ctatipoally efficient way to simulate
damage occurring in a process zone located aheadrafk tip, as shown in Figure 2.3.
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Figure 2.3. lllustration of Cohesive Zone Model (Sag et al. 2006)

Jeng and Perng developed a CZM model for asphattrete mixtures, which consider
the material beyond the cohesive zone linear elabtie parameters of the model at different
temperatures were determined by Indirect Tensitt &ed Single-Edge notched Beam test. The
model was used to simulate the low temperatureura®f asphalt overlay on old PCC road
(Jenqg and Perng 1991). Soares et al. applied tiv €anstitutive relation to investigate the
crack propagation of IDT specimen in Superpavegutsj(Soares et al. 2003). It was found that
the crack propagation behavior was independerdgropérature and loading rate. Asphalt
mixture was considered a two-phase material: gravelasphalt, which were considered to be
linear elastic materials. Paulino et al. proposed#insic cohesive model based on the energy
potential approach (Paulino et al. 2004). In thaxlel, the material out of the cohesive zone was
considered linear elastic, and crack propagatidraer had nothing to do with temperature and
loading rate. Through IDT and SEB (Single Edge NettBeam) tests, the strength and
cohesive energy of the material were attained.cFaek propagation of the IDT specimen was
simulated using a finite element program with theameters validated by SEB test. A potential-
based cohesive zone model was developed and impledhesing ABAQUS software and was
subsequently employed to simulate crack propagafiserved in asphalt concrete laboratory
fracture tests conducted with an SEB apparatusg®oal. 2006). Mixed-mode crack
propagation simulation was performed using thebcaled cohesive parameters. The crack
trajectory predicted by the numerical simulatiorsM@und to compare favorably to experimental
results. Li and Niu investigated the cracks produoyg abrupt temperature drop using CZM to
simulate the fracture part of AC combined with welastic constitutive model (Li and Niu
2013). The Thermal Stress Restrained Specimen(TB&RST) was selected to verify the CZM
model. Through parameter sensitivity analysis,as\iound that the relaxation of asphalt
concrete (AC) materials retards the fracture prapedlhe modulus and Poisson’s ratio are the
key parameters to avoid crack during abrupt tentperalropping.

However, the application of cohesive zone modéIMA is still in preliminary stage.
Most of the models only applied the CZM to crackimglier monotonic loading. The effect of
temperature and loading rate were not consideréfiese models. Therefore, additional material
parameters describing damage accumulation undeadinly and reloading cycles are needed to
extend the CZM to repeated loading and crack prag@ag In general, the CZM is still in its



infancy and not readily applicable for routine HM&erlay designs and analyses (Zhou et al.
2010).

2.3.3 Paris’ Law-Based Fracture Mechanics Model

Fracture mechanics plays an important role in thdysof the propagation of cracks in
materials. There are two alternative approachéstbure analysis: the energy criterion and the
stress-intensity approach, while these two appmeseahne equivalent in certain circumstances
(Anderson, 2005). A schematic of stresses nedighad a crack in an elastic material is shown
in Figure 2.4.
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Figure 2.4. lllustration of Stress Intensity Factor(Anderson 2005)

The stress intensity factor (SIF), K, is used tedict the stress state near the tip of a
crack caused by a remote load or residual streShesnagnitude of SIF depends on sample
geometry, the size and location of the crack, aeddistribution of loads on the material. A
theoretical approach of edge crack in a plate undexxial stress, see in Figure 2.5, can be
described as:

K, = aﬁ{mz— 02'{%) 10.6(%j2 - 217(%)3 4 30.4(%)4} (2.1)

where K, = stress intensity factor under opening crack
a = crack length
b = thickness of plate
o = applied stress
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Figure 2.5. 2-D Edge Crack in a Finite Plate undetniaxial Stress ( from
https://en.wikipedia.org/wiki/Stress_intensity facbr)

The rate of cracking can be correlated with fraztmechanics parameters such as the
stress intensity factor. A widely used model talgtarack growth in materials is the Paris’ law-
based fracture mechanics model (Paris and Erdd@@d)1Paris’ law is the key concept in
fracture mechanics for modeling crack propaga@gsshown in Equation (2.2).

dc _ n
= ATK) 2.2)

where c = crack length

N = number of loading cycles

A andn = fracture properties of the asphalt mixture

AK = stress intensity factor (SIF) amplitude
The key for using Paris’ Law is to establish a denpay to calculate the SIF under various loads
to practically determine material fracture propestiThe use of Paris’ Law to describe the crack
growth process in viscoelastic materials, suchspbalt mixtures, has been theoretically justified
by Schapery (Schapery 1973). It was found thaPimes’ Law based cracking model can
successfully predict the reflective cracking bebawaf asphalt mixture overlays (Owusu-Antwi
et al. 1998, Al-Qadi et al. 2004, Zhou et al. 2008ylan et al. 2011).

2.3.4 Reflective Cracking Model by TTI

Comparing the models proposed to study the réfleecracking of asphalt concrete
mixture, a suitable choice at present is the Pagwi-based fracture mechanics model because
the development of the other models has not beempleted yet. Based on Paris’ Law, a
reflective cracking model was proposed by TTI (Zlebal. 2009). Since crack propagation can
be caused by bending, shearing and thermal loatliegyeneral crack propagation model can be
written as the combination of these loading medrasi

AC = klA(Kbending) AN| + kZA(Kshearing) ANl + k:S'A‘(Kthermal)n (23)
where AC = daily crack length increment
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AN = daily load repetitions
Kbending Kshearing Kihermai= SIFs caused by bending, shearing, and therradirigs
ki, ko, ks = calibration factors

The reflective cracking damage can be calculatetyusquation (2.4)

D= AC/h (2.4)

where D = damage ratio
h = overlay thickness

p¥e:
= total crack length
A sigmoidal model shown in Equation 2.5 is useddscribe the development of the reflective
cracking amount:

10C
RCR= ]_-I-GW (25)

where RCR= reflective cracking rate (%)

C; =-7.0 from empirical analysis (Zhou et al. 2009)

D = damage ratio
Therefore, the two key issues of the proposedatifle cracking models are how to quickly
compute the SIFs under various traffic and thedowds, and to practically determine the HMA
fracture properties (A and n) (Zhou et al. 20050kt al. 2010). Currently, a semi-analytical
FE method-based crack propagation program n&#e@rackProwvas developed by TTI for SIF
computation (Zhou et al. 201@A-CrackPras essentially a 2-D SIF calculation program that
incorporates a Semi-Analytical method to provide ¢dame satisfactory computations and results
as a 3-D FE program at a much faster speed andwuth fewer computer resource
requirements. With known SIK] and crack growth ratel¢/dN) from laboratory testing, the
fracture propertiesA and r) can be readily determined.

2.4 Crack Resistance Evaluation

Numerous studies have attempted to reduce or presfbective cracking of asphalt
mixture overlays by increasing the thickness ofagghalt mixture overlay, the use of stress-
absorbing membranes between layers, the use of it geotextile membranes, and fracturing
of the existing concrete slabs. Crack resistanea isnportant parameter to be considered
because to perform well in the field, an asphadtrtay must have a good balance of both rut and
crack resistance properties. Stiffer binders aratiggtone-to-stone contact may provide
improved rut resistance, but they may also redugelexibility and crack resistance. In order to
characterize the crack resistance of asphalt n@giut is crucial to simulate the horizontal
opening and closing of subsurface joints or crgZk®u and Scullion 2003). In recent years,
many research efforts were conducted to evaluateettective cracking performance of asphalt
mixtures. Field and laboratory studies were evaldian the highways in both New Jersey and
Massachusetts (Bennert and Maher 2008, Benndit20@0). Extensive field-testing including
falling weight deflectometer and weigh-in-motiomsers were used. The results illustrated the
benefit of using a reflective crack relief integmyRCRI) to minimize reflective cracking
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potential. A study of reflective cracking of aspghalerlays that are used in conjunction with
interlayer systems for reflective-crack control vedso completed in Illinois (Kim et al. 2009).
Visual field crack surveys and a series of advarnakdratory tests were conducted. Thermal
reflective cracking mechanisms were also studi@agugcently developed HMA tests and
fracture models (Dave and Buttlar 2010). A serieBEbased pavement simulations were
performed in an effort to better understand themagéctive cracking mechanisms as a function
of several key material and pavement structureabées. The effect of density on fatigue
cracking and rutting performance of hot mix asphaktures was also evaluated by Mogawer et
al. (Mogawer et al. 2011). The testing analysis MfPDG predictions indicated that higher
density specimens yielded improved fatigue andngipperformance.

The IDT test is used extensively by Florida highvaayg other agencies for routine tests.
The test is usually conducted on cylindrical sperimsubjected to a compressive load along two
opposite generators resulting in a relatively umfdensile stress acting perpendicular to and
along the diametral plane (Ping and Xiao 2009). fEsdient modulus (M) of asphalt mixtures
can be determined by the dynamic load and defoomatvhich has been used in the AASHTO
Design Guide (AASHTO 1993). The test is defineé &oque and Buttlar developed a
measurement and analysis system to determine aspléalre properties, primarily thermal
cracking, using the indirect tensile testing mddedque and Buttlar 1992). Further modifications
and improvements on the Strategic Highway Resdaregram (SHRP) IDT system for
characterizing relevant asphalt mixture propesiese then made (Roque et al. 1997). Recently,
a research study was conducted to evaluate theeifeggroperties of hot mix asphalt mixture and
to study the correlation between the dynamic masitést and the IDT test for Superpave
mixtures (Ping and Xiao 2009). The effects of aggte type, aggregate gradation, and polymer
modifier on fracture properties of asphalt concredee evaluated.

The test is defined as a repetitive 0.1 seconérsawe load followed by a 0.9 second rest
period, continued at 1.0 Hz intervals. The prepametimens were placed in a controlled
temperature chamber to the specified test temperaBimilar to the splitting tensile test of PCC
specimen, the IDT specimen was placed into thaengaapparatus and the loading strips were
positioned to be parallel and centered on theaadrdiametral plane (Figure 2.6). The specimen
was preconditioned by applying a repeated havewsingher suitable waveform load without
impact for a minimum period sufficient to obtainifenm deformation readout. Resilient
modulus evaluation will usually include tests atthtemperatures at one or more loading
frequencies. The horizontal and vertical deformeiovere continuously monitored during the
test.

Several comparative laboratory tests were condunt@&éxas to evaluate hot mix asphalt
concrete crack resistance (Jamison 2010, Walub#dh 2013). The tests used to evaluate asphalt
mixture cracking included 1) the standard repeatestlay test (O%) and monotonic loading
overlay test (OW); 2) the monotonic indirect diametral test (IDdarepeated loading indirect
diametral test (R-IDT); 3) the monotonic semi-clestbending test (SCB) and repeated SCB (R-
SCB) test; 4) the monotonic direct tension test)BAd repeated loading DT (R-DT) test; 5) the
disk-shaped compaction tension test (DSCTT).
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A comparison of these test protocols are listefable 2.1. It was found that the IDT and
the R-IDT tests have the easiest specimen prepardtillowed by the Of and the O, tests.
On the other hand, the SCB, R-SCB, and DSCTT tegqtsre complicated specimen preparation
procedures involving notching of the specimen. Diieand R-DT test setup process requires
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gluing end plates to the specimen ends that angmattached to the MTS (Material Testing

System) hydraulic system. This is a very criticagess for this test and it requires meticulous
work to ensure reliable results. Gluing time caodle a hindrance to testing efficiency, as the
process usually requires 24 hours for curing. it &izo be found that most tests are displacement

controlled, except for R-IDT and R-SCB tests, whach load-controlled. The complicated
loading configurations for these two tests pretkam from being run in a displacement
controlled mode (Walubita et al. 2013).

Table 2.1. Crack Resistance Evaluation Test Protot(Jamison 2010, Walubita et al. 2013)

Test Gluing Notching | External | Loading Parameters Output
/Curing | /Drilling LVDT Data
OTr Yes No optional Repeated tension loading Peak load
(>12 hrs) Displacement controlled Number of
Maximum opening = 0.025” | cycles to
Load frequency = 10 s/cycle | failure
Temperature = PF
Test time: up to 3 hrs
OTwm Yes No optional Monotonic tension loading Pmax Ot, &,
(>12 hrs) Displacement controlled E;, G(FE),
Load rate = 0.125 inch/min FE Index
Temperature = PF
Test time:< 10 min
IDT No No required Monotonic compressive loadinBmax o, &,
Displacement controlled E:, G(FE),
Load rate = 2 inch/min FE Index
Temperature = 7PF
Test time:< 10 min
R-IDT | No No required Repeated compressive loadingycles
Load controlled Cycle Index
Load = 25% IDT peak load
Load frequency = 1.0 Hz
Temperature = PF
Test time: up to 3 hrs
SCB No Yes optional Monotonic compressive loadjMnax o, &,
Displacement controlled E., G(FE),
Load rate = 0.05 inch/min FE Index
Temperature = PF
Test time:< 10 min
R-SCB| No Yes optional Repeated compressive loadinGycles
Load controlled Cycle Index

Load = 50% SCB peak load
Load frequency = 1.0 Hz
Temperature = 7F

Test time: up to 3 hrs
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Table 2.1. Crack Resistance Evaluation Test Prototo- Continued

Test Gluing Notching | External | Loading Parameters Output
/Curing | /Drilling LVDT Data

DT Yes No required | Monotonic tension loading | Pmax o, &,
(>24 hrs) Displacement controlled E., G(FE),

Load rate = 0.05 inch/min FE Index
Temperature = 7PF
Test time:< 10 min

R-DT Yes No required | Repeated tension loading | Peak load
(>24 hrs) Displacement controlled Number of
Input strain =35% DT strain | cycles to
Load frequency = 1.0 Hz failure

Temperature = 7F
Test time: up to 3 hrs
DSCTT | No Yes required | Monotonic tension loading | Pmax o, &,
Displacement controlled E., G(FE),
Load rate = 0.04 inch/min FE Index
Temperature = FPF
Test time:< 10 min
*Pmax = maximum peak loady; = tensile strengthgs = tensile strain at peak failure mode,=£
tensile modulus, §FE) = fracture energy, FE Index = fracture enanglex.

A comparative study based on the test setup, Igacbnfigurations, and failure modes
was conducted (Walubita et al. 2013). It was ob=gthat the Oy and Ok tests are simple
testing considering loading configurations and all¢est setup. The monotonic loading tests
(IDT and SCB) are simpler than their repeated logdests (R-IDT and R-SCB). On the other
hand, the R-IDT and the R-SCB tests involve conapdid testing procedures using the Material
Testing System (MTS) machine setup to accomplishrépeated loading mode and require
skilled technicians. The remaining tests, DT, R-Biid DSCTT, are also complicated test
procedures requiring the MTS and skillful handlitrgterms of failure modes, all the tests are
aimed at cracking the specimen through applicatidnad or displacement. Ideally, the failure
should occur in a single crack path. However, ms@ases, multiple cracking could be
observed.

Test repeatability of OT, IDT, and SCB tests wdrstadied by TTI. Both the monotonic
and repeated loading tests were conducted. Sis typasphalt concrete mixtures were used in
this study. Each type of specimen was tested timress for each type of test, respectively. It
could be found that among the monotonic loadintsiese OT, and IDT are much more
repeatable than the SCB. In the case of repeadelihip tests, the Gilis the most repeatable test
compared to the R-IDT and the R-SCB.

A comparative evaluation of the crack test metheee conducted and correlated with
field data. Based on this comparative evaluaticeraaking test ranking, practicality, and
implementation was proposed by TTI (Jamison 2018luWita et al. 2013). It was found that the
repeated loading overlay test exhibited statisgogleriority in terms of repeatability, variability
potential to differentiate and screen mixes, amssisi@ity to changes in asphalt content
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variations compared to the other repeated loadiagkdests (R-IDT and R-SCB). Although the
test results were unreliably variable when congidethe coarse-grade mixes, thefOT
tentatively qualifies to be used as a routine ctaskfor HMA mix-designs and screening
purposes, subject to improving the test procediine.OTy and IDT, through the use of the FE
index concept, exhibited promising potential batharms of repeatability and mix screening
capabilities. Due to the cost-effectiveness oféhtests, the Qf and/or IDT test methods can be
conducted as supplementary tests to thg 83t method. However, validation with field data
still remains one of the key challenges. Therefpegformance monitoring of field test sections
should be continued so as to validate these cesthriethods and develop some screening
criteria.

2.5 Overlay Test

2.5.1 Introduction

The first asphalt overlay tester was developedlain 1970’s (Germann and Lytton
1979). Recently, the overlay test procedure has begely used by other researchers (Chen
2007, Zhou et al. 2007, Hu et al. 2011, Mogawexl.€2011, Walubita et al. 2011, Walubita et al.
2013). It has been found that the asphalt ovedatet is an efficient test method used to evaluate
the crack resistance of asphalt mixtures. Condidienaork has been done to evaluate the crack
performance of asphalt mixtures in Texas and saimer gtates. A test procedure (Tex-248-F) to
evaluate the asphalt mixtures using OT was devdlapd being updated in Texas (TxDOT
2014), which provided a baseline test protocoldiduict the OT test in the other states. There
were two overlay testers at TTI: one is a smallriayetester for a specimen size of 15 inches
long by 3 inches wide with variable height; theestls a large overlay tester for a larger size
specimen of 20 inches long by 6 inches wide withade height. The limitation with these
overlay testers was that long beam samples wetgareek which are relatively difficult to
fabricate in the laboratory and more difficult tetdrom the field. To develop the overlay test
concept into a practical laboratory test for roatpavement design, an upgraded TTI overlay
tester was developed with the goal of being abtesbsamples that could be easily fabricated in
the lab using a gyratory compactor or obtained febamdard field cores.

The schematic of the upgraded overlay tester apmamshown in Figure 2.7 (Zhou and
Scullion 2003). This overlay tester is a computartmlled electrohydraulic system that applies
repeated direct tension load to HMA specimensofiisests of two steel plates, one fixed and the
other movable horizontally to simulate the operand closing of joints or cracks in the old
pavements beneath an overlay. The specimen siZ®isnm (6 in.) long by 75 mm (3 in.) wide
with a height of 38 mm (1.5 in.), which can be iigafhbricated from Superpave Gyratory
Compactor (SGC) or cut from field cores to makedherlay tester more practical and easier to
use. The specimen size was determined based dactitbat both 2-inch-thick asphalt overlays
and 6-inch diameter core drills have been usedwtdé in Texas. From 2-inch-thick field cores,
it is easy to get a 1.5-inch high overlay testerxcgpen after trimming the tack coat layer and
underseal. Furthermore, the 3-D finite element @ogwas used to analyze the stress
distribution of different sizes of specimens. Aswh in Figure 2.8, the main tensile stress of
asphalt concrete is limited to the middle 2.5-ipoition of the specimen. Therefore, it is
reasonable to use a 6-inch-long specimen in th¢Zbdu and Scullion 2005).
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Figure 2.7. Schematic of Overlay Tester ApparatusZhou et al. 2003)
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Figure 2.8. lllustration of Tensile Stress Distribdion of AC under 0.015 in Opening (Zhou
and Scullion 2005)

The overlay test can be conducted in controllegldcement mode under the following
conditions: 1) temperature: 0 — 25 °C (32 — 77 Zyppening displacement: 0 — 2 mm (0 — 0.08
in.); 3) loading rate: 10 min. per cycle — 1 secpedcycle. The loading is applied in a cyclic
triangular waveform with constant magnitude. Tleist imethod measures the number of cycles
to failure. A typical overlay tester result is shoim Figure 2.9 (Zhou and Scullion 2003). The
load, displacement, and temperature are recordegréflection cracking life of the asphalt
mixture can be determined based on the recordelihigp@aata. Fracture properties of the asphalt
mixture can also be evaluated in the overlay tgs#recent test procedure Tex-248-F was
introduced by the Texas Department of TranspongflxDOT) for the standard overlay test
(TxDOT 2009). The test procedure specifies thatiesity of the trimmed test specimen must
be 93 + 1%. The specimen diameter must be 6 #0.4nd the height of the test specimen
should be 1.5 £ 0.02 in. The sliding block apptession in a cyclic triangular waveform to a
constant maximum displacement of 0.025 inches. dimisunt of movement is approximately
equal to the displacement experienced by PCC pavemnelergoing 3 changes in pavement
temperature with a 15 feet joint or crack spacifigolu and Scullion 2003). The sliding block
reaches the maximum displacement and then retaiitssinitial position in 10 seconds. Testing
is performed at a constant temperature of 7#+1
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Figure 2.9. Typical Overlay Tester Result (Zhou eél. 2003)

Similar to the traditional bending beam fatigue,tdse percentage drop in applied load
was used to define specimen failure in overlayrigsBased on extensive overlay testing, the
researchers recommend that failure is definedeasyble number where the load to crack the
sample is less than or equal to 7 percent of theé toeasured in the first cycle (93% load
reduction). This is the point at which the researsttonsider that the specimen is completely
fractured (Hu et al. 2008, Walubita et al. 2012)efefore, the new OT machines are able to stop
the test within two criteria: 1) the machine wilitamatically stop running if it reaches the
maximum number of cycles set by the user; 2) wherapplied load is measured to be equal to
or less than 7 percent of the maximum load of itts¢ ¢ycle, the OT machine will automatically
terminate the test. If the test is stopped at tgimum number of cycles, the number of cycles
to failure can be obtained through regression aimbyf the load curve. A sample of
interpretation of the OT results is shown in FigRre0.
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Figure 2.10. OT Interpretation of the Results (Wallita et al. 2012)
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2.5.2 Applicability of Overlay Tester

The repeatability of overlay test was validateahgsSixDOT Type D mixtures with
PG64-22 asphalt binder. Six identical specimengwelected for each mixture. It was found
that the average reflective cracking life for Typenixtures is 140 cycles. The corresponding
standard deviation and coefficient of variation Ate7 and 8.3%, respectively. Generally
speaking, the coefficient of variation of asphaittore is around 10 to 25 percent. These results
indicate that the overlay testing is repeatableseBeon this repeatability of test results, the
relationship between the number of specimens andphcified tolerance was evaluated.
Statistical analysis was conducted to find the iregnumber of specimens. It was found that
the average reflective cracking life of two speaisigor Type D mix, was within £12% of the
average reflective cracking life of asphalt mixtwi¢h 95 percent reliability. Therefore, it was
recommended that three replicates are needed tngator of less than 10 percent for each type
of specimen (Zhou and Scullion 2005).

