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DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the sponsor(s) or the National Center faha#t Technology, or Auburn
University. This report does not constitute a standard, specification, or reguladioments
contained in this paper related to specific testing equiparahmaterialshould not be
considered an endorsement of any commepec@duct or service; no such endorsement is
intended or implied.
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1. INTRODUCTION

Each year the United Statgenerates approximately 290 million scrap tires. Of these 290
million tires, approximately 80.4 percearerecycled or reused in fuel, agricultural or civil
engineering markets leavir®&y million tires left to be placed in landfills or stockpiles.

Currently, about 12 million scrap tires each year are being converted into ground tire rubber for
modifying asphth cements I).

The utilization of scrap tire rubber in asphalt started in theI@&Ds when ground rubber was

pl aced in asphalt surface treatments, such as
crumb rubber modified (CRM) asphalt chip seaésewsed as a stress absorbing membranes

interlayer (SAMI). Its use extended to hot mix asphalt (HMA) and has continued to evolve due

to the rubber’”s enhancement of mixture perfor
thermal reflectie crack resisince and resistance to fatigue cracking. Some other benefits

reported include reduction in maintenance, smoo#) gdod skid resistance, and noise

reduction(2, 3, 4, 5.

In terms of environmental issues, the disposal of scrap tires is a major waste management
concern due to used tires being placed in scrap tire piles. Additionally, some studies have shown
that the addition ofiround tire rubber (GTRJoes not contributagnificantly to any increase in
undesirable compounds such as,@@issiong6).

Arizona, California, Florida, and Texas have successfully developed and specified the most
rubberized asphalt products. It was reported that together, theseestgtdsdover 35.6 million
tires in asphalt paving applications from 1995 to 2(008).

While environmental stewardship is important, some state agexr@ésrcontractors are
investigatingGTR-modifiedasphaltbindersas a substitute for using polymers sucktgsene
butadienestyrene (SBSin asphalbinders If GTR-modifiedbinderscan perform equivalently

to polymer modifiebinders state agencies and contractors will have additional tools they can
use if another polymer shortage occurs.

Onechallenge asociated with usin@ TR asphalis thatcrumb rubber can vary in size and
grinding method.These methods include but are not limited to the crackermill, granulator,
micromill, and cryogenic processes. A brief description of each of these methods(&)ilow

1 Crackermill process The crackermill process is the most common method of producing
crumb rubber. The grinding of the scrap tire is controlled by the spacing and speeds of
the drums. The rubber is reduced in sigdearingas it moves through atating
corrugated steel drum. This process typically generates particles which have large
surface areas and are irregularly shaped. Typically, this process occurs at ambient
temperatures.

9 Granulator process The granulator process uses revolving stéskp toshred the tire
rubber. The resulting particles are cubical with low surface areas.

1 Micromill process- Micromilling reduces the size of the crumb rubber particles beyond
that of a granulator or crackermill. Water is mixed with the crumb rublferm a
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slurry which is then forced through an abrasive disk to further reduce the particle size.
The crumb rubber is then retrieved and dried.

1 Cryogenic process Liquid nitrogen is used to increase the brittleness of the crumb
rubber in the cryogenicrpcess. Once the rubber is frozen, it can be ground to the
desired size Cryogenic hammer mills are typically used to mak@ mesh (600 um)

GTR. Cryogenic turbo mills are typically used to make G#R mesh (400 um) teB00
mesh (50 um).GTR with a sgnificant fraction 0£140 mesh (105 um) is also referred to
as micronized rubber powder (MRP).

While some research has been conducted tying these components to asphalt binder properties,
agencies and contractors are still unsure as to how the choieerdd tubber type will
ultimately influence the overall performance of the binder and mixture.

1.1 Objective and Scope

The objective of this researchag/to assess how rubber properéisct the properties of an

asphalt binder. This objective was complely blending eleven unique crumb rubber samples
with a singular asphalt binder at a singular loading of 10 percent rubber. Two of the selected
rubbers were additionally tested at 15 pert¢esmding ThesdourteenGTR asphalt binders were

then tested uisg the performance grade (PG), multiple stress creep recovery (MSCR), cigar tube
test, and softening point methodologies.