An OT based fatigue crack prediction approach veasigd with field performance data
collected from Federal Highway Administration’s A&terated Loading Facility (FHWA-ALF)
test program (Zhou et al. 2007). The proposed ampravas successfully verified by analyzing
five FHWA-ALF fatigue test lanes. Compared to thERDG model, the calibrated cracking
model from the OT has a better agreement with bisewed field results. Distinct from the
traditional fatigue models focusing on crack irtiba, the proposed approach considers both
crack initiation and propagation. The ranking af gredicted fatigue life for ALF test lanes has
very good agreement with measured fatigue perfocadata under the ALF loading. Case
studies indicated the significance of crack propiageon the observed fatigue life.

The National Center for Asphalt Technology (NCATScacalibrated the fatigue cracking
model by using measured fatigue cracking data sewen test sections of the 2006 test cycle at
the NCAT Pavement Test Track preliminarily. Thea talibrated model was further validated
by using the fatigue cracking data of two sectiohthe 2003 test cycle at the NCAT Pavement
Test Track (Hu et al. 2012). It was found that@iE-based fatigue cracking prediction approach
is a rational choice for modeling fatigue crackdeyelopment. The main features of the
proposed OT-based fatigue cracking model inclufienrporation of both crack initiation and
crack propagation stages; (b) involving fractureparties of every asphalt layer, if the flexible
pavement has multiple asphalt layers and each ragegrial is different; (c) use of a simple OT
for determining the fracture properties. Howevariifer model validation and calibration with
additional independent field data, varied traftiad spectrums, different environmental
conditions, and different materials are still reqdi

2.5.3 Evaluation of Material Properties

The sensitivity and effects of material propertésisphalt mixtures in OT have been
evaluated in TTI since the 2000s (Zhou et al. 2@®u et al. 2005, and Walubita et al. 2012).
Influences of asphalt content, asphalt performamade, air void, RAP, etc. on cracking life
were investigated. In general, it was found thatréflective cracking life of asphalt mixtures
will decrease with an increase of the performaneee of the asphalt binder. Increasing the
asphalt content and decreasing performance gr&slehiRder grades will significantly improve
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the reflective crack resistance of the asphalt uneéd. However, the influence of air void should
be treated case by case.

2.5.3.1 Air Void Content

The standard test procedure Tex-248-F specifieaithaid content of the test specimen
is 7 £ 1 percent. Due to the heterogeneous nafufediMA, sometimes it becomes difficult to
maintain 100 percent uniformity in the specimenvaids, which is crucial to the properties of
HMA mixtures. Influence of air voids on the OT réisdor Texas Type D was studied (Zhou and
Scullion 2005). In this case, a high air void comtghowed better reflective crack resistance.
Researchers found that one possible explanatibraiseducing air void content made the
specimen denser and stronger, which made the spediave higher stiffness, and high strength
as well. It is understood that specimens with Hstitiness are good to resist rutting. However,
thermal cracking simulated by the OT is a differgcgnario. If temperature drop is kept
constant, the more dense mixture with higher maglulili suffer a higher thermal stress.
Inversely, although its strength is lower, the thak stress induced within a specimen with
higher air void content will be lower, too. Whetloemot a specimen with lower air void content
is resistant to thermal cracking depends on bethtitfness and strength. Therefore the
researchers did not make a conclusion regardintntheence of air void content on thermal
cracking. Recently, Walubita et al. conducted adwtwy testing OT samples at different air void
ranges for three types of mixtures (Walubita e@ll2). It was found that there is not a direct
trend of the effect of air void content on the eeflve cracking life of HMA mixtures. However,
it is evident that the test results are most regi#atwhen the air void content ranges from 6.5 %
to 7.5%. Therefore, they confirmed the use of 7pefcent air void content of HMA mixtures
during the OT for practicality purposes.

2.5.3.2 Asphalt Binder

The influence of variable asphalt content on otile cracking life was also investigated
(Zhou and Scullion 2005). The three asphalt costaséd were 4.2, 5.1 (optimum), and 6.1
percent, respectively. The OT was conducted % @id 0.025 opening displacement. PG64-22
asphalt binder was used in the three replicateisees. It was found that the reflective cracking
life of the asphalt mixtures significantly incredseith the increase of asphalt content. With the
increasing asphalt binder content, the HMA mixtudkshave a better resistance in reflective
cracking.

Influence of PG of asphalt binder on reflectivaaking life of asphalt mixtures was
studied too (Zhou and Scullion 2005). It was shaokat the reflective cracking lives of the
asphalt mixtures generally decrease with the irseréaperformance grade of asphalt binder
used at high temperature. When increased from aff83 to 76, the reflective cracking life
dropped from 90 to 32. This indicates that, as etquk the stiffer the asphalt binder, the poorer
its reflective crack resistance.

2.5.3.3 Reclaimed Asphalt Pavement (RAP) MatemiMixture

Recently, due to the significant use of RAP in hx-asphalt, the evaluation of crack
resistance of mixtures with high RAP content hasobee necessary. To better understand the
AC overlay’s behavior, the Texas SPS-5 sections fiftte Long-Term Pavement Performance
program were investigated (Chen and Hong 2010). HitA 700 or more cycles to failure at 25
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°C is classified as an excellent material to resifiective cracking. Field cores from three virgin
AC sections and three RAP sections were evaluatedging overlay tester. The test specimens
for the OT were 6 inches long, 3 inches wide, amtBes high, and were cut from the 6-inch
diameter field cores collected in October 2008.ré&jults showed that all cores from three virgin
AC sections exceeded 2000 cycles. However, theedllts from the three RAP sections lasted
414, 8, and 6 cycles, respectively. Although thePRs&ctions had low OT results, they have
performed satisfactorily for over 17 years. The ®3ults ranked the AC overlay well with the
field performance data, as cores from the virging&Ctions have a significantly higher number
of cycles to failure than those from the RAP setio

Vabhidi et al. studied the effects of ground tirblvar (GTR) and treated ground tire
rubber (TGTR) on asphalt binder and high-RAP miesuising the overlay test in Massachusetts
(Vahidi et al. 2014). A standard 0.025 inch operdigplacement was used throughout the study.
It can be found that OT cycles decreased signifigavith the GTR/TGTR and RAP materials
added into the mixture. Reflective Cracking Resslittsw that incorporating RAP and rubber
made the mixtures more prone to reflective cracking

It could be found that very stiff asphalt mixtufes., high RAP mixtures) might fail in a
low number of cycles with an opening width of 0.0250n the other hand, the 0.025 in.
opening displacement was derived undéF3faily temperature variation in Texas. The
mixtures used in other states might experiencefit climatic conditions. Therefore, the
maximum opening displacement may need to be vasisdnulate conditions. NCAT studied
the resistance of five mixtures both with and withRAP content to reflective cracking using
the Tex-248-F test procedure, except that the maxirdisplacement was 0.013 in. instead of
0.025 in. (Tran et al. 2012 and Willis et al. 2Q1Byas found that the virgin mix had the
highest average number of cycles to failure antttieresult was statistically different from
those of the recycled mixes. Among the recycledimes, the 20% RAP plus 5% RAS mix with
rejuvenator had the highest average number of syoléailure, followed by 50% RAP mix with
rejuvenator, 20% RAP plus 5% RAS mix, and 50% RA, imowever, the differences in the
number of cycles to failure among the recycled mmwere not statistically significant (Tran et
al. 2012).

NCAT also studied RAP mixtures using the overlastdeto determine the optimal way
to improve the durability of RAP mixtures. OT resubf asphalt mixtures with 10%, 25%, and
50% RAP were evaluated, respectively. It was founad increasing the RAP content beyond 10
percent drastically decreased the cycles to failuthis extremely high-strain test. Incorporating
warm mixture asphalt (WMA) technology in the mixéurad minimal effect on the mixture
performance. A softer binder can improve the pentorce of mixtures more than WMA (Willis
et al. 2013).

Kodippily et al. studied the performance of recycésphalt pavement mixes in New
Zealand (Kodippily et al. 2014). Samples were pregpdrom three mixes containing 15% RAP,
30% RAP, and a control mix. It can be found thatakerlay test cycles reached in the 15%
RAP mix were similar to the virgin HMA mix, where the 15% RAP mix all three samples
reached close to 1200 loading cycles. In conttastsamples from the 30% RAP mix reached
significantly lower number of cycles in comparidorthe other two mixes, which is
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approximately only 35% of the loading cycles reachg the virgin HMA mix. It was found that
lower quantities of RAP, such as 10%-15%, had caaipea cracking susceptibilities to virgin
asphalt mixes, while the addition of higher quaediof RAP increased the likelihood of
reflective cracking.

Zhou et al. analyzed RAP/RAS mix design and peréoroe including field performance
of a variety of RAP/RAS test sections around Tedmu et al. 2013). It was found that
RAP/RAS mixes can have better or similar perforneathan virgin mixes if they are well
designed with balancing both rutting/moisture daenaigd cracking requirements. The test
results indicated that the use of soft and modifighalt binder can effectively improve crack
resistance of RAP/RAS mixes without sacrificing fmuatting/moisture damage resistance.

2.5.4 Evaluation of Test Factors

The sensitivity and effects of testing factors eéiday testing have been evaluated in TTI
since the 2000s (Zhou et al. 2003, Zhou et al. 2808 Walubita et al. 2012). Influences of test
setup, test temperature, opening displacementoetcracking life were investigated. In general,
it was found that the reflective cracking life aiphalt mixtures will decrease with an increase of
the opening displacement, or a decrease of thegeanype.

2.5.4.1 Number of Sample Replicates

Testing the appropriate number of replicate specsie critical to ensure the correct
statistical characterization of the HMA crackingistance potential from the OT. As mentioned
in the previous chapter, current OT specificatiequires three replicate specimens during the
test. Based on a statistical analysis, testingetiaenples could yield an error of less than 10
percent. However, unusual failing patterns havenlvédely observed for one of the three
specimens, resulting in a number of failure cythed is significantly different from the other
two replicates. Therefore, options for testing mbian three replicate samples were explored
(Walubita et al. 2012). Five replicate samples wested for three different mix types, namely
Type C, Type D, and CAM, from five different profjecDuring the analysis, one or two
samples, which were outliers, were discarded. & slewn that all five samples have a very
high degree of variability. Repeatability kept amprroving as fewer replicate samples were
picked from the five available replicates. Howeveis very risky to pick only two out of five
replicates, since one could be statistically uresgntative of the “true” reflective cracking life
of the mix. Also, discarding three samples is ustigrdably wasteful and impractical. It could
be determined that most of the mixes are withiraiteeptable limit of variability (COV<30%)
when the best three samples are considered, whalso practical. Therefore, it was
recommended that five or four replicate sampletebted, and then; the three replicate samples
that yield the lowest COV should be reported (Wahubt al. 2012).

2.5.4.2 Temperature

A preliminary study was conducted to study thecfté temperature on the reflective
cracking life of HMA mixtures (Zhou and Scullion@®). A PG76-22 Styrene-Butadiene-
Styrene (SBS) modified binder was used to molddextical specimens with air void content of
4 percent. Overlay testing was conducted at twegegatures: 7°F and 56F. It was found that
the overlay testing is sensitive to the temperatupgvering the temperature will significantly
decrease the reflective cracking life of asphaktores. Therefore, the standard test procedure
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specifies that the test should be conducted anpeeature of 77 +°F. To attain this
temperature, the specimens are conditioned in pgeature controlled room for about 24 hours.

To study the effects of temperature on the vaiitginif the OT results, two mix types,
namely, a Type C with 5.0% AC and a Type D with?s . AC were tested at five different
temperatures (73, 75, 77, 79, andR1(Walubita et al. 2012). Generally, the OT cydies
failure show an increasing trend with increasingperature. Since the asphalt binder becomes
softer at higher temperatures, the HMA mixture ldgp a much more ductile failure mode. This
change becomes very significant when the temperaliffierence exceedsR2 However, there is
not a definitive trend on the OT cycles to failuegiability, while all the COVs are under the 30
percent limit. Therefore, implementing consistenath the standard test procedure by
conducting OT at 77 +°F is recommended.

2.5.4.3 Sample Preparation

After the specimens are trimmed to the specifietedsions prior to gluing, they are
dried to ensure that all moisture is removed. Tumeenit OT procedure designation Tex-248-F
requires the trimmed specimen to be dried at a maxi temperature of 60 +°€ (140 + 5°F)
to constant weight, which is considered to be & Wegh temperature, particularly for mixes with
PG 64-22 asphalt binders. There could be a poggibfloverheating or chemically aging the
asphalt binder. Currently, the TTI lab uses ovdrhajr drying at room temperature, whereas the
TxDOT lab uses drying in a 4C (104°F) convection oven. Both the air drying and oveyirdy
were evaluated (Walubita et al. 2012). In each oektthe sample was dried for a minimum
period of 12 hours and weighed thereafter at 1-hdervals until the sample reached a constant
weight. Caution was taken to ensure that the saswpdee not aged by extended drying in the
oven. It was found that the OT cycles do not diffiginificantly. The improved repeatability of
the OT results in the case of oven drying is beeawen drying provides a uniform heating
environment at a constant temperature; therefomera uniform drying of the samples and
complete moisture removal may be achieved. In #se of air drying, samples are subjected to
atmospheric room temperature variations; hencejfarm drying environment is difficult to
achieve. Based on these results, the best dryinigatiés therefore to use oven drying at a
constant temperature for a minimum period of 12rfivo constant weight, but not to exceed 24
hours.

In the current OT designation, the minimum atthlaaitting time for the OT samples
from the day of molding before they are ready &stinhg is three days. This period is accounted
for by the time taken in cutting, drying, measuriig, and gluing the samples. The effects of
the samples sitting time on the OT result varigpias evaluated (Walubita et al. 2012). The
samples were stored at room temperature for a nuaflalays ranging from 3 to 60 days from
the day of molding. The COVs of the OT cycles, lba dther hand, show no definitive trend
with variation in the sitting period, while the CG&hibits a peak at 7 days for both cases. It was
recommended that all replicate samples should raielfiebe tested within 3 to 5 days from the
day of sample molding to get consistent resultsramimize the effects of initial oxidative
aging on the OT crack performance.

24



2.5.4.4 Epoxy Gluing

The current test designation Tex-248-F requiresgitpart, 2-ton epoxy for gluing the
samples to the overlay testing plates. While ic#j@es the detailed properties of the glue type, it
does not have any specific instructions on the arhofiglue to be used or how the glue should
be applied. Therefore, three different glue quesstitvere investigated for a CAM mix (Walubita
et al. 2012). It was found that both the averagecXles and COV reach optimum level when
about 16 g of the 2-part, 2-ton epoxy was usedue the sample to the OT plates. For the OT
plate utilized, 14 g was found to be insufficiamhile 18 g was too excessive and wasteful with
too much spillage. The researchers also investigéiféerent glue types. Based on the test
results, the 2-part 2-ton epoxy at 16 + 0.5 g éslibst choice considering economy, workability,
performance, and consistency in the OT results.évew in the current Texas test procedure, it
was specified that 12 g of the 2-part, 2-ton epshxquld be used to glue the sample to the OT
plates.

2.5.4.5 Opening Displacement

The opening displacement is another major factecihg the reflective cracking. A
PG76-22 SBS modified binder was used to mold sxtidal specimens with the target air void
content of 4 percent. Overlay testing was conduateti’F with opening displacement of 0.025
in and 0.035 in, respectively (Zhou and Scullio@20 This indicates that overlay testing results
are sensitive to the opening displacement. Witheming opening displacement, the reflective
cracking life of asphalt mixtures decreases.

Walubita et al. also tested the effect of the opgiuiisplacement on the OT results and
OT result variability (Walubita et al. 2012). A Te/© plant mix (5.0 percent AC) was tested at
three different opening displacements (0.015, Q.02TR5 in), which is shown in Figure 2.11. It
is clear that the average OT cycles decrease signify with increasing opening displacement.
However, OT variability does not show any defirgtivend of variation with changing opening
displacement. It was concluded that decreasingpeaing displacement from 0.025 in. to 0.015
in. improves performance, but without major changdse peak load or variability. However,
reducing the test opening displacement erroneaudllypass a poor crack-resistance mix and
requires validation with field data.
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Figure 2.11. Effect of Opening Displacement on OT y&les (Walubita et al. 2012)
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Walubita et al. then tested three types of mixtwils the opening displacement varying
from 0.0125 in. to 0.025 in. applied at a loadirgpgtiency of 10 s/cycle and a test temperature of
77°F (Walubita et al. 2013). The results are showRigure 2.12. It was found that there is a
significant impact on the OT cycles with decreasipgning displacement, while there is no
definitive trend or consistent effect on varialyilib terms of the COV. Ma et al. proposed some
improvements to overlay test to determine the craslstance of asphalt mixtures (Ma et al.
2014). Five mixtures used in the bottom asphakiayf the five test sections of the Group
Experiment in the 2009 research cycle of the NCAVdPMent Test Track were included. Some
mixtures had 50% RAP content. The overlay testeoaslucted in the Asphalt Mixture
Performance Tester (AMPT) with three levels of maxin opening displacement (0.015 in.
0.0125 in., and 0.01 in.). Cracks are often seepagated through the entire thickness of the
specimen long before the applied load is reduce@39y of the initiated load. Therefore, an
alternative “normalized load x cycle” method wasommended to be used to determine the
failure point instead of 93% load reduction methbade failure point for the overlay test can be
determined in three steps: 1) the “normalized aycle” (NLC) is determined for each load
cycle; 2) the NLC is plotted against the numbecyafies; 3) the failure point is determined
corresponding to the peak of the NLC curve. Thaltesgreed with the previous research study
that the opening displacement has a significamicefin the reflective cracking life of asphalt
mixtures.

10,000 1
1007; COV = 18%
1,000 62: COV= 31
0 475, COV = 32%
o 150; COV = 25%
S
100 G P = P :
E o covm e 58: COV = 24%
o
31; COV =15% B
25; COV= 28%
10 4
3: COV =5%
l L} L L] L] L]
0.005 0.010 0.015 0.020 0.025 0.030

Displacement (Inches)

. =—a=Type C (4.3%PG 76-22 + Limestone)
g Type C (4 .9%PG 70-22 + Limestone + 20%RAP)
=il Type B (1.6% PG 64-22 + Limestone + 30%RAP)

Figure 2.12. Effect of Opening Displacement on OT yeles for Three Types of Mixture
(Walubita et al. 2013)

2.5.4.6 Sample Thickness
Three HMA mixes were evaluated to study the eféédample thickness on the OT
results (Walubita et al. 2013). The sample thickneas varied from 1.0 to 2.5 inches. The
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standard OT parameters were utilized. For eachamiksample thickness, the research team
molded and tested five replicate samples. Thethest were selected in the analysis. It was
found that the laboratory OT cracking performantcéhe mixes significantly improved with
increasing sample thickness. However, no consigtendefinitive trend was found on

variability as measured in terms of COV. A sengijianalysis was also conducted to compare
the strain profile contours above the crack (Wdhubt al. 2013). The results showed that, in the
specimen thicker than 1.5 inches, the upper pahegpecimen will be in the compression or
very small tensile strains. Therefore, as a crat&rs these low tensile strain or compressive
zones, the crack growth rate decreases significaBésed on these results, 1.5-inch thickness
was recommended in the OT.

2.5.4.7 Loading Frequency

Walubita et al. also studied the effect of loadiregiuency on the OT results (Walubita et
al. 2013). The loading frequency was varied froto 30 seconds/cycle whiling maintain the
displacement and test temperature at 0.025 incieb3 AF, respectively. Samples from the same
batch for each mix type were specifically molded #&sted. Although changing the loading
frequency has some effect on the number of OT sydleffers little benefit in terms of
optimizing repeatability and minimizing variability the test results. Therefore, the current
specification of 10 s/cycles should be maintained.

Since the overlay test conducted at small openisgglatement could take much more
time than the standard test, it was suggestecctease the loading frequency from 0.1 Hz to 1.0
Hz (Ma et al. 2014). It was found that the ovetiest may be conducted at 1.0 Hz to reduce
testing time without significantly affecting thestevariability. Although the test results
conducted at 0.1 and 1.0 Hz are not statisticaffgr@nt, only one frequency should be used to
evaluate different mixes in a project, while furteealuation needs to be performed to validate
these findings for the overlay test.
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CHAPTER 3

LABORATORY EXPERIMENTAL PROGRAM

3.1 General

The method of evaluating cracking performance phak mixture in this research study
was the OT. The test was reviewed in more detdllhapter 2. Originally, the OT was specified
by Tex-248-F. The test procedure has been reviaitddmproved to accommodate the Florida
test methods on asphalt mixtures, which is showAppendix A. Some Florida test methods
measuring asphalt concrete mixing and compacti@xjmum theoretical specific gravity
measurement, air void measurement, and samplerptepes were adopted in the test procedure.
In this study, a Servopac Gyratory Compactor amdoaler Model 5950 Overlay Tester were
used to compact the asphalt mixtures and measaireadlcking performance of asphalt concrete,
respectively.

The experimental program involved two stages: prielary experimental study and
laboratory testing. During the preliminary expegimal study, a relatively small amount of
laboratory effort with several types of mix desiwgas performed to verify the overlay test
procedure currently available. A test plan was toemulated for implementing the subsequent
laboratory evaluation. An overall test procedure @waveloped from the beginning of sample
preparation to include the following steps: mixamgd compacting of Superpave gyratory
specimen, cutting of OT specimen, preparing of @dcsnen on test plates, and conducting the
OT.

The experimental program involved nine standard aeisigns: three SP-12.5 mix
designs without RAP content, three SP-12.5 mixgieswith 20% RAP; one SP-9.5 mix design
without RAP content, one SP-9.5 mix design with 2R#d; one SP-4.75 mix design with 20%
RAP. In addition, the standard Superpave mixturesevalso prepared using virgin asphalt
binder (PG 67-22) and polymer-modified asphalt bBm@G 76-22) to evaluate the effect of
polymer modification on the crack resistance othadjpconcrete mixtures. The physical
characteristics of the materials used, includirgrtaggregate properties, aggregate gradation,
and mixture design series, are presented in dettik following sections.

3.2 Preliminary Experimental Study

3.2.1 Mix Design

For the purpose of preliminary study, one Georgéanige (GA 553) was selected as the
aggregate for the control mix in the overlay t&siree types of mix design for traffic level C &
D were selected to represent commonly used Superpasures in Florida. All of the
aggregates and preliminary mix design formulas wétained from C. W. Roberts Contracting,
Inc. in Leon County, FL. One type of asphalt bindRs 67-22 asphalt binder, was selected for
the mix designs. The details of the mix designgpaesented in Table 3.1. The job mix formulas
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(JMF) of the mix designs are summarized in Tab? Bhe 0.45 power gradation curves for each
type of mix design are shown in Figures 3.1, 32, &3, respectively.

Table 3.1. Mix Designs for Preliminary Study

Mix Design Number SP 11-9525B| SPM 12-10934ASPM 12-10131A
Nominal Maximum aggregate Size 9.5 mm 9.5 mm 125 m
Traffic Level (TL) C C D
Mix Texture Fine Fine Fine
Recycled Material 0% RAP 20% RAP 20% RAP
Gmm (Theoretical Maximum
Specific Gravity) 2.536 2.530 2.565
Optimum Asphalt Content 5.80% 5.50% 5.10%
Air Void Content 7% 7% 7%
Table 3.2. Percentage by Weight of Total Aggregateassing Sieves
Mix Design Number| SP 11-9525B| SPM 12-10934A SPM 12-10131A
3/4" 100 100 100
1/2" 100 100 100
© 3/8" 100 99 89
N | No.4 72 71 62
® INo.8 51 48 44
& | No. 16 39 37 34
| No. 30 31 28 26
No. 50 14 16 17
No. 100 7 8 9
No. 200 6.1 5.7 5.2

To fabricate the laboratory-molded specimensatigregates were batched according to
the mix design sheets. Calculated amounts of dyyemgtes for each sieve size were added to
the mixing bowl along with local sand and were ndixeoroughly. The mixed aggregates were
left in the oven at the appropriate mixing tempamat Once the aggregates reached the required
mixing temperature, they were removed from the oVdme required amounts of asphalt binder
were added and thoroughly mixed using a mechanioadr. The mixture was placed into the
oven at the appropriate compaction temperatur@ fayurs for short-term aging to simulate the
in-situ condition in the field. Raw specimens wdimensions of 150 mm (6 in.) in diameter by
115 mm (4.5 in.) in height were prepared with thguired air void content of 7+1 % using a
Servopac gyratory compactor, for the selected dsphigtures following the AASHTO T 312
(AASHTO 2012). The Servopac compaction parametsesl for the design were a 1925
gyratory angle, a 600-kPa ram pressure, and 3Qiggsaper minute. Two duplicate specimens
were prepared for each type of mix design for tret batch of trial specimen preparation (i.e., a
total of six trial specimens). Later on for the@aa batch, after verifying that the overlay tester
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was up running, an additional three duplicate spens were prepared for the 12.5 mm |
design SPM 12-10131A.

0.45 Power Gradation Chart - SP 11-9525B
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Figure 3.1. 0.45 Power Gradation Curve for SP 1-9525E

0.45 Power Gradation Chart - SPM 12-10934A
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Figure 3.2. 0.45 Power Gradation Curve foSPM 12109344
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Figure 3.3. 0.45 Power Gradation Curve for SPM 1-10131A
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3.2.2 Sample Preparation

The cylindrical Superpave specimens from the gyyatompaction were then cut using a
Diamond Product® CC800M single-blade saw with arfh diameter diamond blade, which is
shown in Figure 3.4. A specimen cutting jig wasigiesd and fabricated in-house for clamping
the specimen onto the saw blade during the cutipegation. Cutting templates were used to
trace the location of the cuts on the cylindricahple. The first cut was made perpendicular to
the top surface. Then the sides were trimmed tdym®e specimens 3 £ 0.02 inch (76 £ 0.5 mm)
wide. Then the top and bottom of each specimen waré produce a sample with a height of
1.5+ 0.02 inch (38 £ 0.5 mm). The cuttings werscdrded (Tex-248-F). The details of the
cutting procedure are shown in Appendix B.

=

Figure 3.4. Diamond Product® C"C800'I\/I Single Blade Sawith Specimen Cutting Jig

The densities of the trimmed laboratory-molded sBpens were measured in accordance
with FM 1-T 166 in the following order (FDOT 2014).
* Measure the weight of the specimens in water (C).
* Measure the saturated surface dry (SSD) weighteo§pecimens in air (B).
» Dry the trimmed specimens to constant weight (axprately 8 hours).
» Measure the dry weight of the specimen in air (A).
» Calculate the bulk specific gravity to the neafe801 using the following formula: Bulk
Specific Gravity (Gyp) =A/ (B - C)
* The air void content of the specimen was then ¢atled using the following formula:
Va = (Gmm— Gnb)/Gmm % 100%
The air void content must be 7 + 1%. If the trimnspécimen does not meet the density
requirement, the specimen is discarded. A new spatis prepared in its place.

Once a sample has been trimmed and dried, it withbunted on the overlay tester
specimen plates (see Figure 3.5) by following ttee@dure defined by the manufacturer:
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Place the setup plate assembly on a flat, stablacsu

Remove the straight edge from the setup plate wsk§2” Allen wrench. Set the
straight edge and screws aside.

Place one of the specimen plates onto the setty sdethe middle holes line up.
Reattach the straight edge and tighten the screws.

Add the other specimen plate to the other sidd@ketup plate.

Place a piece of tape (Scotch® Magic Tape % irey tve gap between the plates and
over the two middle holes of either specimen plates will ensure that adhesive does
not seep between the plates and into the middkshol

Insert the eight thumb screws and hand tighteed¢are the assembly.

8. Spread 12g Devcon® 2-Part 2-ton epoxy on the Isidge of the sample to glue the

9.

sample to the specimen plates. Ensure that eacinggeis centered and aligned parallel
to the edge of the specimen plates.
Place a 10 Ib (4.5 kg) block on the sample to enawwzomplete bond is formed.

10. Allow the epoxy to cure (12 — 24 hours), so thatsample can be lifted from the mount

(Figure 3.6).

Figure 3.5. Overlay Tester Setup Plate and Specimd?lates
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Figure 3.6. Samples on the Specimen Plates and tBetup Plate after Curing of Epoxy

3.2.3 Overlay Test

The overlay test was conducted using the Troxled®16950 Overlay Tester. A photo
and drawing of the overlay tester is shown in Feg8u7. The overlay tester is a computer
controlled electrohydraulic system that applies@eated direct tension load to asphalt mixture
specimens. It consists of two steel plates, oreddfexnd the other movable horizontally to
simulate the opening and closing of joints or ceaickthe old pavement beneath an overlay. The
overlay test can be conducted in controlled disgtaent mode under the following conditions:
1) temperature: 41 — 104°F (5 — 40°C); 2) openisgldcement: 0 — 0.08 inch (0 — 2 mm); 3)
loading rate: 10 min. per cycle — 1 second perecyEhe loading is applied in a cyclic triangular
waveform with constant magnitude. This test metme@sures the number of cycles to failure.
The load, displacement, and temperature are redofdeecent test procedure Tex-248-F was
introduced by TXDOT for the standard overlay t&stiOT 2014). The test procedure specifies
that the density of the trimmed test specimen rha€3 + 1%. The specimen diameter must be 6
+ 0.1 in. and the height of the test specimen ghbal1.5 + 0.02 in. The sliding block applies
tension in a cyclic triangular waveform to a constaaximum displacement of 0.025 inch. The
sliding block reaches the maximum displacementthed returns to its initial position within 10
seconds. Testing is performed at a constant temyperaf 77+2F. The Troxler Model 5950
Overlay Tester is controlled entirely through pstatled software on the included laptop. A
visual representation of the software is shownigufe 3.8.
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Figure 3.8. Overlay Test Software Screenshot

3.2.4 Preliminary Experimental Test Results

Several samples were used to adjust the OT mathimeake it work under correct test
conditions. Most of the specimens from the firdthavere cracked and torn apart during this
attempted testing process without providing anymregul results. Only one of the SPM 12-
10934A mix design specimens was tested under ¢am@&ing conditions. The load on the
SPM 12-10934A (SP-9.5 with 20% RAP) sample diddrop to 7% of maximum load (the
overlay test failure criteria) after 1000 test @gclThe number of cycles to failure was then
extrapolated through curve-fitting from the loadstes cycle curve. The number of cycles to
failure was found to be 3037 cycles, which shoved this mix design sample has very good
crack resistance. Three SPM 12-10131A (SP-12.520¢ RAP) mix design samples (second
batch) were then prepared for testing. The voluimptoperties of the specimens after cutting
are presented in Table 3.3. All of the specimenttheeair void content requirement.
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Table 3.3. Test Results of the Second Batch Specimse

Mix Design
SPM 12-10131A

#1 #2 #3
SSD Weight (g) 974.8 | 1008.3| 989.6
Weight under Water (g) 570.5 589.8 578.0
Dry Weight (g) 972.4 | 1005.8| 986.8
Gmb 2.405 2.403 2.397

Gmm 2.565
Air Void (%) 6.2 6.3 6.5
Number of Cycles to Failure| 150 406 356

The load versus number of cycles curves of thretesfgecimens are shown in Figure 3.9.
While set the failure criteria as 93% load redutti®ample 1 failed at the 18@ycle, Sample 2
failed at 408 cycle, and Sample 3 failed at 356ycle. The maximum load on each sample was
3.922 kN (881 Ibf), 4.412 kN (992 Ibf), and 3.949 {888 Ibf), respectively. The average
number of cycles to failure was found to be 304eyavith a COV of 45%. It could be found
that tests with 0.025 inch opening width could jdeweasonable test results for 20% RAP
mixtures. Based on the literature review, mixtuwgs smaller nominal maximum aggregate
sizes or lower RAP content could give a better @3ults. Therefore, 0.025-inch opening width
could be adopted to study the FDOT HMA mixtureswidwer, the variability of the test will be
further evaluated with more mix design includedvidts suggested that the variability should be
limited to under 30% (Walubita et al. 2012). Theref it was recommended that five or four
replicate samples be prepared and then, the tepfieate samples that yield the lowest COV
should be reported. A specimen after the OT is shiowigure 3.10. Cracks can be clearly
observed on the sides of the specimen.

y = 4.822x0-554

Numbelrogf Cycle
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Figure 3.9. Load versus Number of Cycles Curves &PM 12-10131A Specimens

Figure 3.10. Specimen Cracking after the OT
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3.2.5 Test Plan

A test plan for the research study was developeddan the preliminary experimental
work to evaluate common Florida asphalt mixturesgithe OT. The proposed test plan was
discussed in detail and subsequently approvedneeting held on July 31, 2014, at the FDOT
Central Office in Tallahassee. The proposed tiest @nd the significant factors for evaluation
are presented in Table 1.1. Granite will be usetth@sggregates for the asphalt mixtures. The
number of mix designs to be evaluated is indicatdte parentheses. The effects of nominal
maximum aggregate size, asphalt binder type, and &tent will be evaluated. The required
number of overlay test samples is summarized inelald. A total of 51 (48+3) overlay
specimens will be tested for the laboratory evabtmgphase of the project. The 0.025-inch
opening width will be used in the OT throughout évaluation of FDOT asphalt mixtures. In
addition, the OT will be conducted on one mix desiging a 0.0125-inch displacement to
evaluate the effect of opening displacement.

Table 3.4. Number of Samples in the Proposed Teslap

NMAS #of OT
Mix # (Granite) Asphalt Binder RAP | Specimen| Comment
1,2,3 12.5 mm PG 67-22 0% 9 Control
4,5, 6 12.5 mm PG 67-22 20% 9
7,8,9 12.5 mm PG 76-22 (PMA) 0% 9
10, 11, 12 12.5 mm PG 76-22 (PMA) 20% 9
13 9.5 mm PG 76-22 (PMA 0 3
14 9.5 mm PG 76-22 (PMA 20% 3
15 4.75 mm PG 67-22 20% 3
16 4.75 mm PG 76-22 (PMA 20% 3
TOTAL 48

3.3 Laboratory Experimental Study

3.3.1 Superpave Specimen Preparation

Two Georgia granites (GA553 and GA185) and one Nén@tia granite (NS315) were
selected as the aggregate for the mixtures in thalasigns, respectively. The mix designs for
traffic level C& E were selected to represent comipaised Superpave mixtures in Florida,
which are shown in Appendix D. The aggregates aalihpinary mix design formulas were
obtained from four asphalt plants: Anderson Cola@ompany, Inc. in Lake City (GA553),
Tampa Pavement Constructors in Tampa (NS315), #¢l@oast Asphalt in Jacksonville
(GA185), and Middlesex Asphalt, LLC in Orlando (G#g). Two types of asphalt binder from
Mariani Asphalt, PG 67-22 virgin asphalt binder &@& 76-22 polymer modified binder (PMA),
were selected for the mix designs. The detailfi@fix designs are presented in Table 3.5. The
job mix formulas (JMF) of the mix designs are summige in Table 3.6. A representative 0.45
power gradation curve of mix design is shown iruFég 3.11. The detailed 0.45 power
gradation curves for the mix designs are shownppehdix B. The grade of asphalt cement used
in mixtures is also an important factor that cdedcfthe crack resistance of asphalt mixtures.
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The unmodified asphalt binder PG 67-22 report &edpolymer-modified asphalt binder PG 76-
22 report are summarized in Appendix Tables B-1Bui#] respectively.
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Figure 3.11. 0.45 Power Gradation Curve for Mix Degn SPM 13-11076A

To fabricate the laboratory-molded specimens, gggegates were batched according to
the mix design sheets. Calculated amounts of dyyemgtes for each sieve size were added to
the mixing bowl and mixed thoroughly. The mixed eegates were left in the oven at the
appropriate mixing temperature. Once the aggregatehed the required mixing temperature,
they were removed from the oven. The required ansooinasphalt binder were added and
thoroughly mixed using a mechanical mixer. The omgtwas placed into the oven at the
appropriate compaction temperature for two hoursiort-term aging to simulate the in-situ
condition in the field. Raw specimens with dimemnsi@f 150 mm (6 in.) in diameter by 115 mm
(4.5 in.) in height were prepared with the requiagdvoid content of 9 % (to achieve 7 % air
void in the middle part for OT) using a Servopacaggry compactor. Three duplicate specimens
were prepared for each type of mix design. The mari theoretical specific gravities were
measured using Rice maximum theoretical speciwity method specified in FM 1-T 209 test
method (FDOT 2015).

3.3.2 Overlay Test

The Superpave gyratory compacted specimens wenmecthidollowing the same
procedure developed in the preliminary experimestiady. A new specimen-cutting fixture was
also designed and fabricated in-house for a precigang on the OT specimens. This new
aluminum cutting table consists of a movable ptate fixed plate, as shown in Figure 3.12. The
displacement of the movable table can be accurateitrolled by a threaded rod, which is
shown in Figure 3.13. One rotation of the handleaégjto 0.05-inch movement of the table.
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Cutting templates were used to trace the locatfdheocuts on the cylindrical sample. The
details of the new cutting procedure are also shiowkppendix B.

~&NE

Figure 3.13. Threaded Rod for Displacement Control
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The overlay test was conducted using the Troxled&l&950 Overlay Tester. This test
method measures the number of cycles to failure.fature criteria is 93% peak load reduction,
which means the peak load drops below 7% of th& |oeal at the first cycle. The limit of the
test cycle was set to 1000 cycles. The test stb@3% load reduction if the number of cycles to
failure is less than 1000 cycles. If the load reiducis less than 93% at the 1806ycle, then the
test stops at the 100@ycle. The peak load at each cycle, displacentesdeh cycle, number of
cycles, and test temperature are recorded. Bas#tedast procedure, three replicate specimens
are needed for each type of mixture. The OT h&etiinished within five days after the
compaction of Superpave specimen. It usually takesto two weeks to finish the tests for each
type of mixture.

3.3.3 Supplemental Overlay Test

Supplemental tests were conducted on SP-4.75 aspixalires (LD12-2653A) with PG
67-22 and PG 76-22 (PMA) binders during the weebuty 13 through July 17, 2015 to verify
the test results on SP-4.75 mixtures obtainedezaflhree specimens were prepared for PG 67-
22 mixtures, and one specimen was prepared for@22 {PMA) mixture. All four specimens
were mixed with 20% RAP. The dimensions of the Bpens are shown in Appendix Table C-1

(F).
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Table 3.5. Superpave Mix Designs

Mix Desian SPM 13- | SPM 12-| SPM 13- | SPM 14-| SPM 14-| SP 14- | SPM 14-| SPM 14-| LD 12-
g 11076A | 10895A | 11035A | 12576A |12199A |12171B | 12201A | 12247A | 2653A
Asphalt Plant Anderson Columbia Tampa Pavement| Atlantic Coast Atlantic Coast MAgdlr?;?X
P Company, Inc. Constructors Asphalt Asphalt LFI)_C '
Aggregate Type GA553 NS315 GA 185 GA 185 GA553
Nominal
Maximum 125 mm| 125 mm| 12.5 mm| 12.5 mm| 12.5 mm| 125 mm| 9.5 mm | 9.5 mm 4.75 mm
Aggregate Size
Traffic Level (TL) C E C E C C C C C
Mix Texture Fine Fine Fine Fine Fine Fine Fine Fine Fine
Recycled Material 0% 20% 0% 20% 0% 20% 0% 20% 20%
Gse 2.738 2.714 2.603 2.610 2.687 2.672 2.681 2.665 2.687
amm PG 67-22 | 2.562 2.557 2.449 2.462 2.513 2.513 2.493
PG 76-22 | 2.565 2.557 2.446 2.464 2.515 2.514 2.481 2.500 2.495
Mix Design Air | 400, | 4.0% | 4.0% | 40% | 40% | 40% | 40% | 4.0% 5.0%
Void Content
Opt"gg';‘t eAripha't 52% | 50% | 56% | 51% | 55% | 50% | 6.1% | 5.6% 6.4%
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Table 3.6. Percentage by Weight of Total Aggregateassing Sieves

Sieve Size SPM 13- | SPM 12- [ SPM 13- [ SPM 14- | SPM 14- | SP 14-
11076A |10895A |11035A |12576A |[12199A |[12171B
3/4" (19 mm) 100 100 100 100 100 100
1/2" (12.5 mm) 10( 100 99 99 99 99
3/8" (9.5 mm) 88 88 89 89 89 89
No. 4 (4.75 mm) 66 65 67 69 70 58
No. 8 (2.36 mm) 45 47 47 54 50 39
No. 16 (1.18 mm) 32 34 33 40 35 29
No. 30 (600um) 23 25 25 31 25 23
No. 50 (30Qum) 15 17 16 22 18 18
No. 100 (15Qum) 9 10 8 9 9 9
No. 200 (75um) 5.2 5.0 4.0 5.3 4.1 4.4
Sieve Size SPM 14- | SPM 14-
12201A |12247A | LD 12-2653A
3/4" (19 mm) 100 100 100
1/2" (12.5 mm) 10( 100 100
3/8" (9.5 mm) 100 99 99
No. 4 (4.75 mm) 74 70 96
No. 8 (2.36 mm) 5( 47 77
No. 16 (1.18 mm) 3% 35 56
No. 30 (60Qum) 25 27 44
No. 50 (30Qum) 18 21 32
No. 100 (15Qum) 9 10 15
No. 200 (75um) 3.9 4.2 8.7
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CHAPTER 4

PRESENTATION OF LABORATORY TEST RESULTS

4.1 Specimen Measurements

The average width and thickness of the tested symcare summarized in Table 4.1. A
detailed measurement of width and height of eaelsispen was listed in Appendix Table C-1.
The average width was the mean value of three mea&mts (both ends and middle). The
average height was the mean value of six measutsr(fear corners and two middles). It was
shown that all the specimens tested in the tegfrano met the tolerance requirement of width
and thickness in the test procedure.