1.2 Organization of Report

This report is divided into five chapters. The second chapter includes the methodology used for
characterizing th&TR andGTR-modifiedbinders The third chapter characterizes the eleven
unique rubber sources used in this study in terms of particlasizehemistry. The fourth

chapter presents the resultgdedts conducted on the rubbeodified asphaltsvhile the fifth

chapter assesses how adding polymer and Vestenamer affeanGdifRed asphalt binders.

The final chapter presents the conclusiand recommendations based on the aforementioned
testing results.

2. METHODOLOGY

The following section of this report describes the testing methodology used to quantify the
properties of théourteenGTR-modifiedbinders developed for this study. Eafhhe eleven
crumb rubber produstvas originally characterized for particle size and chemical compositions
before it was blended with a standard performance graded (P22 &phalt binder at either 10
or 15 percenibading TheGTR binders were therested for performance grade, creep recovery,
particle separatigrand softening point

2.1 RO-TAP Particle Size

Ro-tap testing was conducted to determine the particle size of the eleven crumb rubber products
used in the study. The testing was conduatambrding to Lehigh Témologies testing
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methodology using approximately 100 grams of crumb rubber.giichendrubber was mixed

with Flow-aid, a product used to ease the movement of the crumb rubber through the sieves
(Figurel). Additionally, the Flowaid is -#200 material; therefore, it did not affect the test
results on the +#200 sieves.

Figure 1 Rubber and Flow-Aid mixture.

A set of sieves was chosen based on the estimated particle size of the sample. The zero screen
was designated as the sievieere 99.9 percent of the material should pass. The designation

sieve corresponded to the sieve where at least 90 percent of the materials pass. Additional sieves
were placed below the estimated designation sieve to further characterize the sizaldfehe r
materials. Two rubber balls were placed on each sieve to aid the matpdasing through the

sieves without accruing material degradation (Fidyre

The GTR and Flovaid mixture was then poured into the top sieve and placed with the stack of
sieves in the Raap machine (Figure 3). The samples were agitated for at least 10 minutes and
for a maximum of 20 minutes based on the estimated particle size of the product. The smaller
the particle size, the longer the material was agitated in tagro
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Figure 3 RO-TAP Device.



Willis, Plemons, Turner, Rodezno, & Mitchell

Upon completion of agitation, each sieve was checked for fiber. Any accrued fiber was removed
from the sieveand weighed Fiber has been speculated to affect dynamic shear rheaesi#s
causing increased variability; however, as described later, the rubber samples which included
fiber did not have increased testing variability.

Additionally, any rubber material adhering to the rubber balls on each sieve was brushed from
the ballsback to the sieve. The mass of the matem each sieve was quantified. The weights
on each sieve and weight in the bottom pan were then quantifehdsused in Equation 1.

X =y—(z-100) (Equation }

where:x = weight of the rubben the pan
y = everything in the bottom of the pan, including the Frod/
z = the mass of all the sieve contents

zdid notdeviatefrom the original mass sample by more than 2 grams. The patrticle size was
ultimately determined by quantifying the lastve where 90 percent or m@@&R particles pass
through the sieve. This mesh size designation was consistent with ASTN3-Db6Bowever,

this specification has no provision for 16 mesh material or specific cuts of rubber such as the
80/+140. Therefa, the specification has limitation. The R@P data were also assessed for
mean particle size.

2.2 Thermogravimetric Analysis (TGA)

TGA testing was conducted to analyze the crumb rubber for its makeup ASHM E113103.

The test determines the pemntextractible, polymer, carbon black, and ash in each crumb rubber
source. Testingrascompleted in &erkinElmerTGA devicee. A testing sampless placed in

the testing device and the temperatamped ta325°Cat 10°C per minute in a nitrogen
environment The percent of material lost at this temperature was calculated and deemed to be
extractibles.The temperature in the chamber was increasedaahpof 10°C per minutén
nitrogenuntil it reached the target temperature of ®@3&here the tempetare was held

constant for 10 minutes. After the temperature was held contamtercent material lost was
calculated. The material lost in this temperature range was classified as polyraer.
temperature was then increased agaltDaC per minuteéo 850°Cin an oxygen environment
wherethe percent loss quantified the percent carbon black in the crumb rubber sample. The
remaining material was considered ash.

2.3 Specific Surface of GTR Samples

Quantachromevas contracted by the project sponsors to quantify the surface area of each GTR
material incorporated in the study. The methodology quantified the surface area of each rubber
source by determining the physical absorption on Krypton for each GTR sample.

To conduct this test, approximately a 1 to 3 gram sample of rubber was transferred to a testing
cell which was connected to a degassing unit. In ambient conditions, a vacuum was used to
remove the gas from the cell for 16 hours. The cell was removedtidegassing unit and the
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sample was weighed. Multipoint BrunatEemmettTeller (BET) testing was then conducted

using an ultrehigh purity Krypton gas at relative pressures of 005, 0.075, 0.10, 0.15, 0.20, 0.25,
and 0.30 at a bath temperature of 77R5The surface area is calculated by assessing the
volumetric changes between the gas adsorbed or desorbed and the amount of gas required to fill
the space around the sample in conjunction with Equation 2.

Y o 0 o (Equation 2)

Where: S= surface area (ffy)
m = monolayer capacity
N = Avogadro number
A = crosssectional area of Krypton
M = molecular weight of Krypton

24 GTR-Modified Binder Blending

Prior to blending, theikgin binder was heated in a ZFoven untifluid enoughto pour
(approximately 3 hours)While heating the binderwas stirred with a glass rod every 30
minutes.Once heatedhebinderwas proportioedinto preweighedcansand set aside until
needed for blending

The amount of GTR needed for each samplecaéilated based on tffieal weight of the

asphalt binder and GTR bletalensure a representative sample, a significant portiGT B

was poured onto a tray and the material was manually blended to ensure homogeneity. The
required weight o6GTR was tlensplit from this homogeneous pile.

Eachcan ofbinder was heated for 30 minute2@6°F prior to being blended. A heating mantle
was used to ensure the temperature of the binder and rubber sample remained constant during
blending. The targgemperature of the GTR and binder mixture during blending wa&C163

This was monitored through the use aharmometer probe

The GTR sample for each blend was added at a constardustegthe first two minutes of
blending.While adding the GR, thestirring paddlevas set at 700 RPM to help prevent rubber
particles from being blown outside the system. Once alGthie was added, the blender was set
to 1000 RPMand thematerial blended for 30 minutes. To ensure that each blend received the
same stylef blending, the blender propeller was placed at a depth to ensure a one inch vortex
(Figure4) during blending. Immediately after blending, a small portion of the GTR binder was
poured into an aluminum tube for separation tesditprding to ASTVMD7173-11 using % inch
tubes instead of the specified 1 inch tub&ke rest of the material was covered and set &side

at least four hourat room temperaturer further testing.

This blending process was more extreme than typically used at most ptamszer, the
blending methodology was provided by project sponsors.

10
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Figure 4 Sample Vortex

2.5 Performance Grade

Prior to testing,le preblended cansf GTR binderwere placed in a 188 oven for 30 minutes
and then blended at 1000 RPM f@rminutes. Again, the temperatures of the samples were

monitored with a lab thermometer and the target mixing temperature W 1% held constant
through the use of the heating mantle.

The 13GTRbinders were then tested and graded according to AASHBZDIHO.

The standard 1 mm Dynamic Shear Rheometer (DSR) gamitrally usedon all 14 blends

Past researcii(, 11) has suggested using a 2mm DSR gap to improve the repeatability of PG
testing on DSR results. However, orthebinder modified withhe largest particle sizes was
inconsistent in its critical temperature analyses; therefore, a 2 mm gap was used t@tégt the
16 “powderizers blend. The variability of the testing was reduced using this procéatutteat

one binder

2.6  Multiple Stress Creep Recovery

In addition to the PG grading of tk&I'R binders, te performance grade of thd GTR binders
wasalsodetermined in accordance with AASHTO M10. The multiple stress creep recovery
(MSCR) test was performeif the rolling thing fim oven (RTFO) aged materia accordance

with AASHTO TP 7009. Testing was conducted at 64°C which is the averalgg Taximum
pavement design temperature in Auburn, Alabama. The same (RTFO) aged specimen used in

11
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the DSR was used for MSCR testing.eIMSCR resultsneasurghe nonrecoverable creep
compliance The acceptable nerecoverable creep compliance at 3.2 kPa and percent
differences for varying levels of traffic as specified in AASHTO MRD%are given in Tabl.