Table 4.1. Average Width and Thickness of Tested &pimens (in inches)
Asphalt
Binder
SPM 13-11076A PG 67-2% 3.008| 3.004| 2.993| 1.496| 1.492| 1.489
SPM 13-11076A PG 76-2% 3.014| 2.982| 3.001| 1.496| 1.507| 1.480
SPM 12-10895A PG 67-2% 3.007| 2.986| 2.985| 1.489| 1.481| 1.505
SPM 12-10895A PG 76-2% 3.002| 2.985| 3.014| 1.501| 1.493] 1.516
SPM 13-11035A PG 67-2% 3.004| 3.008| 2.999| 1.506| 1.514| 1.500
SPM 13-11035A PG 76-2% 2.987| 2.984| 2.989| 1.510| 1.509| 1.491
SPM 14-12576A PG 67-2% 2.985| 3.016| 3.016| 1.514| 1.510| 1.498
SPM 14-12576A PG 76-2% 3.007| 3.012| 3.007| 1.516| 1.508| 1.493
SPM 14-12199A PG 67-2% 2.989| 2.993| 3.014| 1.482| 1.485| 1.486
SPM 14-12199A PG 76-2% 2.991| 2.982| 2.985| 1.490| 1.488] 1.482
SP 14-12171B PG 67-2p 2.996| 3.010| 3.017| 1.515| 1.513| 1.493
SP 14-12171B PG 76-2p 2.984| 3.001| 2.991| 1.504| 1.509| 1.502
SPM 14-12201A PG 76-2% 2.986| 3.001| 2.995| 1.490| 1.499| 1.484
SPM 14-12247A PG 76-2% 2.995| 3.010| 2.985| 1.492| 1.503| 1.505
LD 12-2653A PG 67-22| 2.985| 3.000| 2.992| 1.488| 1.490| 1.513
LD 12-2653A PG 76-22| 3.014| 2.988| 3.010| 1.501| 1.503| 1.486
SPM 12-10895A* | PG 67-22| 2.999| 2.988| 2.999| 1.513| 1.515| 1.488
LD 12-2653A** PG 67-22| 2.984| 3.003| 3.006| 1.519| 1.514| 1.515
LD 12-2653A** PG 76-22| 3.001| - - 1.494| - -

* This mixture was tested with 0.0125-inch opendigplacement
** Supplemental Test

Mix Design Average Width Average Thickness

The volumetric properties of the specimens aftétirayiare presented in Table 4.2. Each
of the three specimens in each type of mixturediadoid content within the tolerance of 7 =
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1%, which meets the requirements of test procedundecan be further tested in the Overlay
Tester.

Table 4.2. Volumetric Properties of Test Specimens
(A) SP-12.5 with GA553

Mix Design SPM 13-11076A SPM 13-11076A
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.390| 2.388| 2.383 2.398 2.38§6 2.3p7
Gmm 2562 | 2.562| 2564 2565 2585 2.565
V, 6.7% | 6.8% | 7.0% | 6.7% | 7.0% | 6.6%
Mix Design SPM 12-10895A (RAP) SPM 12-10895A (RAP)
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.390| 2.385| 2.390 2.385 2.390 2.385
Gmm 2.557 | 2557 25579 255f 2587 2.5p7
Va 6.5% | 6.7% | 6.5% | 6.7% | 6.5% | 6.7%

Mix Design SPM 12-10895A (RAP

@0.0125” OD

Asphalt Binder PG 67-22

Sample ID #1 #2 #3

G 2.387 | 2.384 | 2.392

Gmm 2.557 | 2.557| 2.557

Va 6.6% |6.8% |[6.4%

(B) SP-12.5 with NS315

Mix Design SPM 13-11035A SPM 13-11035A
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.295| 2.294| 2297 2.284 2290 2.289
Gmm 2449 | 2.449| 2449 2446 2446 2.446
V, 6.3% | 6.3% | 6.4% | 6.6% | 6.4% | 6.4%
Mix Design SPM 14-12576A (RAP) SPM 14-12576A (RAP)
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.297 | 2.298| 2.2924 2304 2301 2.3p5
Grmm 2462 | 2.462| 2.467 2.464 2464 2.4p4
Va 6.7% | 6.6% | 6.9% | 6.5% | 6.6% | 6.4%
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Table 4.2. Volumetric Properties of Test Specimens Continued
(C) SP-12.5 from GA185

Mix Design SPM 14-12199A SPM 14-12199A
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.345| 2.348| 2.34§ 2.354 2.353 2.3p1
Gmm 2513 | 2513 2513 251 2515 255
Va 6.7% | 6.6% | 6.6% | 6.6% | 6.7% | 6.5%
Mix Design SP 14-12171B (RAP) SP 14-12171B (RAP)
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.346 | 2.346| 2.349 2.35p 2354 2.348
Gmm 2.513| 2.513| 2513 2514 2514 25]4
V, 6.6% | 6.7% | 6.5% | 6.4% | 6.4% | 6.6%
(D) SP-9.5 with GA185
Mix Design SPM 14-12201A SPM 14-12247A (RAP)
Asphalt Binder PG 76-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.315| 2.316| 2.317 2.324 2318 2.3]6
Gmm 2481 | 2.481| 2481 2500 2500 2.5P0
Va 6.7% | 6.7% | 6.6% | 7.0% | 7.3% | 7.4%
(E) SP-4.75 from with GA553
Mix Design LD 12-2653A (RAP) LD 12-2653A (RAP)
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1 #2 #3
Gmb 2.307 | 2.317 2.31] 2.308 2.306 2.3]0
Gmm 2493 | 2.493| 2493 2495 2495 2.495
V, 75% | 7.1% | 7.3% | 7.5% | 7.6% | 7.4%
F) Supplemental Test (SP-4.75)
Mix Design LD 12-2653A (RAP) LD 12-2653A (RAP)
Asphalt Binder PG 67-22 PG 76-22
Sample ID #1 #2 #3 #1
Gk 2.311 | 2.305| 2.308 2.313
Gmm 2.493 | 2.493| 2.493 2.495
Vs, 7.3% |7.5% |7.4% 7.3%
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4.2 Overlay Test Results

4.2.1 Original Test Results

The OT was conducted in the environmental chambeeiua test temperature within 25
+ 0.5 °C. The test temperature for each specimkstésl in Appendix Table C-2. The test was
stopped once the load reduction reached 93% oruher of cycles reached 1000. Load
reduction curve, which shows the nominal maximuadlgersus the number of cycles, was also
obtained through OT. The nominal maximum load esgkrcentage of maximum load at each
cycle divided by the maximum load at the first @/clhe load reduction curve for each type of
mixture is shown in Figure 4.1. It was found thatgeneral, most mix designs with RAP
included did not perform as good as the mix desigitisout RAP content. Most specimens with
RAP content failed before the 1006ycle. However, all the specimens without RAP eahtlid
not fail after 1000 cycles of loading.

A summary of the number of cycles to failure focle&ype of mixture is shown in Table
4.3. The load reduction when the test was stopmeialso listed in the table. If the specimen did
not fail at the 1000 cycle, the number of cycles to failure was exttatgal from the load
reduction curve through the regression analysisalt suggested that the variability should be
limited to less than 30% (Walubita et al. 2012wéts found that the COV for all types of
mixture are less than 20%, which means the threeisns in each type of mixture have a good
agreement with each other. It was also found timnhtumbers of cycles to failure are more than
a hundred for all types of mixture. Therefore, @28-inch opening displacement could be
applied to study the Florida HMA mixtures with gitan The average number of cycles to failure
was also summarized in Table 4.4 according togkeglan.

Only one crack was observed on each tested spedciftegrthe OT. A representative
specimen after the OT is shown in Figure 4.2. Ticeupes of the specimens for each type of mix
design are shown in Appendix C. Cracks can belgle@iserved on the sides of the specimen. It
was found that most cracks initiated and propagal®ag the edge of aggregates when granite
was used. The specimen was broken apart to séesitle of mixture. A representative two parts
of the specimen after failure are shown in FiguBe # was found that the specimen was well
mixed and compacted. Crack initiated and propagaestly through the asphalt binder.

4.2.2 Supplemental Test Results

The load-reduction curves are shown in Figure dr4He supplemental tests. The
pictures of specimens after the supplemental ggstshown in Appendix C. The numbers of
load cycles to failure of PG 67-22 mixtures wer® t§cles, 160 cycles, and 155 cycles,
respectively, with an average value of 168 loadesyto failure. The number of load cycles to
failure of PG 76-22 (PMA) mixture was 2421 cycleséd on regression analysis. These
supplemental test results are compared with thgegnadi tests conducted previously as shown in
Table 4.4.

For the PG 76-22 (PMA) mixtures, the previous testilts were 2021, 2330, 1734 cycles
for three specimens with an average value of 2Q2ks, as shown in Table 4.3. The value of

46



2421 cycles from supplemental test is within tHeramce limit of coefficient of variation (COV)
requirement (< 30% COV). Therefore, it may be stakat the PMA mixtures are repeatable.

For the PG 67-22 mixtures, a summary table of batjinal and supplemental test
results is shown in Table 4.5. A statistical analygas conducted as follows: As shown from the
analysis, both sets of data have coefficient ofati@n (COV) less than 30%. Assuming that the
null hypothesis is that there is no significanftetiénce between the means of two sets of data,
the P-value obtained from ANOVA analysis was 0.Q448ich denotes that there is a 4.49% risk
to reject the null hypothesis when it is true. Thféerence between means is considered
significant under a 0.05 significance level (95%fodence interval). However, if a 0.02
significance level is used (98% confidence inteq\alen the difference is considered
insignificant.

If all six samples are grouped together, the oVeradrage value of load cycles to failure
of six samples is 144, and the overall coefficigntariation is 22%. Since the two batches of
sample are prepared at different times and incAl@® RAP material, the supplemental test can
still be considered a repeat test for the origored. Therefore, the PG 67-22 mixtures are also
repeatable using the laboratory overlay test proeed
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Table 4.3. Summary of OT Results on Number of Cycéeto Failure

Mixture Mix Design Asphalt RAP Peak I__oad Number of Cycle to Failure
Type Number Binder | Content REencgjugFE)rre]stt 41 49 #3 | Average cov
SPM 12-10895A| PG 67-22| 20% 93.0% 605 626 672 634 5.4%
SPM 13-11076A| PG 67-22| 0% 85.0% 2134] 2227 2672 2344 12.3%
SPM 12-10895A| PG 76-22| 20% 93.0% 704| 748 907 786 13.6%
SPM 13-11076A| PG 76-22| 0% 83.0% 3443 4039 42738 3918 10.9%
SPM 14-12576A| PG 67-22| 20% 93.0% 690 672 585 649 8.7%
SP 125 SPM 13-11035A| PG 67-22| 0% 85.0% 2508 2996 2224 2576 15.2%
SPM 14-12576A| PG 76-22| 20% 93.0% 690 677 800 722 9.4%
SPM 13-11035A| PG 76-22| 0% 83.4% 3224 3865 3448 3512 9.3%
SP 14-12171B | PG 67-22| 20% 93.0% 588 741 635 655 12.0%
SPM 14-12199A| PG 67-22| 0% 85.0% 1821 2231 2300 2117 12.2%
SP 14-12171B | PG 76-22| 20% 93.0% 642| 819 855 772 14.8%
SPM 14-12199A| PG 76-22| 0% 82.8% 3313] 3463 386bp 3547 8.0%
SP 95 SPM 14-12247A| PG 76-22| 20% 79.5% 3665 3189 34501 3435 6.9%
SPM 14-12201A| PG 76-22| 0% 78.3% 5579 6087 6404 6023 6.9%
SP 4.75 LD 12-2653A | PG 67-22| 20% 93.0% 101 117 144 121 18.0%
LD 12-2653A | PG 76-22| 20% 86.1% 2021 2330 1734 2028 14.7%
SP 12.5*| SPM 12-10895A| PG 67-22 | 20% 60.6% 7201463420| 50491| 61975 17.5%

* Test conducted under 0.0125-inch opening dispresse (OD)
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Table 4.4. Average Number of Cycles to Failure of Mtures in the Test Plan
(0.025-inch OD)

Binder PG 67-22 PG 76-22 PMA
Asphalt Mixtures
RAP 1 0o 20% | 0% 20%
Content

GAb553 2344 634 3918 786
12.5mm | NS315 2576 649 3512 722
NMAS GA185 | 2117 655 3547 772
9.5 mm GA185 - - 6023 3435

121 2028
4.75 mm GA553 - (168)* - (2421)

*Average number of load cycles to failure of theegplemental tests conducted in July 2015.
*Number of load cycles to failure of one supplertarest conducted in July 2015.
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Figure 4.3. Broke Parts of Specimen afte Failure

58



1
—PG 76-22

= 08 —PG 67-22 #1
E =PG 67-22 #2
g 06 —PG 67-22 #3
%
=
= 04
g
H—|
o~
£
802
4

0

0 200 400 600 800 1000
Number of Cycle

Figure 4.4. Load Reduction Curve for Supplemental €st (SF-4.75 Mixture with 20% RAP)

59



CHAPTER 5

ANALYSIS OF LABORATORY TEST RESULTS

5.1 General

Based on the overlay test results, it was foundttreanumber of cycles to failure varied
for different types of mixture. Generally, the mists without RAP content have better cracking
performance than the mixtures with RAP includedeValuate the effects of aggregate source,
NMAS, asphalt binder type, and RAP content on tlaeking performance of Florida mixtures,
comparative studies were conducted. Analysis ofaviae (ANOVA), which is commonly used
in statistical hypothesis testing on experimergalitts, was applied to compare the experimental
data using statistical software, R. Furthermogtiire mechanics analysis was conducted on the
overlay test results based on Paris’ Law. Bothténa&cproperties, A and n, were computed
through theoretical derivations. In addition to #dan, two parameters called crack indices A’
and n’, which can be easily obtained from the @xetést load-reduction curve, were introduced
to evaluate the crack resistance of asphalt migti8ance supplemental test results have verified
the results obtained earlier, all the analysis eaaslucted on original test results obtained from
Task 3 laboratory evaluation phase.

5.2 Statistical ANOVA Analysis

The purpose of the statistical analysis is to ffrilere is significant difference between
the average numbers of cycles to failure for défertypes of mixtures. ANOVA is a collection
of statistical models to test for significant difaces between means by analysis of variance.
Compared to the t-test, ANOVA is useful in testingre than two groups. Therefore, ANOVA
is a widely used statistical hypothesis testinghoétin the analysis of experimental data.

An overall ANOVA analysis was conducted on the vehett of data. Main effects and
interaction effects were evaluated through ANOVAlgsis. The probabilities derived from the
ANOVA analysis, assuming the null hypothesis was the effect was insignificant, are shown
in Table 5.1. If the probability value was lessrti#a05, the null hypothesis was rejected. Thus,
that factor should have a significant effect ontdsd results. It was found that asphalt binder
type, NMAS, and RAP content had significant effemtsthe OT results. The interaction effect
between asphalt binder type and NMAS and the iotiera effect between asphalt binder type
and RAP content also had strong effects on thee3iilts. However, the influence of factors
related to granite source was not significant.

An ANOVA analysis was conducted on these four gsoofpdata, as shown in Table 5.2,
to find the effect of granite source on the OT hssThe probabilities of the result, assuming
that the null hypothesis was no significant diffese on the mean of test results among three
types of granite, were 0.284, 0.357, 0.915, andi®).iespectively. All the probabilities were
greater than 0.05, which failed to reject the hypothesis. ANOVA analysis also showed that
there is no significant difference on OT resultstfee granites from different sources. A two-
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way ANOVA analysis was conducted to evaluate thaiicance of effects from asphalt binder
type and RAP content. The probabilities of the ltesissuming that the null hypothesis was no
significant effect from asphalt binder type and Ré#tent, were <2.2x1%§ and 1.15x18,
respectively. The probabilities were less than Qwiiich caused a rejection of the null
hypothesis. Additionally, the interaction effectte probability value of 4.64xf)which means
the interaction also affected the OT results.

Table 5.1. ANOVA Analysis of Factors on OT Number bCycles to Failure

Factor P-Value
Asphalt Binder <22 x 18
Aggregate Size <2.2x 18
Granite Source 0.3646
RAP <2.2 x10°
Asphalt Binder x Aggregate Size 6.43 x°10
Asphalt Binder x Granite Source 0.2138
Asphalt Binder x RAP 3.56 x 10
Aggregate Size x RAP 0.2034
Granite Source x RAP 0.3188

Table 5.2. OT Number of Cycles to Failure for SP-18 Mix Designs

No. of
Cycles PG 67-22 PG 76-22
Granite | GAB553 NS315 GA185 GA553 NS315 GA185
. 2134 | 2508 | 1821 3443 | 3224 3313
Fg’/f’P 2227 | 2096 | 2231 4039 | 3865 3463
2672 1 2224 1 2300 4273 3448 3865
200 605 1+ 690 588 704 690 642
e 626 ' 672 ' 741 748 1 677 819
672 ' 585 ! 635 907 800 855

Another two-way ANOVA analysis was also conductedd results from SP-12.5 and
SP-9.5 mix designs with GA185 granite and PG 7§F22A) asphalt binder in Table 5.3 to find
the significance of effects of NMAS and RAP contérite probabilities of the result, assuming
that the null hypothesis was no significant effesin aggregate size and RAP, were 2.80%10
and 2.01x10, respectively, which rejected the null hypothe$tse NMAS (SP-12.5 or SP-9.5)
and RAP content have significant influence on tAer€sults. However, the interaction effect
had an insignificant effect with a probability valaf 0.5859.

To evaluate the effects of NMAS and asphalt bingee, ANOVA analysis was
conducted on OT results from SP-12.5 and SP-4.%x5es8igns with GA553 granite and 20%
RAP, as shown in Table 5.4. The probabilities, assg that the null hypothesis was no
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significant effect from NMAS and asphalt bindereypvere 0.004224 and 3.68%30
respectively, which rejected the null hypothesissiBles, the interaction effect had a probability
value of 1.22x10. It also showed that NMAS, asphalt binder typel #eir interaction all had a
strong influence on the OT results.

Table 5.3. OT Number of Cycles to Failure for Mixtues with GA185 and PG 76-22

No.of | op 155 SP-9.5
Cycles
o 3313 5579
0
0 3463 6087
3865 6404
o 642 3665
0
e 819 3189
855 3451

Table 5.4. OT Number of Cycles to Failure for Mixtues with GA553 and 20% RAP

No. of
Cycles SP-12.5 SP-4.75
. 605 101
6722 626 117
672 144
. 704 2021
7622 748 2330
907 1734

5.3 Evaluation of Factors on Test Results

5.3.1 Aggregate Source

Granite was the only type of aggregate used inlithised research study to reduce the
variability in OT results, since granite is the mosmmonly used aggregates in the flexible
pavement in Florida. The granites used were frametlsources: Junction City, Georgia (Pit No.
GAb553), Halifax, Nova Scotia (Pit No. NS315), andddn, Georgia (Pit No. GA185). All three
types of granite were used to make the SP-12.5 aota@ specimen. The average numbers of
cycles to failure on the SP-12.5 specimens witfedkht types of granite are shown in Figure
5.1. It was found that there is not much differemcthe cracking performance of Florida
mixtures with different types of granite. The mawim difference is about 20% between the
NS315 and GA185 sources when mixed with PG 67-@adsiwithout RAP. The allowable
COV in the OT for each type of specimen is 30%. &irttlis criterion, no significant effect was
found on the cracking performance of Florida migtuwith different types of granite.
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5.3.2 Nominal Maximum Aggregate Siz

Threenominal maximum aggregate sizes were used for thelasigns to fabricate tt
Superpave specimens: 3P5, SI-9.5, and SRL75. GA553, GA185, and NS315 granites w
used for the SR2.5 mix design. GA185 granite was used for th-9.5 mix design, ar
GAb553 granite was used for the-4.75 mix design. To study the effect of aggregate an the
cracking performance of Florida mixtures, comparsseere made under several gro
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Figure 5.2. OT Results on S-12.5 and SP9.5 Mix Designs with GA185 ad PG 76-22

OT results on SR2.5 and S-9.5 mix designs are shown in Figure 5.2. Th-12.5 with
GA185 granite aggregates was chosen to be compétie®F-9.5 mix design since tt
aggregates are from the same source. F-22 (PMA) was the asphalt birr used for this group
of specimens. It was found that NMAS has a sigaiftieffect on the cracking performance
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asphalt mixtures. The S®5 mixtures had better cracking performance thartf-12.5
mixtures, especially when RAP was included. Theae could be that smaller aggregate ¢
mix designs had higher asphalt binder content, lvprovided better bonding to resist cracki
It was worthwhile to note that both mixes had adowumber of cycles to failure when RAP v
included.