Table 1 Requirements for Non-Recoverable Creep Compliance (AASHTO MP 19-10)

Traffic Level Max Jus2(kPd’) Max it (%)
Standard Tr af f 4.0 75
Heavy Traffic 2.0 75

Very Heavy Tr a 1.0 75
Extremely Heavy 0.5 75

Note: Thespecified test temperature is based on the averagdgymaximum pavement design temperature.
2.7  Separation Tubes

The separation tube test procedure is performed to determine the tendency of an asphalt modifier
to separate from the asphalt binder dustagic heated storage. If a modified asphalt binder

shows a tendency to separate during storage, this must be taken into account either by providing
some sort of agitation or stirring by reformulating the binder. Testing was conducted in
accordancevith ASTM D717311, Standard Practice for Determining the Separation Tendency

of Polymer from Polymer Modified Asphalt

Immediately after the blending was perform&d° 0.5g of the hot asphalt bindemws then

poured into a cylindrical aluminum tulshich wasclosed on one end and supported vertically in
arack. Once filled, the open end of the tulas sealed to prevent air from reaching the sample.
The tube and rackereplaced in an oven at 1635°C and allowed to condition for 481 hr.

After the conditioningvas completed, the tube assembigs removed from the oven and
immediately placed in a freezer at°1Q0°C for at least 4 hours. Once frozen, the wae
removed from the freezer and cut into three equal portions. The middlenpestialiscarded
and the top and bottom portiongreplaced in separate 30z tins and heated until sufficiently
fluid that asphalt binder flows from the metal tubing. The two asphalt binder sangrkthien
stirred thoroughly and used for comparativeitesto determine if the asphalt binder in the top
and bottom portions of the tulseeresignificantly differentin terms of critical high temperature
grading in the DSR

2.8 Softening Point

The RingandBall softening point test (ASTM D369) measures thtemperature at which an
asphalt binder begins to flow at elevated service temperatures. It was used here in conjunction
with the separation tube procedure to determine if there was a difference in properties of the
asphalt binder from the top and bottportions of the separation tube. A difference in the
softening point values of the upper and lower portions of the tube would indicate that the
modifier had separated from the asphalt binder during the storage period.

The softening point testas perforned by heating the asphalt binders obtained from the top and
bottom portions of the aluminum separation tube and pouring them into two small brass rings.

12
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The asphalt binders and ringereallowed to cool at room temperature for at least 30 minutes.
The aphalt bindewas then trimmed flush with the top of the rings.

A ring holder assemblfFigure5) was placed in a fluid bath along with two steel ballsere
they wereallowed to condition to a starting temperature 6fB'C for 15 minutes. A bath of
distilled water was chosen for this study based on the expected softening point (between 30 and

80°C) of the material being tested. Other fluid options exist for materials with higher softening
points.

Thermomeier\

:ﬂ | Softening

¥ Point Test

.- Steel Ball

I

=

Figure 5 Ring-and-Ball Softening Point Apparatus

After the conditioning period, the steel ballsreplaced on top of the asphalt binder in the rings.
The bathwas heated at a rate of 5°C/min until the asphalt binder softened to the poitteth

balls drop and touch the bottom plate of the assembly. The temperature at which each ball
touches the plateas recorded as the softening point for the asphalt binder in that ring.

Softening pointsvereconsidered different if they vary by moreathl1.2°C between samples
tested by the same operator.

13
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3. RUBBER PARTICLE CHARACTERIZATION

Twelve unique rubber sources were included in this research study. These rubber products are
listed in Table2 as well as descriptions of the product.