OT results on SR2.5 and S-4.75 mix designs are shown in Figure 5.3. Th-12.5
with GA553 granite aggregate was chosen to be coedpaith SK4.75 mix design with th
same type of granite. The specimens used for tmgarison had 20% RAP included. When
67-22 vigin binder was used, the -12.5 mixtures with 20% RAP had significantly be
cracking performance than the-4.75 mixtures with 20% RAP. However, when the P22
(PMA) binder was used, the -4.75 mixtures with 20% RAP had better crack resistahin
the SP12.5 mixtures with 20% RAP. It should be noted thatoptimum asphalt binder contt
in the SP4.75 mix design were based on 5% air voids, whikedptimum asphalt content in t
other mix designs were based on 4% air voids. Thper modified binder PG 7-22 (PMA)
greatly improved the crack resistance of th-4.75 mixtures. On the other hand, since the
coarse aggregates (> No.4 Sieve) i-4.75 mix design are from RAP, the distributionlodge
RAP aggregates becomes a significarect during the test, especially when the limesfoom
RAP was found on the cracking surface. The effe&AP could be more severe in fir
mixtures.

2500
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2000

1500 -

1000
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Number of Cycles to Failure

PG 67-22 PG 76-22
Figure 5.3. OT Results on S-12.5 and SP4.75 Mix Designs with GA553 and RA

OT results on the SB5 and SR4.75 mix designs with 20% RAP are shown in Fic
5.4. Although the aggregates were from differentrses, the comparison was still accept:
since the aggregate source did not have strongeinée on these mixtures from preuvi
analysis. PG 7@2 (PMA) was used for the mixtures in this comparidt was found that tk
SP9.5 mixtures had better cracking performance tharsi-4.75 mixtures when PG -22
(PMA) binder was used.
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Figure 5.4. OT Results on S-9.5 and SP-4.75 Mix Designs witRG 7€-22 and 20% RAP

Based on the OT results on the number of cycléailire for the mixtures with differer
nominal maximum aggregate sizes, it was foundtti@SF-9.5 mixtures had the best cre
resistance compared to the-12.5 and SP-4.75 mixtes when 20% RAP was included in-
mixes. The SR.75 mixtures had better cracking performance tharSk-12.5 mixtures if PG
76-22 (PMA) binder was used instead of P(-22 virgin binder.

5.3.3 Asphalt Binder Type

Two types of asphalt binder were usn this study: PG 6222 virgin asphalt binder ar
PG 7622 PMA. To study the effect of asphalt binder om ¢hacking performance of Floris
mixtures, comparisons were made in two groups:umest without RAP and mixtures with RA
OT results of mixtures ithout RAP are shown in Figure 5.5. It was foundaltthe PG 7-22
(PMA) binder had a strong influence on the crackstance of mixtures without RAP. T
number of cycles to failure was improved by 50%480% when PG 22 (PMA) was use

S000

BPG67-22
mPG 76-22

JEHH)

304040

2000

LOHH}

Numbher of ('vcles to Failure

SP-12.53GAXS3 SP-12.5NS313 SP-12.5GALRS
Figure 5.5.0T Results of Mixtures without RAP for Both Binders
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OT results of mixtures with RAP are shown in Figbré. For S-12.5 mixtures witt
RAP, PG 7622 (PMA) binder only improved the number of cydiegailure by 10% to 25%
However, the use of a PG 2@-(PMA) binder considerably improved the crack resise ol
SP4.75 mixtures with RAP. It was found that polymeadifier can significantly improve tr
crack resistance of asphalt mixtures with relayisehaller aggregate siz

2500

mPG 67-22

2000 BPG 76-22
1500
1000

300 +

Number of Cycles to Failure

SP-12.5 SP-12.5 SP-12.5 SP-4.75
GASS3 NS315 GAILSS
Figure 5.6. OT Resultcof Mixtures with 20% RAP for Both Binders

5.3.4 Reclaimed Asphalt Pavement (RAP) Conte

RAP is commonly used in asphalt pavements. Thegeibis critical to evaluate tr
cracking performance of asphalt mixtures with RA8luded. Mixtures with 20% RP were
studied in this research. Comparison between tkéunais without RAP and the mixtures w
20% RAP for different aggregate sizes or asphalidis was presented in Figures 5.7 (P-
22) and 5.8 [PG 7@2 (PMA)]. It was found that RAP decreasee crack resistance of asph
mixtures. For SA-2.5 mixtures, the number of cycles to failure wetuced by 70% to 80"
when 20% RAP was included in the mix. Fol-9.5 mixtures, the number of cycles to fail
was decreased by 50% when 20% RAP was ind in the mix. Based on the overlay t
results, the mixtures with RAP would not have craglperformance as good as virgin mixtul
Since RAPs are from multiple sources, they migt@ion different aggregates or aged asg
binders. Therefore, characizing the RAP is necessary to further evaluatesfifiect of RAF
content on the crack resistance of mixtt
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Figure 5.8. RAP Effect on OT Results of Mixtures wh PG 7€-22

5.3.5 Displacement Rate

Additionally, one type of S-12.5 mixture with 20% RAP was tested with 0.C-inch
opening displacement to evaluate the effect ofldcgment rate on the OT results. The ave
numbers of cycles at failure on the-12.5 specimens with diffent opening displacements
shown in Figure 5.9. Due to the large number ofeyat 0.012-inch displacement, a logarith
scale was used on the vertical axis. When the agatisplacement was halved from -
standard opening displacement of 0-inch, the number of cycles to failure was alr
increased by 100 times. Therefore, lower displacg¢mege can significantly increase the num
of cycles to failure during the O
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Figure 5.9. Effect of Displacement Rate on OT Redslon SPM 1:-10895A

As mentioned previously in the literature review phasene other researchers ¢
studied the effect of displacement rate on the Ofilver of cycles to failure. According to t
test results presented by Texas Transportatioitutes(TTI) researchers,e OT number of
cycles to failure increased from 58 cycles to 16¢dles when the opening displacem
decreased from 0.02B¢h to 0.012-inch for the Type C mixture. The OT number of c
increased from 3 cycles to 475 cycles when the iogatisplacerent decreased from 0.C-inch
to 0.015inch for the Type B mixture with 30% RAP. Therefoifee basic trend is consiste
with our test results. The reason that some reseeswise lower opening displacement du
the OT is some mixtures failed too fduring the test (< 10 cycles), especially for thetores
with high RAP content. Thus they reduce the openisglacement to get a reasonable nun
of cycles to failure from the OT (> 50~100 cycleshich is better for analysis procedt

Based on outest results on Florida mixtures, OT can providesomable numbers
cycles under the standard opening displacemeri2%0rzh). However, the load reduction r
was too low at 0.0128ch opening displacement, which is not recommeridethe furthel
analysis. Therefore, a 0.02%h opening displacement would be considered egpiple for
evaluating the crack resistance of the Florida al$phixtures during the overlay te

5.4 Fracture Mechanics Analysis

5.4.1 Fracture Properties

As mentioned in the literature review, fracture tretcs analysis provides an effect
way to study the crack growth in asphalt mixturearials. The rate of cracking can
correlated with fracture mechanics parameters agdhe stress intensity for. It is necessary
to study the crack propagation process in ordersduate the crack resistance in asp
mixtures. Therefore, one of the purposes of treeaech study was to obtain the fract
properties of asphalt mixtures from the OT to brestudy the crack growth process in the asg
mixtures during cracking. The conventional linelasgc fracture mechanisms presume

68



there are intrinsic flaws in a material. A crackiates from the flaws and propagates
continuously under a critical loading condition.eT¢rack growth rate is assumed to follow
Paris’ Law as shown in Equation 5.1.

dc _ n
N A(AK) (5.1)

where ¢ = crack length
N = number of loading cycles
A andn = fracture properties of the material
4K = stress intensity factor (SIF) amplitude

Paris’ Law has also been used to describe the graskth process in viscoelastic
materials, such as asphalt mixtures. As mentioadceg it has been found that the Paris’-Law-
based cracking model can successfully predictafieative cracking behavior of asphalt
mixtures. It was shown that a load reduction cures obtained from OT results, which shows
the relationship between the maximum load and timlrer of cycles. To apply Paris’ Law onto
the OT results, it is critical to find the relatginp between the applied load and the crack length.
Then the crack propagation with the number of c/cln be achieved. Thus, it is important to
evaluate the stress intensity factor, which predicé stress state near the crack tip caused by a
remote load or residual stresses (Anderson 200fgorling to a review of the literature, it was
found that the magnitude &f depends on sample geometry, the size and locatithe crack,
and the magnitude and the modal distribution ofisoan the material.

=:~r. ()

Figure 5.10. Stress Intensity Factor Calculation asund Crack Tip

The expression for extracting tKevalues at the crack tip using plane strain assiompt
and Mode | (opening crack mode) in OT is given qué&tion 5.2, and the corresponding
elements around the crack tip are shown in Figut® &hou et al. 2010):

_ GV2r

Toa-agy e )+ e 52

where K, = stress intensity factor for Mode | crack
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¢ = crack length

G = shear elastic modulu& (= E /[2(1+.)] for isotropic elements)

M = Poisson’s ratio (0.35 for asphalt concrete)

u; = horizontal displacement at point
It should be noted that the distarameequals four times distaned (Figure 5.10). The distance
aealso equals four times distan@é Additionally, the displacemesgtis the maximum opening
displacement, which is 0.025 inch (0.635 mm) in@le When assuming that the cracking lines
ac andae are straight, Equation 5.2 can be simplified to&n 5.3 as follows:

E
N 21T
_ 20+ )
K, = x2xMOD 5.3
Je(4-4ap) 53

where E = elastic modulus, which can be replaced by dynanadulus
MOD = maximum opening displacement
Applying ¢ = 0.35 andMOD = 0.635 mm, Equation 5.3 becomes:

K, = 0.453% x ¢ (5.4)

Combining Equation 5.4 for the stress intensittdaand Equation 5.1 for Paris’ Law,
we can obtain that:

g—; = A(0.4535)" x ¢ (5.5)

Solving this ordinary differential equation, we aabtain the relationship between the crack
length and the number of cycles in Equation 5.6:

1 1

¢ = (A(0.4535)" 1+ 05n) osn x N Fosr (5.6)

On the other hand, the stress intensity fakidor edge crack in a plate under uniaxial
stress can be approximated to an analytical equatioording to Figure 2.5 (Anderson 2005):

K, = aﬁ{nz— oz:{%} 10.6(%)2 - 217(%)3 4 30.4(%)4} (5.7)

where ¢ = uniaxial stress
B = thickness of plate = 38.1 mm (1.5-inch) in OT

Applying Equation 5.4 for the stress intensitytéaidénto Equation 5.7, we can obtain the
correlation between the normalized maximum loadtaectrack length at 0.635 mm maximum
opening displacement numerically:

L. =0.4811xc 13 (5.8)

norm
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where Lnom = normalized load at each cycle
Therefore, the relationship between the numbeyods and the normalized maximum load can
be obtained by combining Equations 5.6 and 5.8¢kvig shown below:

-1319 -1319
Loorm = [0.481]2( (A(O.4535£)“ (]_+ O.5n))1+0.5n:| x N #05n (5.9)

It was found that there is a power function relagioip between the normalized maximum load
and the number of cycles. Equation 5.9 can alseriiten as follows by introducing two new
parameters called Crack Inde¥X,andn’:

L. = AxN" (5.10)
-1519
A= 0.4811x (A(04535)" 1+ 05n)osr (5.12)
= 1319 (5.12)
1+05n

It can be found that the crack indio&'sandn’ are related to the fracture propertfeandn in
Paris’ Law. The crack indices and n’ can be easily obtained through the regrassmalysis
from the load reduction curve in OT results. Theref the fracture properties can be obtained
from crack indices using the following correlations

n= —( 2638, 2) (5.13)
n
! 2638
A= glc x U/2.0786A' x (0.45355)( =g (5.14)

A flowchart representing the analysis of OT resigdtshown in Figure 5.11. Based on
this analysis procedure, the crack indices aréedingained from the load-reduction of OT results
using regression analysis. The dynamic modulub@fiixture can be predicted using MEPDG
model (AASHTO 2008). Combining the crack indiced #me dynamic modulus, the fracture
properties of the mixture can then be achievedguBouations 5.13 and 5.14.
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The crack indices and the fracture properties efabphalt mixtures tested using the OT
are shown in Table 5.5. The relationships betwheriracture properties and the OT results are
shown in Figure 5.12. It was found that the cramlekn’ and fracture property increased with
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the increase of number of cycles to failure forrnhgtures. Based on a comparative study,
asphalt mixtures with greatat or n values had better crack resistance than the asphdlires
with lowern’ or n. Therefore,he crack resistance of an asphalt mixture can akiated usin
either the crack indices or the fracture prope!l
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Figure 5.12. Relationships between Crack Index orfacture Property and OT Results

It should be noted that the fracture propertiesswomputed using this simplifie
analysis procedure with a 2D opening crack modsét@n a theoretical approach. Howeve
could introduce some discrepancies in the fragbuoperties if a different analysis procedure
a different model were used the other researchers. Therefore, to reduce theegacies, it i:
recommended to use the crack indices, which catirbetly obtained from the test results.
represent the ability to resist cracking for aspbahcrete during the overlay testing. ' crack
indices can also be used to compare the crackarsesamong different types of aspl
mixtures.
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5.4.2Framework for OT and IDT Correlations
As described earlier, the traditional method usecharacterize the asphalt mixtures for
flexible pavement design in Florida is the IndirB@metral Test (IDT). An HMA fracture
model for predicting pavement cracking using IDTswvaéso developed by Roque et al. (Roque et
al. 1997, 2002). It is difficult to measure theakdength of an asphalt mixture accurately and
reliably. The linear elastic finite element methveas used to simulate the IDT specimens at
different cracking lengths. They established ati@tship between the theoretical crack length
and the deformation measured between the verteajepoints. Besides the three types of
regular IDT tests (resilient modulus, creep comquley and tensile strength), another type of
fracture test was performed. The fracture testewasiucted under the same load mode as the
resilient modulus test but a higher deformatiorelswn order to determine the crack growth
characteristics of the specimen. The test was pagd at 10°C. The repeated load was applied
until the specimen failed. The crack growth rateapeeters for Paris’ Law were determined by
the following steps:
1) Obtain and plot resilient horizontal deformatiossagfunction of load repetitions.
2) Determine the initial resilient horizontal deformaat that corresponds to the
response of the specimen in the undamaged state.
3) Establish the relationships of crack length and Ioemof load repetitions using
theoretical finite element analysis.
4) The stress intensity factor was then obtainedHercbrresponding number of load
repetitions from finite element analysis.
5) Incorporate the theoretical calculation into th& tesults to develop a
relationship between crack growth rate and streesnsity factor.
6) Obtain the fracture parameters, A and n, by regresmalysis. The regression-
models were used to evaluate the crack resistértbe mixtures.

The fracture properties can be obtained from eihdirect tensile test (OT) or the
indirect tensile test (IDT). Thus, the fracture pedies obtained from these two tests can be
compared to each other. Although the fracture ptgpalues will not be identical since the two
tests have different test mechanisms, correlagtationships can be obtained between the
fracture property values.

A comparative study framework is recommended tduasta the crack resistance of
asphalt mixtures using OT and IDT tests, whichhisven in Figure 5.13. A batch of Superpave
specimens is prepared from the same mix desigm feespecimens are divided into two
groups. One group of specimens is tested usingl®& other group of specimens is tested using
IDT. Fracture properties of mixtures are then ai®dithrough the OT-based analysis procedure
or the IDT-based analysis procedure accordingeddhbt conducted, respectively. A series of
tests will be conducted for different types of rdesigns. A database will be built to record the
test parameters, test results, and fracture priepddr the mixtures. It should be noted that OT
and IDT are conducted at different test temperatudewever, correlation relationships between
the fracture properties obtained from OT and IDf ba developed from this database. The
developed correlation relationships can be furtlsed to evaluate the crack resistance for the
other types of asphalt mixtures. The laboratoryresults can also be compared to the field
observations for better predicting the crackinggrenance of asphalt mixtures in the field.
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Some criteria based on the field-calibrated lalwwyatiest results can be achieved, which in turn
can be used in the design guide to evaluate tlokiogaperformance of the asphalt mixtures.

Superpave

Specimens

Overlay Test Indirect Diametral Test
Load Reduction Curve Deformation vs. Load

. Correlations .
Fracture Properties - Fracture Properties

A1 ni A2 n2

Database

for Future Design

Figure 5.13. Framework to Correlate OT and IDT
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Table 5.5. Fracture Properties of the Asphalt Mixtuwes in the OT

Dynamic Crack Index Fracture Property
Asphalt RAP | Modulus | No. of

NMAS Mix Design Binder Content | (MPa) Cycles A' n' R? A n
SPM 12-10895A| PG 67-22 20%| 56.65 634 2.4964 | -0.500| 0.87| 3.3886E-07| 3.2760
SPM 13-11076A| PG 67-22 0% | 55.10 2344 1.1057 | -0.299| 0.96| 4.0795E-12| 6.8227
SPM 12-10895A| PG 76-22 20%| 83.88 786 1.9687 | -0.451| 0.93| 1.2427E-08| 3.8492
SPM 13-11076A| PG 76-22 0% | 83.69 3918 1.1744 | -0.264| 0.93| 1.6264E-15| 7.9924
SPM 14-12576A| PG 67-22 20%| 56.78 649 2.0425 | -0.453| 0.87 | 5.6982E-08| 3.8234
SP 125 SPM 13-11035A| PG 67-22 0% | 56.51 2576 0.8671 | -0.255| 0.99| 3.3664E-14| 8.3451
SPM 14-12576A| PG 76-22 20%| 87.32 722 1.5526 | -0.430| 0.94| 5.2921E-09] 4.1349
SPM 13-11035A| PG 76-22 0% | 83.63 3512 0.7174 | -0.225| 0.99| 1.2783E-17| 9.7244
SP 14-12171B PG 67-22 20% 51.76 655 1.1745 | -0.395| 0.97| 1.2103E-08| 4.6785
SPM 14-12199A| PG 67-22 0% | 57.15 2117 1.6994 | -0.338| 0.92| 3.8160E-11| 5.8047
SP 14-12171B PG 76-22 20% 77.42 772 0.8670 | -0.374| 1.00| 9.0995E-10] 5.0535
SPM 14-12199A| PG 76-22 0% | 85.71 3547 0.8464 | -0.236| 0.99| 4.2057E-17| 9.1780
SP 95 SPM 14-12247A| PG 76-22 20%| 40.10 3435 1.6638 | -0.291| 0.97| 7.5467E-14| 7.0653
SPM 14-12201A| PG 76-22 0% | 76.02 6023 0.9471 | -0.217| 0.98| 1.7574E-18| 10.1567
SP 4.75 LD 12-2653A PG 67-22 20% | 59.90 121 1.7257 | -0.701| 0.90| 2.5447E-04| 1.7632
LD 12-2653A PG 76-22 20% | 87.55 2028 3.0736 | -0.407| 0.84| 2.2141E-10| 4.4816
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

The primary objective of this research study wasvauate the applicability of using
overlay test to characterize common asphalt mistéoecrack resistance in the flexible
pavement design in Florida. The crack resistanamwoimon Florida asphalt mixtures was
evaluated using laboratory overlay test procedineoverlay test procedure based on Texas test
procedure Tex-248-F was adopted to accommodat& &ltest methods on asphalt mixtures.
Some FDOT test methods on asphalt concrete mixidgcampaction, maximum theoretical
specific gravity measurement, air void measurenard,sample preparations, were adopted in
the test procedure.

Nine standard mixes were selected for this studiychvrepresent some of the most
commonly used mixtures in Florida. The mixes ineltidree SP-12.5 mixes without RAP
content, three SP-12.5 mixes with 20% RAP, one SRv@x without RAP content, one SP-9.5
mix with 20% RAP, and one SP-4.75 mix with 20% RABRe to the limit of this research study,
mix designs with granite as aggregates were seletteee types of granite, GA553, NS315,
and GA185, were used as the aggregate in the rastur addition, the mixtures were prepared
using both virgin asphalt binder (PG 67-22) and/p@r-modified asphalt binder (PG 76-22).

The load reduction curve, which shows the nominaximum load at each load cycle,
was obtained from the overlay test data file. Thmber of cycles to failure, which represents
the cracking performance of the asphalt mixtures wlatained through the load reduction curve.
The test results had a good agreement on the rigpéeate samples for each type of mixture.
The COV were less than 20%. The 0.025-inch opewidth was used in the OT throughout the
evaluation of FDOT asphalt mixtures. In additiomower maximum opening displacement,
0.0125-inch, was also studied on one type of me{@&P-12.5 with 20% RAP) to evaluate the
effect of displacement rate on the overlay tesital of 51 overlay specimens were tested for
the laboratory evaluation phase of the project.