Table 2 Rubber Products Used in Study

Manufacturer Product Name | Grinding Tire Type Mesh
Temperature Size
Lehigh Technologies, | MD-402TR Cryogenic Truck Tire (TT)
Inc. -40
Lehigh Technologies, | MD-400TR Cryogenic TT
Inc. -40
Lehigh Technologies, | MD-400-AM Ambient TT
Inc. -40
Lehigh Technologies, | MD-180TR Cryogenic TT
Inc. -80
Lehigh Technologies, | MD-105TR Cryogenic TT
Inc. -140
Liberty Tire Cryohammer | Cryogenic Passenger Car
(PC) -30

Liberty Tire Crackermill Ambient TT -30
Lehigh Technologies, | -80/+140 Cryogenic TT
Inc. -80/+140
Liberty Tire -30 Fine Ambient PC+TT -30
Liberty Tire -30 Ambient PC+TT -30
Liberty Tire -20 Ambient PC+TT -20
Liberty Tire -16 Ambient PC+TT

Powderizers -16

3.1 RO-TAP Particle Size

Each rubber product initially was characterized for particle size usiri@EAP procedure
previously described in section 2.The results of this analysis are shown in Tablés can be

seen, the coarsest rubber particles were the Liberty Powdenitbr30 percent retained on the

#20 sieve. The finest rubber particles were a found in thel®BTR where 77.3 percent of the
rubber particles passed the #200 sieve. Most of the products ranged in size from 30 to 60 mesh
materials with few exceptiondt should also be noticed that three products (MI2-TR,

Liberty Powderizersl6, and Liberty20) had trace amounts of fiber which were extracted from
their particle size distribution.

14
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Table 3 RO-TAP Results

Product Mesh Percent Retained on Sieve #, % Fiber
Size 14| 16| 20 | 30 | 40 | 60 | 80 | 100 | 120 | 140| 170 | 200 | Pan| Content,%
MD-402-TR -40 - | - - - 0.0 | 158 53.0| -- - - - - | 321 0.025
MD-180TR -80 -- -- 0.0 1.2 | 125| 28.3 | 155 42.7 --
MD-105TR -140 - | - - - - - - - 00 | 04| 50| 17.3| 77.3
-80/ +140 -80/+140 | -- | - - - - - 25 | 165 57.8| 11.6| -- - | 116
MD-400TR -40 -- -- -- 0.0 1.5 33 | 49.7 - -- - - -- 16.1 --
Powderizers- 0.0 0.0]| 29.3| 21.2| 6.6 -- -- 43.1 0.01
16 -16
-20 -20 - | -] 00| 78 |375|326]| 108| - - - - - | 11.2 0.034
Cryohammer -30 -- -- 00 | 0.3 | 16.8| 50.5| 16.8 | -- -- -- -- -- 15.6 --
-30 -30 -- -- -- 0.0 | 25.,5| 49.6 | 15.0 - -- - - -- 9.9
-30 Fine -30 - | - - 0.0 | 123 405| 22.2| -- - - - - | 25.0
Crackermill -30 -- -- -- -- 12.6 | 45.4 | 18.9 - -- - - -- 23.1
MD-400-AM -40 - - | 00| 00| 6.0 | 56.0{33.0[ 5.0 - - - - -

While engineers commonly refer to rubber partictessh sizaising the mesh with 90 percent
passing, there is a current trend in the rubber indtstrgfer to particles by the mean particle
size which is more representative of the actual particle sizes included in the product. Table 4
provides both the mesh and mean patrticle size for the products evaluated in this study.