6.2 Findings and Conclusions

The effects of material characteristics, polymedifier, and RAP content on the crack
resistance of Florida asphalt mixtures were evatliaConclusions were drawn as follows:

1. It was found that the type of granite did not hav&gnificant effect on the cracking
performance of mixtures. The mixtures with diffarggpe of granite had similar
performance on crack resistance.

2. It was shown that the SP-9.5 mixtures had the drask resistance compared to the SP-
12.5 and SP-4.75 mixtures when 20% RAP was inclug#ae mixes. When a PG 67-22
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virgin binder was used, the SP-4.75 mixtures hamt packing performance, with
roughly 100 cycles to failure. However, the SP-4nistures could have better cracking
performance than the SP-12.5 mixtures if a PG 7@°22A) binder was used instead of a
PG 67-22 virgin binder.

3. Two types of asphalt binder, PG 67-22 and PG 7@22A) binders were used to study
the polymer modifier effects on the crack resistaocmixtures. For SP-12.5 mix designs
without RAP, PMA binder (PG76-22) could improve tinember of cycles to failure by
50% to 100%. For SP-12.5 mix designs with 20% RRMA binder only improved the
number of cycles to failure by 10% to 25%. Howeuse of a PMA binder could
significantly improve the cracking performance log SP-4.75 mixture with 20% RAP
included.

4. It was found that RAP reduced the crack resistafiesphalt mixtures. For the SP-12.5
mixtures, the number of cycles to failure in OT weguced to 20% to 30% when 20%
RAP was included in the mix. For the SP-9.5 mixgutbe number of cycles to failure in
OT was decreased by 50% when 20% RAP was includ#teimix. To further evaluate
the effect of RAP content on the crack resistarigaigtures, it is necessary to
characterize the RAP.

5. The effect of opening displacement rate was alsduated. It was found that the lower
displacement rate would significantly increasertbmber of cycles to failure during the
OT. When the opening displacement was halved, tinger of cycles to failure was
almost increased by 100 times. According to theserpental results, 0.025-inch
standard opening displacement is a reasonable ptawalue, which is recommended
for Florida mixtures in OT.

Fracture mechanics analysis was conducted on ag\vest results based on Paris’
Law. A simplified analysis procedure was develofzedalculate the fracture properties, A and
n, through theoretical and numerical derivationsaddition to A and n, crack indices A’ and n’,
which can be easily obtained from the overlay l@ad reduction curve, were introduced to
evaluate the crack resistance of asphalt mixt@eselation relationships between the crack
indices and the fracture properties were develofgaked on a comparative study, the asphalt
mixtures with greatem’ or n values had better crack resistance than the agphdures with
lowern’ orn. It was found that the crack resistance of asphidture can be evaluated using
either the crack indices or the fracture properflesreduce the discrepancies in the analysis
results from different analysis procedures, usthefcrack indices to evaluate the crack
resistance of asphalt mixture in OT is recommended.

6.3 Recommendations

Based on the conclusions and limitations of thieaech study, the primary
recommendations are described as follows:

The experimental program can be expanded to thex dtpes of asphalt mixtures.
Asphalt mixture with other types of aggregateshsag limestone, can be evaluated using the OT
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procedure. Mixtures with different aggregate sizsphalt binder types, or RAP contents can
also be evaluated. A database can be built toddbertest parameters, test results, and fracture
properties for different types of mix designs. Traeture properties obtained from the OT-based
analysis procedure can be compared to the resaitsthe other tests. Correlation relationships
can be developed to compare these tests from tabatse, which can be further used to evaluate
the crack resistance of other types of mixturegnllthe laboratory test results can be compared
to the field observations to better predict theekiieg performance of asphalt mixtures in the
field. Some criteria based on the field-calibrdtdabratory test results can be adopted into the
design guide to evaluate the cracking performamteeoasphalt mixtures.
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APPENDIX A

FLORIDA METHOD OF TEST FOR OVERLAY TEST

Pavement Analytics, LLC
Tallahassee, FL 32302

Designation: XXxxx

1. SCOPE
1.1 This test method determines the susceptilafityituminous mixtures to fatigue or reflective
cracking.
1.2 The values given in parentheses (if provided)at standard and may not be exact
mathematical conversions. Use each system of s@garately. Combining values from the two
systems may result in nonconformance with the stahd
2. APPARATUS
2.10verlay Tester (OT)-an electro-hydraulic system that applies repeaitedtdension loads
to specimens. The device automatically measuresemmids the maximum load and the
beginning and the end positions during each 10rskcgcle, and the temperature at the
beginning and the end of the test.
2.1.1 The machine features two blocks: one is fieed the other slides horizontally. The
sliding block applies tension in a cyclic trianguleaveform to a constant maximum
displacement of 0.025 in. (0.0635 cm). The slidahack reaches the maximum displacement
and then returns to its initial position in 10 s@ne cycle).
2.1.2 Additionally, the device includes:

* acontrolled temperature chamber,

» alinear variable differential transducer (LVDT)rteeasure the displacement of the

sliding block,

» an electronic load cell to measure the load resyftiom the displacement,

« aluminum or steel base plates to restrict shiftihthe specimen during testing, and

* a mounting jig to align the two base plates forcapen preparation
2.1.3 Refer to the manufacturer’s specificationsefguipment range and LVDT and load cell
accuracy.
2.2Single or Double Blade Saw
2.2.1 The saw must be capable of accurately cuttiegsphalt concrete test samples from
laboratory compacted cylinders or field cores.
2.3 SampleCutting Templateas shown in Figure 1.
Note 1—This is not required when using a double blade saw.
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Figure 1—Sample Cutting Template

2.4 Apparatus used in FM 1-T 166, Bulk Specificvdyaof Compacted Hot Mix Specimens.
2.5Temperature Chamber or Heating O@ptional), capable of maintaining 77 + 1°F

(25 £ 0.5°C). The temperature chamber of the ayadster may be used.

2.6 Vacuum Devicéoptional), such as CoreDry.

2.7 Spatula and Dishdisposable, for mixing epoxy

2.8Weights 10 Ib. (4.5 kg) each.

Note 2—As shown in Figure 2, one weight must rest onabpach specimen without
overlapping the sides.

2.93/8-in.Socket Drive Torque Wrenahith a 3-in. extension, capable of applying a 15ib
torque.

~——

LS —

Figure 2—Weighted Specimensn Base Plates and Mounting Jigs
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3. MATERIALS

3.1 Two-Part Epoxywith a minimum 24-hr. tensile strength of 600 psiL(MPa) and 24-hr.
shear strength of 2,000 psi (13.8 MPa) as spedifjeitie manufacturer.

3.2Paint or Permanent Marker.

3.3Lubricant(optional), such as grease or oil.

4. TEST SPECIMENS

4.1 Laboratory-Molded Specimeng2repare three specimens for a specific mix in alzwe
with the

FDOT State Materials Office Materials Manual, sect834, Superpave Hot Mix Asphalt,
Section 3.2.3, Gyratory Compaction.

Specimen diameter must be 6 in. (150 mm), and heigist be 4.5 + 0.2 in. (115 + 5 mm). Test
specimens within 5 days of molding.

Note 3—Cure warm-mix asphalt (WMA) mixtures at 275°F (XB%E) for 4 hr. £ 5 min. before
molding. WMA is defined as HMA that is produced hit a target temperature discharge
range of 215°F (101.7°C) to 275°F (135.0°C) usinglM/additives or processes.

4.1.1 Density of the trimmed test specimen muf@de 1%, except for Permeable Friction
Course (PFC) mixtures.

Note 4—Laboratory-molded specimens with 91 + 1% densstyally result in trimmed

test specimens that meet the 93 + 1% density reap@int. This is only a guide; use prior
experience and knowledge of the specific materials.

Note 5—Mixture weights for laboratory-molded specimenatthchieve the density
requirement typically vary between 4200 and 4500 g.

4.1.2 For PFC mixtures, mold test specimens toysatmns (Niesign-

Note 6—Select the mixture weight for the molded PFC gpeci based on the weights

used in the mix design.

4.2 Core SpecimensSpecimen diameter must be 6 = 0.1 in. (150 + 2 namg, height must

be a minimum of 1.5 in. (38 mm). There is not ac#pedensity requirement for core
specimens.

5. PROCEDURE

5.1 Preparing Specimens:

5.2 Obtain three cylindrical specimens meetingrégelirements of Section 4.

Note 7—Test roadway cores for informational purposes only

5.2.1 Refer to the sawing device manufacturertsuogons, if provided, for trimming
specimens.

5.2.2 When using a single-blade saw, use a cuttimglate to trace the location of the cuts on
the cylindrical specimen with paint or permanentkea

5.2.3 Cutting the specimens perpendicular to thestoface, trim the sides to produce
specimens 3 + 0.02 in. (76 + 0.5 mm) wide, as shiowFigures 3 and 4. When using a single-
blade saw, follow the lines traced using the teteplRiscard the cuttings.

5.2.4 Trim the top and bottom of each specimenddyce a sample with a height of

1.5+ 0.02in. (38 £ 0.5 mm), as shown in Figures8 6. Discard the cuttings.

Note 8—

The cutting in steps 5.2.3 and 5.2.4 can be dotieeimeverse order, as best fits the saw and
cutting jig configuration. However, once the cogtiorder is determined, the same cutting order
should be consistently used for all samples.
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N

Specimen’s
Top Surface

3 +0.02 1n.
(76 £0.5 mm)

\_/

Figure 3—Trimmed Specimen (Top view)

Figure 4—Trimmed Specimen (Side view, secimen still imgs, specimen sides have been
cut away on each side)

/ Specimen’s I 3£0.02 in. ™

| Top Surface }(76+0.5mm)
Initial Height for Discarded Part , .
Molded Specimen | | ~~-L _______________________] - 1.5+0.02 mn.
4.5+02 in. (3:8+0.5 mm)
(A15+5mm) ||~ .
Y Discarded Part /

Figure 5—Trimmed Specimen (Side view)
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Figure 6—Trimmed Specimen (Side view, specimen still in qiamspecimken top and bottom
have been cut away on each side)

5.2.5 Calculate the density of the trimmed labasatoolded specimens in accordance with
FM 1-T166, Bulk Specific Gravity of Compacted HobdMAsphalt (HMA) Specimens, in the
following order.

Note 9—Do not measure the density of trimmed PFC specimen

5.2.5.1 Record the dry mass of the specimen.

5.2.5.2 Calculate the weight of the specimen irewat

5.2.5.3 Calculate the saturated surface dry (SSEgtw of the specimen in air.

5.2.5.4 Air dry the trimmed specimen to remove sgaaoisture until the specimen reaches to
constant weight (measure the weight of specimeryed® minutes). It usually takes at least 8
hours to dry the specimen.

5.2.5.5 Relative density must be 93 *+ 1%. If usrigboratory prepared specimen, discard and
prepare a new specimen if the trimmed specimen nloeseet the density requirement.

Note 16—The density for specimens trimmed from roadwayesos for informational
purposes only.

5.3Mounting and Conditioning Specimens:

5.3.1 Ensure that the base plates are clean, ctetyptemoving any dirt or epoxy left from
previous samples from the tops and the bottomeoplates.

5.3.2 Mount and secure the base plates to the nmgurd. If not controlled by the mounting jig,
insure that the sides of the two base plates afeqbky aligned. Cover the gap between the
plates with clear adhesive tape no wider than timnmum necessary to cover the gap.

Note 11—The gap between the two base plates during speameeinting is automatically
controlled by the mounting jig.

5.3.3 Prepare approximately 12 g of the two-ppoixg for each test specimen following the
manufacturer’s instructions. Do not prepare ep@axyniore than three specimens in one
batch.

5.3.4 Spread the epoxy evenly onto the bottometriimmed specimen, making sure that the
epoxy covers the bottom completely and making thatthe epoxy goes all the way to the
curved ends of the specimen.

Note 12—Complete Sections 5.3.4-5.3.6 in under 2 min.

5.3.5 Adhere the specimens to the base platesré&tigat each specimen is centered and
aligned parallel to the edges of the base pla&s Fgyure 7.
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a) View from the side: The mounting jigs are visibleder the base plates, and the clear
adhesive tape is visible over the gap betweenadke plates.

b) View from the end: The mounting jigs are visibledanthe base plates.
Figure 7—Mounting Jigs and Base Plates with Glued Samples

5.3.6 Weight the specimens to ensure full contaitt the base plates. As shown in Figure 2,
one weight must rest on top of each specimen witbheerlapping the sides.

5.3.8 Allow the epoxy to cure per the manufactwegcommendations.

Note 13—Generally, 12-16 hr. curing time provides suffitci@onding strength.

5.3.9 Remove the weights from the specimens.

5.3.10 Place the test sample assembly (specimeiisase plates) in the OT temperature
chamber or an oven at 25 + 0.5°C (77 £ 1°F) forimimmum of 1 hr. before testing.

5.4 Starting Testing Device:

5.4.1 Turn on the OT. Turn on the computer and atdigast 1 min. to establish communication
with the OT before starting the OT software.
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5.4.2 Turn on the hydraulic pump using the OT saftwv

5.5Mounting Specimen Assembly to Testing Device:

5.5.1 Enter the project name, specimen identificatiumber, specimen density, data file name,
and test remarks into the OT software.

5.5.2 Mount the specimen assembly onto the ma@&uoerding to the manufacturer’s
instructions, with the following additional steps.

5.5.2.1 Clean the bottom of the base plates antbfhef the testing machine blocks before
placing the specimen assembly into the blocks.

Note 14—If these surfaces are not clean, damage may ¢aot¢he machine, the specimen, or the
base plates when tightening the base plates.

5.5.2.2 While placing the assembly into the machemsure the device is in load mode to
minimize stress to the specimen.

5.5.3 Use the torque wrench to apply 15 Ib.-intooflue to each bolt to fasten the base plates to
the machine. See Figure 8 for a suggested torquueitigrn. Use a similar torqueing pattern for
all of the replicate specimens.

5 7 2
Figure 8—Suggested Torqueing Pattern

Note 15— If the manufacturer’s instructions are differéaim the instructions in this test
procedure, then follow the manufacturer’s instromasi.

5.6 Testing Specimens:

5.6.1 Test laboratory-molded specimens within Ssdzymolding.

5.6.2 Change the OT to displacement mode, andhee@héchine to test at a constant
temperature of 25 + 0.5°C (77 £ 1°F).

5.6.3 Start the test using the program’s staroputt

Note 16—The test will automatically start after the speeimrelaxation and temperature
stabilization sequence is completed.

Note 17/—The test will run until a 93% reduction of the nmaym load occurs, when measured
from the first opening cycle. If a 93% reductiom@ reached within 1,000 cycles, the OT will
stop the test.
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5.6.4 Open the OT data file and record the stadimgjfinal loads, percent decline in load,
temperature, and number of cycles to failure.
5.6.5 Remove the specimen assembly upon completitie test. Turn off the OT if needed.
5.6.6 Visually count the number of cracks at thedbthe specimens. Record zero, single, or
multiple cracks in the comments section of the riejgort.
6. REPORT
6.1 Reporthe following for each specimen:

» trimmed specimen density,

* test temperature

» starting load,

+ final load,

» percent decline in load,

* number of cycles to failure,

* number of observed cracks, and

« additional comments.
7. PRECISION
7.1 Coefficient of variation (COV) between the tesults of 3 specimens from a specific mix
must be< 30%.If the variability (COV) in the cycles to failure #30%, then two additional
specimens will be fabricated and tested. All tiest results will be reported, but the three test
results with the lowest COV will be used for thedi test result.

*The following Texas TXDOT specification was usedthe template for writing this Florida
specification:

TxDOT Designation: Tex-248-F

Test Procedure for OVERLAY TEST

Effective Date: February 2014
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APPENDIX B

DETAILS OF LABORATORY EXPERIMENTS

B.1 First Cutting Procedure
The cylindrical Superpave specimens from the gyyattbompactor were cut using a
Diamond Product® CC800M single-blade saw with air?h diameter diamond blade. This
cutting procedure used a specimen cutting tempglatgace the location of the cuts on the
cylindrical sample. An example of the cutting presés described as follows:
* Mark the first side-cut line on top of the specim@ut the first side off through the
marked line, as shown in Figure B-1.

.4

Figure B-1. First Side Cutting
* Turn the sample to align the sample with a 3-inateviL” shaped steel plate to cut the

second side off, as shown in Figure B-2. Measweantidth of sample to check that the
width meets the required tolerance of +/- 0.02 inch
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.....

Figure B-2. Second Side Cutting

* Place the sample on its side. Cut the top 1.5 aficihe 3-inch “L” shaped steel plate is
used for the rest of the 3-inch alignment, as shiowFigure B-3.

Figure B-3. First Height Cutting / Top Cutting

* Turn the sample to cut the bottom part, as showngare B-4. A 1.5-inch-wide metal
strip is used for alignment. Measure the heightgisiigital calipers after cutting to check
that the height meets the required tolerance 0902 inch. It should be noted that the
1.5-inch-wide metal strip is under the top clampijck cannot be seen from the picture.
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The 3-inch “L” shaped steel plate and a discardettB-wide specimen cutoff shown in
Figure B-4 were used to make sure the top clamplevas.

Figure B-4. Second Height Cutting / Bottom Cutting
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B.2 Upgraded Cutting Procedure

In the previous cutting procedure, the sample bdsktrotated for each cutting, which
increased the work during the cutting stage andddead to nonparallel surfaces after the
cutting. Subsequently, a new cutting fixture wasigiged and fabricated, which uses a moving
cutting table on a fixed table platform. Insteadwadving the sample, the cutting table was
moved to certain displacement. Therefore, work redsiced and more consistent cutting was
achieved.

An example of the improved cutting process is dbsdras follows:

» Mark the side-cut line on top of the specimen,hasa in Figure B-5. Two 2.5-inch-
wide aluminum plates were used to clamp the spactihieing cutting. Align the trace of
cutting to the edge of blade, as shown in Figui& B-7, and B-8.
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Aligne to the Edg

Figure B-8. Cutting Mark e of Blale
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» Cut the first side off, as shown in Figure B-9.l8vg and constant cutting speed is
needed to get a smooth cutting surface.

Figure B-9. First Sidé Cutting

* Move the cutting table by rotating the handle. Tdide needs to be moved for the width
of the specimen and the thickness of the cuttiagdslwhich is 3” + 0.144” = 3.144".
Therefore, the handle will be turned approxima6lyrotations, i.e., one rotation of the
handle equals a 0.05-inch movement of the tablenTéut the other side of the
specimen, as shown in Figure B-10. The specimen sife cuttings is shown in Figure

B-11.
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Figure B-11. Specimen after Side Cuttings

* Remove the sample from the cutting table. Markctitéing trace for the thickness
cutting, as shown in Figure B-12.

Figure B-12. Cutting Marks for Thickness Cutting

* Mount the specimen onto the cutting table. Twodhiwide aluminum plates are used to
clamp the specimen. Align the cutting trace todtige of blade, as shown in Figure B-
13.
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Figure B-13. Specimen Alignment for Thickness Culttig

» Cut the top side of the specimen off, as shownigairie B-14.

l@‘

"Figure B-14. First Thickness Cutting

* Move the cutting table by rotating the handle. Tdide needs to be moved for the
thickness of the specimen plus the thickness oftiténg blade, which is 1.5” + 0.144”
=1.644". Therefore, the handle will be turned apgmnately 33 rotations. Then, carry
out the second thickness cutting, as shown in Ei@4i5.
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Figure B-15. Second Side Cutting

* Specimen after cutting is shown in Figure B-16. Wdth and thickness are measured
using a digital caliper to check the dimensionspg¥cimen if it meets the required
tolerance of +/- 0.02 inch. A new Superpave spegimeeds to be prepared in place of
the original specimen if it does not meet the regjuent.

2

* Figure B-16. Specimen after Cutting

103



B.3 Asphalt Binder Report

B.3.1. Lab Analysis Report for PG 67-22

Bituminous Laboratory

Bituminous Materials

Effective Date: Jan. 1, 2013

Report for PG Binders

By: MS |

Page 10f 1

STATE OF FLORIDA DEPARTMENT OF TRANSPORTATION

PG Binder, FSU Research Project Sample

BITUMINOUS MATERIAL REPORT

Producer. Maniani Date Receved: 10/20/14
Terminal: TPA Water Terminal Lab No. 15583-LB
PG Grade: 67-22 Date Tested: 10/22/14
Date Sampled: 0922114 Tested By Allen
Sampled From: Report Date: 1002214
Test Tem;zf;ture Test Results SPECIFICATION
Tests on Original Binder
Solubility, % N/A 99.92 Min. 99.0%
Flash Point, COC N/A 500+ Min. 450°F
Rotational Viscosity 135°C 0.53 Max. 3 Pa-s
DSR, G'sin 5, @ 10 radls 67°C 1.27 Min. 1.0 kPa
Tests on Residue from Rolling Thin Film Oven Test
RTFOT, Mass Change 163°C -0.287 Max. +1.000%
DSR, G*/sin 5, @ 10 rad/s 67°C 2.76 Min. 2.20 kPa
Pressure Aging Vessel Test 100°C Tests on Residue from PAV
DSR, G*sin 5, @ 10 rad/s 26.5°C 2820 Max. 5000 kPa
BBR. Creep Stiffness, S 12°C 205 Max. 300 MPa
Creep Stiffness, M-value 0314 Min. 0.300
Notes:
This sample passed Flonda Department of Transportation specification for
Performance Graded Binder, PG 67-22.
Specific Gravity: 1.0315
True Grade: 68.9
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B.3.2.

Lab Analysis Report for PG 76-22 (PMA)

Bituminous Laboratory

Bituminous Materials Effective Date: July 1, 2013

Report for PG Binders| By MS | Page 1 of 1

STATE OF FLORIDA DEPARTMENT OF TRANSPORTATION
BITUMINOUS MATERIAL REPORT

PG Binder, FSU Research Sample PG 76-22(PMA)

Producer. Mariani Date Received: 102014
Terminal: TPA Water Terminal Lab No.: 15585-LB
PG Grade: 76-22(PMA) QPL # N/A
Date Sampled: 09/22/14 Date Tested: 10123014
Sampled From: Report Date: 10/23/14
Test Temgf;ture Test Results SPECIFICATION

Tests on Original Binder

Separation Test N/A N/A Max. Difference 15°F
Solubility, % N/A 99,83 Min. 99.0%
Flash Point, COC N/A 500+ Min. 450°F
Rotational Viscosity 135°C 3.65 Max. 3 Pa+s
DSR, G*/sin 5, @ 10 radls 2.16 Min. 1.0 kPa
Phase Angle (76-22) 76°C 64.7 Max. 75 degrees
Phase Angle (82-22) N/A Max. 65 degrees

Tests on Residue from Rolling Thin Film Oven Test

RTFOT, Mass Change 163°C -0.129 Max. £1.000%
DSR, G'/sin 5, @ 10 rad/s 76°C N/A Min. 2.20 kPa
R32 80.180 Report

Jnry ; (76-22) 0.138 Max. 1.000

MSCR Jnry 5 (82-22) 67°C N/A Max_0.500

JNMpye 440 Max. 75%

%Recovery Pass Pass
Pressure Aﬂ Vessel Test 100°C Tests on Residue from PAV

DSR, G* sin 3, @ 10 rad/s 265°C 2950 Max. 5000 kPa
BBR, Creep Stiffness, S 12°C 158 Max. 300 MPa

Creep Stiffness, M-value 0.329 Min. 0.300

Note: True Grade: 85.3

Specific Gravity: 1.0335
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B.4 0.45 Power Gradation Curves for Mix Designs
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APPENDIX

C

DETAILS OF LABORATORY EXPERIMENTAL RESULTS

Table C-1. Width and Thickness Measurements of TeSpecimens
(A) SP-12.5 from Anderson Columbia Company, Inc.

Asphalt
Mix Design Binder Width (inches) Average Width (inches)
3.006/ 3.008| 3.009 3.008
PG 67-22 | 3.001| 3.005| 3.006 3.004
SPM 13- 2.994| 2.997| 2.989 2.993
11076 A 3.015| 3.009| 3.017 3.014
PG 76-22 2.982| 2.979| 2.984 2.982
3.004| 3.002| 2.996 3.001
3.003| 3.002| 3.016 3.007
PG 67-22 | 2.983| 2.985| 2.991 2.986
SPM 12- 2.978| 2.984| 2.992 2.985
10895A 3.009| 3.003] 2.995 3.002
PG 76-22 | 2.990| 2.980| 2.984 2.985
3.018| 3.013] 3.011 3.014
SPM 12- 2.998| 3.000/ 3.000 2.999
5880952% PG 67-22 2.987| 2.989| 2.987 2.988
oD 2.997| 3.000/ 3.000 2.999
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)
1.502| 1.517| 1.482| 1.500| 1.490| 1.483 1.496
PG 67-22| 1.488| 1.506| 1.503| 1.487| 1.482| 1.483 1.492
SPM 13- 1.482| 1.489| 1.482| 1.493| 1.492| 1.495 1.489
11076 A 1.517| 1.502| 1.512| 1.490| 1.492| 1.460| 1.496
PG 76-22| 1.512| 1.517| 1.493| 1.497| 1.505| 1.516 1.507
1.468| 1.470| 1.476| 1.484| 1.485| 1.496 1.480
1.503| 1.504| 1.506| 1.476| 1.470| 1.472 1.489
SPM 12 PG 67-22| 1.476| 1.468| 1.458| 1.520| 1.465| 1.497 1.481
10895A 1.518| 1.510| 1.512| 1.520| 1.482| 1.490 1.505
PG 76-22 1.485| 1.495| 1.506| 1.503| 1.505| 1.511 1.501
1.504| 1.484| 1.480| 1.510| 1.494| 1.483 1.493
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1.513| 1.513| 1.517| 1.518| 1.518| 1.519 1.516
SPM 12- 1.515| 1.523| 1.524| 1.502| 1.504| 1.507| 1.513
58?0952'0,\5” PG 67-22| 1.521| 1.525| 1.512| 1.511| 1.510| 1.509 1.515
oD 1.494| 1.488| 1.485| 1.490| 1.486| 1.485 1.488
(B) SP-12.5 from Tampa Pavement Constructors
Asphalt
Mix Design Binder Width (inches) Average Width (inches)
2.999| 3.004| 3.010 3.004
PG 67-22 | 3.005| 3.012| 3.008 3.008
SPM 13- 2.999| 3.003| 2.994 2.999
11035 A 2.986| 2.988| 2.987 2.987
PG 76-22 2.987| 2.981| 2.983 2.984
2.987| 2.986| 2.994 2.989
2.984| 2.986| 2.984 2.985
PG 67-22 | 3.018| 3.018/ 3.012 3.016
SPM 14- 3.011| 3.018| 3.019 3.016
12576A 2.995/ 3.010| 3.015 3.007
PG 76-22 3.005| 3.012| 3.018 3.012
3.010/ 3.005| 3.007 3.007
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)
1.492| 1.505| 1.506| 1.513| 1.509| 1.513 1.506
PG 67-22) 1.516| 1.511| 1.515| 1.515| 1.516| 1.509 1.514
SPM 13- 1.491| 1.486| 1.487| 1.516| 1.513| 1.509 1.500
11035 A 1.492| 1.511| 1.518| 1.502| 1.519|1.520| 1.510
PG 76-22| 1.488| 1.499| 1.516| 1.517| 1.518| 1.518 1.509
1.484| 1.483| 1.510| 1.483| 1.491| 1.494 1.491
1.517| 1.508| 1.508| 1.515| 1.519| 1.518 1.514
PG 67-22) 1.504| 1.503| 1.510| 1.513| 1.518| 1.513 1.510
SPM 14- 1.485| 1.482| 1.481| 1.509| 1.511|1.518 1.498
12576A 1.515| 1.518| 1.522| 1.515| 1.520| 1.505 1.516
PG 76-22| 1.495| 1.502| 1.506| 1.510| 1.515| 1.518 1.508
1.483| 1.490| 1.493| 1.492| 1.495| 1.506 1.493
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(C) SP-12.5 from Atlantic Coast Asphalt

Asphalt
Mix Design | Binder Width (inches) Average Width (inches)
2.988| 2.997| 2.982 2.989
PG 67-22 | 3.004] 2.993| 2.981 2.993
SPM 14- 3.010] 3.015| 3.018 3.014
12199 A 2.991| 2.997| 2.985 2.991
PG 76-22 | 2.982| 2.982| 2.983 2.982
2.986| 2.985| 2.983 2.985
2.996| 2.995| 2.996 2.996
PG 67-22 | 3.009] 3.010| 3.012 3.010
SP 14- 3.017/ 3.016| 3.018 3.017
12171B 2.981| 2.985| 2.986 2.984
PG 76-22 | 2.995| 3.007| 3.002 3.001
2.983| 2.993| 2.997 2.991
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)

1.481| 1.485| 1.483]| 1.478| 1.481|1.481 1.482

PG 67-22] 1.490| 1.483| 1.482| 1.485| 1.482| 1.486 1.485

SPM 14- 1.480| 1.481| 1.486| 1.486| 1.489| 1.492 1.486

12199 A 1.485| 1.483| 1.481| 1.493| 1.498| 1.500| 1.490

PG 76-22) 1.481| 1.484| 1.484| 1.489| 1.493| 1.498 1.488

1.481| 1.484| 1.482]| 1.481| 1.481| 1.482 1.482

1.510] 1.515] 1.516] 1.513| 1.518| 1.520 1.515

PG 67-22) 1.514| 1.512| 1.517| 1.510| 1.509| 1.513 1.513

SP 14- 1.485| 1.496] 1.513] 1.483| 1.488| 1.492 1.493

12171B 1.495| 1.508] 1.512] 1.501| 1.508| 1.498 1.504

PG 76-22] 1.502| 1.509| 1.514| 1.501| 1.510] 1.519 1.509

1.499| 1.500| 1.503] 1.492| 1.503| 1.512 1.502
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(D) SP-9.5 from Atlantic Coast Asphalt

Asphalt
Mix Design | Binder Width (inches) Average Width (inches)
SPM 14~ | 56 7622 | 5018 3,000 2985 001
12201A : : : 001
2.990| 2.996| 2.998 2.995
SPM 14 3.008| 2.991| 2.986 2.995
12247A PG 76-22 | 3.002] 3.011| 3.018 3.010
2.981| 2.986| 2.989 2.985
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)
SPM 14 1.503| 1.487| 1.480| 1.503| 1.488| 1.481 1.490
12201A PG 76-22| 1.502| 1.510| 1.515| 1.488| 1.489| 1.488 1.499
1.488| 1.486| 1.483| 1.483| 1.482| 1.481 1.484
1.505| 1.484| 1.481| 1.485| 1.493| 1.503 1.492
S ioa | PG 76-22] 1.500] 1515 1520| 1.484 1.494| 1.505| 1.503
1.505| 1.506| 1.512| 1.513| 1.502| 1.493 1.505
(E) SP-4.75 from Middlesex Asphalt, LLC.
Asphalt
Mix Design Binder Width (inches) Average Width (inches)
2.982| 2.984| 2.990 2.985
PG 67-22 | 2990/ 3.001| 3.009 3.000
LD 12- 2.985| 2.991| 2.999 2.992
2653A 3.011| 3.012| 3.019 3.014
PG 76-22 | 2.983| 2.986| 2.994 2.988
2.998| 3.015| 3.017 3.010
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)
1.482| 1.486| 1.498| 1.490| 1.489| 1.480 1.488
PG 67-22| 1.481| 1.483| 1.489| 1.492| 1.496| 1.498 1.490
LD 12- 1.504| 1.510| 1.514| 1.510| 1.516| 1.521 1.513
2653A 1.503| 1.504| 1.519| 1.482| 1.491|1.504| 1.501
PG 76-22| 1.511| 1.501| 1.501| 1.508| 1.504| 1.492 1.503
1.484| 1.482| 1.496| 1.480| 1.483| 1.488 1.486
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(F) Average Width and Thickness of Test SpecimenStipplemental Test

Asphalt
Mix Design | Binder Width (inches) Average Width (inches)
2.981| 2.989| 2.983|2.984
LD 12-
PG 67-22
2653A 2.995| 3.005| 3.010]3.003
(SP-4.75) 3.005| 3.006| 3.006|3.006
PG 76-22 2.994| 3.000/ 3.008|3.001
Average
Mix Asphalt Thickness
Design Binder Thickness (inches) (inches)
1.518| 1.521] 1.518]| 1.516| 1.519| 1.520|1.519
'QES?A' PG 67-22[ 1.520] 1.517] 1.513] 1.512] 1.510] 1.510]1.514
(SP-4.75) 1.512| 1.511] 1.513] 1.515| 1.519| 1.521|1.515
PG 76-22| 1.504| 1.506| 1.505| 1.489| 1.481| 1.480|1.494

115




Table C-2. OT Temperature for Each Specimen

Overlay Test Temperature ("C)

Asphalt Mixture PG 67-22 PG 76-22

SPM 13-11076A | 24.72 24.54 24.88 24.86 24.70 25.4

SPM 12-10895A | 24.62 25.18 24.89 25.02 25.39 25.3

SPM 13-11035A | 24.97 25.36 24.89 25.04 25.00 25.0

SPM 14-12576A | 25.01 25.11 25.14 24.97 24.88 24.9

SPM 14-12199A | 24.94 25.24 25.16 25.19 24.98 24.9

SP 14-12171B 24.94 24.92 25.07 24.80 24.98 24.9

SPM 14-12201A 24.91 25.17 25.03
SPM 14-12247A 25.02 25.17 25.15
LD 12-2653A 25.08 24.92 25.02 24.94 24.98 24.8

SPM 12-10895 A

@0.0125” OD 25.01 25.04 24.76
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(b) SPM 13-11076A — PG 76-22
Figure C-1. Crack on SPM 13-11076A (SP-12.5, No RABpecimens after OT
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(a) SPM 12-10895A — PG 67-22

e

(b) SPM 12-10895A — PG 76-22
Figure C-2. Crack on SPM 12-10895A (SP-12.5, 20%RARpecimens after OT
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(b) SPM 13-11035A — PG 76-22
Figure C-3. Crack on SPM 13-11035A (SP-12.5, No RABpecimens after OT
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(b) SPM 14-12576A — PG 76-22
Figure C-4. Crack on SPM 14-12576A (SP-12.5, 20%RABpecimens after OT
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(b) SPM 14-12199A — PG 76-22
Figure C-5. Crack on SPM 14-12199A (SP-12.5, No RABpecimens after OT
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(b) SP 14-12171B — PG 76-22
Figure C-6. Crack on SP 14-12171B (SP-12.5, 20%RABpecimens after OT
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-12201A - PG 76-22

(a) SPM 14

(a) SPM 14-12247A — PG 76-22
Figure C-7. Crack on SP-9.5 Specimens after OT
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(b) LD 12-2653A — PG 76-22
Figure C-8. Crack on LD 12-2653A (SP-4.75, 20%RAR3pecimens after OT
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Figure C-9. Crack on SPM 12-10895A Specimen after DTest with 0.0125” OD
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Picture of samples after the supplemental tests ashown as follows:

(a) Side View 1

(b) Side View 2
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(d) Specimen After Being Broken Apart
Figure C-10. Pictures of LD 12-2653A Mix with PG 6722 after OT — Sample 1
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(b) Side View 2
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(c) Top View

(d) Specimen After Being Bron part
Figure C-11. Pictures of LD 12-2653A Mix with PG 6722 after OT — Sample 2
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(b) Side View 2
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(d) Specimen After Being Broken Apart
Figure C-12. Pictures of LD 12-2653A Mix with PG 6722 after OT — Sample 3
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iew 1

(a) Side V

(b) Side View 2
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(d) Specimen After Being Broken Apart
Figure C-13. Pictures of LD 12-2653A Mix with PG 7&2 after OT
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APPENDIX D

ASPHALT MIX DESIGN

D.1 SPM 13-11035A

T 1 P, T if

ASPHALT MIX DESIGN
SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 38TH AVE, GAINESVILLE, FL 32000

Contractor Tampa Favement Constructors Address 5228 East Hillsborough Ave., Tampa, FL. 33810
Phore No. (813) 800-0381 Fax Ne. [813) 8214200 E-mail labi@tpc-asphalt com
Fire

Submitied By Carl Moorefield Type Mix SP-12.5 Intended Use of Mix Structural
Design Traffic Level [ Gyrations (@ Ndes 75

Product PlantPit

Product Description Code Producer Name Product Nams MNumber Terminal

1. S1A Sione Ca4 |Marlin Maretts Matenals &7 Stone NS315
2. 51B Swne 54 Martin Maristza Materials 280 Stane NS5
3. Screenings F2 Martin Marisnta Matenals Screenings MSE
4. Local Sand 33415 |ER Jahna Industries. Ing Poik County
5.
8.
7. PG Binder R18-TEPMA PG 78-22 PMA

PERCENTAGE BY WEIGHT TOTAL AGGREGATE FASSING SIEVES

Blend 2% 10% 50% T JOB MIX CONTROL PRIMARY
Number 1 2 3 4 - 8 FORMULA POINTS CONTROL SIEVE|
34" 15.0mm 100 100 100 100 100 100

W (1 25mm 85 100 100 100 e 89 - 100

N 3E  9.5mm 85 83 100 100 88 - 80

= |Np. 4 A 75mm 18 42 6 100 67

@ [Mo.§ 2.36mm i) 10 T3 100 47 28 - 58 g
MNo. 16 1.18mm 5 =] 42 100 3

= (Np. 30 500pm 4 3 32 100 25

> [Mo.50 300pm 3 3 19 79 18

w Mo, 900 150pm 3 3 10 7 8

— [M0.200 TSum 25 208 8.5 18 4.0 2 - 10

o S 2827 .51 T2 2833 s i ]

The mix properties of the Job Mix Formula hawe been conditionally verfied. pending successhul final venfication during producton at the assigned plant, the
mix design & approved subject to FD.O.T. specifications.
JMF reflects aggregate changes expected during production

SPM 13-11035A (TL-C)

Transfemed from SPM 08-77884 (TL-C)

Dirgctor, Offics of Materials Ti 4. Ruelke, P.E
Effective Date 01/28/2013
Expirabon Date 01/28/2018
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HOT MIX IGN DATA T
SPM 13-11035A (TL-C)

52 5333 %d&ﬂ 5_5 14.9 63 4.1 1.0 88.0 96.4
5.5 2.346 2.450 4.2 14.8 72 4.6 02 88.4 97.1
5.6 2.349 2.447 4.0 14.8 73 4.7 0.9 88.5 97.3
6.0 2.360 2438 32 14.8 78 5.1 0.8 88.9 97.7
6.5 2370 2‘42_0 21 14.9 86 5.6 0.7 89.4 98.1
28.0 /. 151 87 )
e73 50 a2 ~
g e P £ J7 i
o ™
E o 2 = a
e 4z #2 4
§ Pl h W
o1 1“7 a7
044 48 e /
48 51 58 a1 a8 48 51 58 L% 66 48 81 56 81
% Asphalt % Asphalt % Asphait
(Plant)
Total Binder Content_ 56 % FAA 450 % Mixing Temperature __ 320 °F 160_°C
(Roacway)
Spread Rate @ 1" 106 |pgpqg? %Gpm @ Nges  96.0 Compaction Temperature 320 °F 160 °C
5018-1012, 5018-1024 or 5016-1038
VMA 148 % Ignition Oven -0.07 Additives  Antistrip 0.5 % Y
Calibration Factor

(+To Be Added)/(-To Be Subtracted)
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D.2 SPM 14-12576A

SIATE OF FLORIDA DEPARTMENT OF TRANSPORTATION
ASPHALT MIX DESIGM

SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 39TH AVE, GAINESVILLE. FL 326800

Contracior Tampa Pavement Constructors Address 5226 East Hillsborough Avenue, Tampa FL 33810
Phone Na. (813} 500-0381 Fax No. (8133 8214200 E-mail labGtpc-asphalt com
Fins
Submithed By Carl Mocrefmid Type Mix SP-12.5 Recyde Imended Use of Mix Shrctural
Design TrafSo Level E Gyrations § Ndes 100
Product FlantPit
Product Description Code Producer Mame Product HName Number  Terminal
1. Crushed R.AP. AH-CR  |Tampa Pavement Constructors -12 ADTE3
2 S1A Sione C24 [Marin Marietis Matenals # {S1A) Ssone NS531E
3. 51B Sione o Marin Marictia Matenals #68 {518) Stone NS531E
4. Screenings F22 Martin Marietia Matenals 'W-10 Scresnings NS318
5. Sand 35 |ER Jahra Industnes. inc. Polk County
8.
7. PG Binder S18-TAPMA PG T8-22 [PMA)
PERCENTAGE BY WEIGHT TOTAL AGGREGATE PASSING SIEVES
Eland 20% 24% 2% 30% 12% JOB MiX CONTROL PRIMARY
Kumber 1 2 3 4 & 8 FORMULA POENTS CONTROL SIEVE
ME  1R0mm 100 100 100 100 100 100 100
(1 12Smm &0 5 100 100 100 ) 60 - 100
My GESmm ' -2 ] 100 100 &= - _B@
= |Me s A TSmm 78 18 38 26 100 &a
o o 8 2 Mmm B4 4 0 75 100 = m - B8 0
Mo, 15 1.38mm 52 3 4 48 B3 40
i (Mo 30 DDum A3 2 2 28 5 2 |
> |No 51 Faoum 2 F 2 17 T4 2
i [ 100 $EERMm 18 2 2 10 1 B
= [We 200 THm [¥] 14 1.8 8.8 0.5 53 2 - 10
w [Gm b e Xy b2 T EE T T8I0

The mix properties of the Job Mx Formula have been conditionally werified. pending successful final verification during producSion at the assigned plant. the
mix design & approved subject o F.D.0.T. specifications.
JMF reflects aggregate changes expected during pro-duction

SPM 14-12578A (TL-E)

This design valid only on projects let on or
after June 4, 2012,

Direator, Office of Materisls Timathy J. Rueike, F.E.
Effective Date D4 1201 2014
Expiration Date 04 120 1 2017
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HOT MIX DESIGN DATA SHEET
SPM 14-12576A (TL-E)

4.6 2.346 1.481 54 142 6_2 3.9 1.4 88.5 95.5
5.1 2.364 %483 4.0 14.0 71 4.4 12 89.8 96.9
5.6 2.33_2 2.445 26 13.8 81 4.9 1.1 91.2 98.4
6.1 2400 2.42? 1.1 13.7 92 54 1.0 92.5 99.9
%0 144 o
g e 12 = L i
,.
4.0
5 w3 #30 BT - #74 7
054 137 o7
o5 135 L]
41 48 5.1 58 81 LT a1 18 51 58 1 L1 41 48 51 58 8.1 L
% Asghalt % Asphatt % Asphalt
(Plant)
Total Binder Content_ 5.1 % FAA 450 Mixing Temperature_ 325 °F 163 °C
(Roadway)
Spread Rate @ 1" 107 pgpg? %Gmm @ Naes 960 Compaction Temperature 325 °F 163 °C
50818-1012, 5918-1028. 50168-1024, 5018-1038, 5816-1038 or S816-1045
VMA 140 % Ignition Oven -0.14 Additives  Antistrip 0.5~ % %
Calibration Factor Optimum Asphalt =5.10%
(+To Be Added)|-To Be Subiracted) Asphalt using 20% Crushed RAP. @ 5.4% = 1.08%
PG 76-22 (PMA) to be added = 4.02%
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D.3 SPM 14-12199A

STATE OF FLORIDA DEFPARTMENT OF TRANSPORTATION

ASFHALT MIX DESIGN
SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 38TH AVE, GAINESVILLE, FL 32608

Contractor Allantic Coast Asphalt Address 5154 Edwards Street, Jacksonvilie, FL. 32254
Phone Mo, {B04] TE4-3163 Fax Mo. [B04) TE4-3754 E-miail dmmne.brm@hubbm.m
Fine
Submitted By Atante Coast Asphall Type Mix FC-12.5 Intended Lse of Mix Friction Course
Design Traffic Level c Gyrations i Ndes 75
Product Plant/Fit
Product Descripion Code Producer Name Product Mame Number  Terminal
1. 51A Stons C43 |M£=_|_1__Marim Materiais [#7 Stone GAIES
Z. 51B Sione C5 |Ma1'i|n Marietta Materials #3E Stone GA1BS
3. Saresnings F20 |an Mariefia Matenals W-10 Screenngs GAT1ES
4. Sand 234-L5  |Atlantic Coast Asphalt Shad
B
.
7. PG Binder B18-TEPMA PG 78-22 (PMA)

PERCENTAGE BY WEIGHT TOTAL AGGREGATE FASEING SIEVES

Blend 25% 0% 0% 5% JOB MIX CONTROL PRIMARY
Humber 1 2 3 4 & 8 FORMULA POINTS CONTROL SIEVE
34" 19.0mm 100 100 100 100 100 100

w12 12.8mm &7 100 100 100 5] 86 - 10D

M3 a5mm 58 100 100 100 L] - B9

= |Mo. 4 4.75em -] 27 100 100 i)

W (Mo, & 2. Memm 3 3 T4 100 80 28 - 58 kL]
MO, 36 1, 18mn 2 1 49 100 35

W iMo. 30 E0Oum 2 1 33 100 25

> no. 83 200pm z 1 3] 100 18

16l (Mo, 900 150um 2 1 11 40 v

= |Mo. 260 TSum 1.5 1.0 5.5 20 4.1 2 - 10

) [Gne 2714 2,888 2882 2020 2.887

The mix properties of the Job Mix Formula have been conditonally verfed, pending successful final verification during production at the assigned plant. the
mix desgn is approwed subject fo F.O.0.T. specficatons.
JMF reflects aggregate changes sxpected during production

SPM 14-121894 (TL-C)

Transferred from 5P 11-2181B (TL-C)

Director, Office of Materials Timathy J. Ruelke, F.E.
Effectve Date o1 ! 15! 2014
Expiration Date o1/ 15 207
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HOT MIX DESIGN DATA SHEET

SPM 14-12199A (TL-C)
50 2403 25 s2 L isol s | a2 1 w0 1 oo | ces
55 414 2515 4.0 15.1 74 47 0.9 89.0 975
— — — S — — — — B—
6.0 2.426 2496 28 15.1 81 5.2 0.8 90.8 96.4
— S— — A — w— — S—
6.5 2. 2477 1.7 1 89 5.7 0.7 91.7 99.3
— — — S — — — —
84 > 154 s y ]
w1 s el t + t T 5 1 + 1= —t
! BT ' 152 * < T
e 7 ; : -—— s
;su 4 | Fup gt } ¥
" --' r L T
7 - o 1 | s I | I ] +— | 4 |
=7 s - . 4 !
45 0 5 &0 [ %1 TR 48 0 58 L 1] (%1 Ta 4§ 50 55 &0 &5 TA
S Azphat N Asphat % Azphak
(Puant)
Total Binder Content 55 % FAA 450 % Mixing Temp 330 °F 166 °C
iRosdmay)
Spread Rate @ 1" 109 pep® %G @ Noez 960 Compaction Temperature 325 °F 163 °C
S0, . or 3161045
VMA 151 % Ignition Oven 007 Addiives Antistrip0.75 % %
Calibration Factor
Gy Corr. Factor 0.000 (+T2 Be Asdeqyi-Te Se Suttracted]
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D.4 SP 14-12171B

T, F FLORI T OF TRANSPORTATION

ASPHALT MIX DESIGN
SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 38TH AVE, GAINESVILLE, FL 32608

Caontrachor Atiantic Coast Asphalt Address 5154 Edwards Strest, Jacksonvilis, FL. 32284
Phone Mo (204) 266-0364 Fax Mo [O04} 26B-0365 E-mail du-nnae.bmw'@hubbard com
Fine
Submitted By Dan Brown Type M FC-12 5 Recyole Intended Lise of Mix Friction Course
Design Traffic Level c Gyrations i Ndes 75
Product Plant/Fit
FProduct Description Code Producer Name Froduct Mame Number Terminal
. Crushed RAP. 334-CR lAtlantic Coast Asphal 1-10 ADZOT
Z 51A Sione C43  |Marsn Maristta Materais [#7 Stone GAIES
3. 518 Sione c51 |an Mariztta Materials [#&F Stone GATES
4. Soreenings F20 |an Mariefta Matenas W10 Scresnings GAES
5. Local Sand 34-18  JAtlantic Coast Asphalt Shud
.
7. AR Binder 33805 ARB-5
PERCENTAGE BY WEIGHT TOTAL AGGREGATE PASSING SIEVES
Biend 20% 2% 0% 33% 5% JOB MIX CONTROL PRIMARY

Number 1 2 3 4 5 A FORMULA POINTS CONTROL SIEVE

34" 19.0mm 100 100 100 100 100 100 100
w12 12.5mm e BT 100 100 100 Ea B8 - 100
tjaE RSmm o4 ] 100 100 100 ] - B8
= |Mo.2  4.75mm 72 B 7 24 100 58
W |mo, & 2 NEmm 3 3 a8 100 3 28 - 58 L]

Mo, 16 1, 18mm 42 2 1 44 100 il
W iMo, 30 GOOpm 35 2 1 30 100 3
2= |MNo. 80 A00um 28 2 1 e 100 18
W |mo. 100 150um 18 2 i @ 40 9
= (Mo, 200 T5um 7.0 1.0 1.0 45 20 44 Z - 10
i [Gaa 2810 2714 2880 2882 2820 2872

The mix properfies of the Job Mix Formula hawve been conditionally verSed, pending successful final werification during production at the assigned plant. the
min desqgn s approved subject to F.D.0.T. specifoatons.
JMF reflects aggregate changes expected during production

SP 14127718 (TL-C)

SP 14-12171A (TL-C) revised to reflect change

in the JMF.
Director, Office of Matenals Tim J. Ruelke, P.E.
Effective Date 02118 ! 2014
Expiration Date 01/13) 2017

140



HOT Mix DESIGH DATA SHEET

SP 14121718 (TL-C)

4.5 2332 2.530 5.5 14.5 E 3.9 1.1 BB.T 95.6

5.0 2411 2511 4.0 14.3 72 4.4 1.0 88.0 971

5.5 2430 2492 25 14.1 82 4.9 08 89.4 88 6

6.0 2448 2474 1.1 13.9 92 5.4 0.8 90.7 100.0

s = war ® (]
- rd :
LB} t4E - L 8 ._.f
!:r_t A 1e3 - ) i -
551 & 4 . = -
L& Cusid (i1 ] - = = s
o i - 3
B4 n’nr [ 2] . |
48 EE | 48 i3 L+] (£ an 48 an 58 Ba e &0 4% LE ] a3 s L]
o Asprak & Azpnat % Asshak
Fant)
Total Binder Content 50 % FAA 460 % Mixing Temperature 315 °F 157 °C
FoaTeEl
SpreadRatz @ 1" 108 .2 WG @ Neee 960 Compaciion Temperature 315 °F 157 °C
BH18-I12. BIE1E08, : e -
VMA 143 % Ignition Owen 003 Additves Anlisimp 05 % %

Calibration Facior Optimum Asphalt i =385%
Gree Cooir. Factor 0.000 (475 B Adsws|oTe Be Jubtracsd) Asphalt using 20% Crushed RAF. @ 4.8% = [ 96%
GTR Conent ( Type Aor8 ) -019%
Total Asphalt Rubber = 500%

Note: The GTR content is based on 5% by weight of asphalt cement.
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D.5 SPM 14-12201A

T, F FLORI A T OF TRANSPORTATION

ASPHALT MIX DESIGN
SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 38TH AVE, GAINESVILLE, FL 32608

Caontrachor Atiantic Coast Asphalt Address 5154 Edwards Strest, Jacksonvilis, FL. 32284
Phone Mao. (204) TE4-3163 Fax Mo [O04] TO4-3754 E-mail du-nnue.bmw-@hubbard com
Fine
Submitted By Atlantie Coast Asphai Type M FC-0.85 Intended Lise of Mix Friction Course
Design Traffic Level c Gyrations i Ndes 75
Product Plant/Fit
Product Description Code Producer Name Product Mame MHumber Terminal
1. 51B Ston= c51 IMaf:n Marista Matena's [#88 Stons GA1ES
2. Soresnings F20 Marin Maristia Mateniais W-10 Screenings GA1BS
3. Sand 1345 jAtlantic Coast Asphalt Sha
4,
5.
a.
7. PG Binder B18-TEPMA PG 78-22 (PMA)

PERCENTAGE BY WEIGHT TOTAL AGGREGATE PASSING SIEVES

Blend 5% 50% 5% JOB MIX CONTROL PRIMARY
Humber 1 2 3 4 § 8 FORMULA POINTS CONTROL SIEVE
34" 19.0mm 100 100 100 100

w12 12.5mm 100 100 100 100 100

M aSmm 100 100 100 100 B8 - 100

= |Mo.2  4.75mm 27 100 100 74 - B8

W o, & 2. Mmm 3 74 100 50 32 - o7 47
Mo, 36 1, 18 1 4% 100 35

w (Mg, 30 G0Opm 1 33 100 25

> [wo. 50 d0oym 1 A 100 18

iad |, 100 150um 1 11 40 ]

= (Mo, 200 T5um 1.0 5.5 2.0 38 2. - 10

i [Gaa 2880 2,082 2820 2881

The mix properfies of the Job Mix Formula hawve been conditionally verSed, pending successful final werification during production at the assigned plant. the
min desqgn s approved subject to F.D.0.T. specifoatons.
JMF reflects aggregate changes expected during production

SPM 14-12201A (TL-C}

Transferrad from SPM 11-21204 (TL-C)

Director, Office of Matenals Timothy J. Ruelke, P.E.
Effective Date 01 /15! 2014
Expiration Date 01/ 15/ 2017
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HOT MiX DESIGN DATA SHEET

SPM 14-12201A (TL-C)
5.6 2.369 24399 52 16.6 &9 4.9 0.8 7.9 26 .4
6.1 2.381 2.480 4.0 16.6 TE 55 0.7 89.0 875
6.6 T 2462 26 16.5 B4 6.0 0.7 0.4 885
7.1 2413 2444 1.3 16.4 92 6.5 0.6 91.5 £9.4
EH - 158 EH T
na . "T - i
!!u 18 ! 18 F _""—\ A .
L) é - . L3
slu Figd — Frg -
- — " Y .
nr A i3 ™ - 1
ey SO S " — — S— PN — —
a4 [T &1 (7} X TE i EE &t iE 2] ] [X] s &1 es X ™
& Auzhat % Agphat % Azprak
L]
Total Bindar Content 8.1 % Faa 450 % Mixing Temparature 330 °F 1668 "C
Roadeny
Spread Rate @ 17 107 poopd? %G @ Mo 6.0 Compaction Temperature_ 325 °F _ 183 °C
BSE-I012, 55161038, B9 061055, B9 16-0E0E, SH14-1038 or SH16-1048
VMA 166 % Ignition Oven  0.06 Additives  Antistip05 % %
Calibration Factor
Gae Com. Factor -0.003 [=Te B Astesye-Te Br Subtaces
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D.6 SPM 14-12247A

STATE OF FLORIDA DEPARTMENT OF TRANSPORTATION
ASPHALT MLX DESIGN
SUBMIT TO THE DIRECTOR, OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 5007 NE 38TH AVE, GAINESVILLE, FL 32600

Contractor Atlantc Coast Axphalt Address 5154 Edwards Street. Jacksonville, FL 32254
Phone MNo. {w04) TE4-3183 Fax No (004} TE4-37 84 E-miail donrie browndbhubbard com
Fire
Submitted By Atlantc Coast Asphal Type Mix FC-0.8 Recyde intenced Use of Mo Frictian Course
Design Traffic Level c Gyrations @ Ndes 75
Product Plant/Pit

Product Description Code Producer Mame FProduct Mame HNumber  Terminal
1. Crushed R.AP, 134 LR |Atlantc Coast Asphalt 1-10 AQ207
2. 51B Stone C51 LMamon Mareos Matenals #2H Stone GA185
3. Screenings F2D Maron Marsgas Matenals W-10 Scresnings GA185
4 Sand 1445 |Atantc Cosst Asphalt Shad
5
8.
7. PG Binder p18-58 PG 58-22

PERCENTAGE BY WEIGHT TOTAL AGGREGATE PASSING SIEVES
Blend 20% 0% 43% T4% JOB MIX CONTROL PRIMARY
MNumber 1 2 3 - 5 8 FORMULA POINTS CONTROL SIEVE

LT 100 100 100 100 100
w v 125mm 13 100 ) 100 100 100
|-u |35 9.5mm B4 100 ] 100 == B - 100
— [Moi 4 4.75mm 72 i =] 180 70 - BB
@ (M8 2.36mm 53 a ea 100 A7 2 - & 47

Mo 16 1. 1Emm 42 1 — 100 as
w 0 GO0pm 358 1 2D 100 I
> Mo 50 300pm 28 1 18 100 21
w [Mo. 100 150pm 16 1 @ 40 10
— (e o T 70 10 a5 20 437 Z - W
o [Coa 2810 2688 Z2.882 2.820 2.685

The mix properties of the Job Mix Formula have been condiionaily verified, pending successful final verfication durng production at the assigned plant, the
mix design is approved subject o FD.OT specfications.
JMF refiects aggregate changes expected during production

SPM 14-12247A (TL-C)

Transferred from SPM 11-02854 (TL-C)

Direcior, Office of Matenals Timaothy J. Ruelke, P.E
Effective Date 01§21 12014
Expiration Diate M 121 1 2097
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HOT MIX DESIGN DATA SHEET
SPM 14-1224TA (TLC)

5.1 2377 2516 55 15.4 64 43 10 a74 454
5.6 2.396 2497 40 15.1 74 48 0.9 88.7 96.9
— — — — S—
6.1 2415 2478 23 149 83 ] 0.8 901 984
6.6 2433 2460 1.1 14.7 a3 5.8 0.7 915 09§
550 "ne e
; . - 154 & v
K A
A — i'“ " ;" P
! 2 P Fus ¥y
9 A .
s3 // wr - /-/
Bes s = ’
%8 o =% &1 T 45 £ 25 i 48 £ £ P 6 73
% agpnes ™ Azznat ™ dazhan
zarn
Total Binder Content _ 56 % FAA 460 % Mixing Temperatore__ 325 "F _ 183 °C
Aadms;
Spread Rate @ 1" 108 gy’ G @ Naes 960 Compaction Temperatwe 325 °F 163 °C
SHE-IE1Z BIIE-100E, . EHEIEIE o
YMA 151 % Igniion Oven _ +0.05 Addifives  AnfistripD5 %
Calibration Factor Optimunm Asphan = 550%
G Coar_ Factor 0.000 (+7n Ba ammayiTL Be Supwares Asphait using 20% Crushed RAP. @ 4.6% = 0 96%
PG 58-22 to be added =4 64%
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D.7 LD 12-2653A

STATE OF FLORIDA DEPARTMENT OF TRANSPORTATION
ASPHALT MIX DESIGN

SUBMIT TO THE DIRECTOR., OFFICE OF MATERIALS, CENTRAL ASPHALT LABORATORY, 500T ME 38TH AVE, GAINESVILLE, FL 32800

Caontraotor Middiesex Asphall, LLC Address 10705 Cosmonaut Bivd, Orands, FL 32824
Phone No. {407} 208-0075 Fax No. (407} 208-D488 E-mad teanen@middaserco.com
Submitted By Asphalt Technologes, Inc, Type Mis SP4, 75 Recycle Intended Use of Mix Structural
Diesign Traffic Lavel c Gyrations (@ Ndes b=}
Product Plant/Pit
Froduct Description Code Froducer Mame Product Mame Number  Terminal
1. Crushed R.AP. 334 CR  |Miodiesex Asphal LLC 1-08 A0T43
2 Screenings Fx2 Junction Ciy Mining W-10 Screenngs GAS53
3. Scresnings FI3 Junction City Mining |M-10 Ecreenings GAGE3
4. Local Sand L5 |Tarmac Center Sand Tarmac
-]
8
7. PG A7-22 g1e-a7 PG 87-22
PERCENTAGE BY WEIGHT TOTAL AGGREGATE PASSING SIEVES
Blend 0% 35% 0% 15% JOB MIX CONTROL PRIMARY
Number 1 2z 3 4 ] 2] FORMULA POINTS CONTROL SIEVE
34" 190mm 100 100 100 100 100
w1 128mm [ 100 100 100 100 100
M |3 35mm ] 100 100 100 B2 85 - 100
= Mo & ATEmm T8 100 100 100 a4 &g - 100
0 No. 8 23Emm a8 fi-] Th 100 L
Mo. ¥5 1.18mm 51 45 50 100 55 30 - &0
WiNa X S0h0um +4 28 38 L] =
> |Mo S0 3ooum 34 18 23 ir a2
W Mo, 00 130um 18 10 17 16 15
= |Mo. 200 TSum 100 B0 13.5 1.0 a7 &8 - 13
o [ Ges 2820 2730 2710 20620 2087

The mix properties of the Job Mix Formula have been cond@bonally verfied, pending successful final ieri?mﬁmming proguction al the assigned piant, the
min design & approved subject to F.D 0 7. specfications
JMF reflects aggregate changes expectsd duning production

LD 12-2653A [TL-C)

Director, Office of Matenals Timothy J. Ruelke, P.E.
Effective Date Da /141202
Exgpiration Date 08/ 14 / 2018
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HOT MIX DESIGN DATA SHEET

LD 12-26534 (TL-C)
5.9 2.356 2512 6.2 11.3 65 4.9 1.8 87.3 95.7
6.4 2368 2433 5.0 12.5 71 54 16 B8.5 96.9
6.9 2384 2474 3.6 13.8 Fi) 5.9 1.5 5.4 98.3
74 2.387 2456 2.4 15.0 86 6.4 14 90.6 90.6
. — 152 0 = T .
i — Y 7] g =
- 1 -
s A8 1
o : i 'S I /
I!ﬂ - Fizy 1 !
H - ]
B3 H ks | 1 1 123 | R L] 2
nr . T . ™ L]
] 2] [ () Ta ] A 81 s s T4 T ] £ Ty 54 [T T ]
5 Mswna % Azt % Asgnat
(Fuent)
Total Binder Content _6.4 % FAA_ 470 % Mixing Temperature__ 310 °F _154 °C
(Rzasway)
Spread Rate @ 17 108 jpgpe® WG @ MNeea 950 Compaction Temperature__ 305 °F _ 152 °C
Ar-tlar Ad-Here LOF 3230 @51
Vhe 125 % Igrition Crven D15 Additves  Anfistip 075 % %
Cafibration Factor Optimum Asphall = 5.40%
=To Be Asoeq)-To Se Tubraces) Asphall using 20% Crushed RLAP. @ 5.3% =1.10%
PG 67-22 to be added =5.30%
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