Table 4 RO-TAP Results

Mesh Mean Particle Size, Grinding
GTR Size microns Temperature
MD 402 TR -40 180 Cryogenic
MD 400 TR -40 180 Cryogenic
MD 400 AM -40 180 Ambient
MD 180 TR -80 105 Cryogenic
MD 105 TR -140 50 Cryogenic
Liberty Cracker Mill -30 250 Ambient
Cryo-Hammer -30 250 Cryogenic
-80/140 -80/+140 125 Cryogenic
-30 Liberty -30 250 Ambient
-30 Fines Liberty -30 250 Ambient
-20 Liberty -20 250 Ambient
-16 Powderizers -16 600 Ambient

3.2 TGA

TGA testing was conducted to quantify the makeup of gamhndrubber produtaccording to

ASTM E113103. In this test, the percent extractibles, polymer, carbon black, and ash were
calculated for each of the eleven crumb rubber sources. The results are given $ Pabbéan

be seen, most of the crumb rubbesdarcts had extractibles which fell within a 4 percent band,
polymer contents which varied by no more than 6.5 percent, carbon black differendes of 4.
percent maximum, and ash contents within 1.7 percent of each other. Therefore, while there was
some de\ation in thetest result®f thegroundrubber sources, most of the particles have similar
makeups.The 6.5 percent difference in polymer content of some rubber sources could be

inflated when used at 10 to 15 percent loading. This would theoretica#lypger modified

15
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binder an additional 0.65% polymer than another which could influence both high and low
temperature critical temperatures.

Table 5 TGA Results

Product Percent Material, % Mesh Grinding
Extractibles| Polymer| Carbon | Ash Temperature
Black
MD-402TR 6.78 58.11 30.13 480, -40 Cryogenic
MD-400TR 7.35 57.95 29.86 470, -40 Cryogenic
MD-400-AM 10.17 56.10 28.36 5.18| -40 Ambient
MD-180TR 8.79 54.48 30.88 5.67| -80 Cryogenic
MD-105TR 10.97 52.43 30.17 6.26| -140 Cryogenic
Cryohammer 10.37 51.89 31.40 6.20 -30 Cryogenic
Crackermill 8.11 52.78 29.35 9.63 -30 Ambient
-80/ +140 8.67 53.73 32.31 531 -80 Cryogenic
+140
-30 Fine 7.73 58.46 27.56 596 -30 Ambient
-30 9.69 52.29 31.54 6.36| -30 Ambient
-20 9.86 54.36 30.65 5.03| -20 Ambient
-16 9.49 55.53 28.43 6.44 Ambient
Powderizers -16
Maximum 10.97 58.46 32.31 6.44
Minimum 6.78 51.89 27.56 4.70

33 Surface Area

The surface area of each rubber product was characterized by Quantiosiogiéne BET
procedure previously described in conjunction with Krypton gas. The surface area for each
rubber product is given in Tabte As seen, the product with the smallest surface area was the
cryo-hammer material produced by Liberty Tire. Thetenal with the highest surface area was
the MD 105 TR. This material was cryogenically ground and had the smallest particle size.

16
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Table 6 Surface Area

GTR Mesh | Grinding Temperature | Surface Area (m2/g)
MD 402 TR -40 Cryogenic 0.407
MD 400 TR -40 Cryogenic 0.079
MD 400 AM -40 Ambient 0.400
MD 180 TR -80 Cryogenic 0.275
MD 105 TR -140 Cryogenic 0.751
Liberty Cracker Mill -30 Ambient 0.104
Cryo-Hammer -30 Cryogenic 0.044

-80/ Cryogenic

-80/140 +140 0.104
-30 Liberty -30 Ambient 0.056
-30Fines Liberty -30 Ambient 0.114
-20 Liberty -20 Ambient 0.092
16 Powderizers -16 Ambient 0.079

4. GTR-MODIFIED BINDER CHARACTERIZATION

While it was important to characterize the particle sizes and makeup for each crumb rubber
product, it is even moreritical to understand how each crumb rubber product will affect the
properties of the asphalt binder it is modifying. Therefore, all eleven crumb rubber product were
blended with a standard PG-82 asphalt binder at a loading rate of 10 percent. Twioeof

crumb rubber product€¢yo-hammerand-20 Liberty) were blended at loading rates of 15

percent to determine how the additional 5 percent rubber affected the binder profdrties

two products were chosen at the discretion of the sporisach. ofthe fourteenrubbermodified
binderswasthen analyzedfor performance grade, multiple stress creep recovery grade, and
separatiorpotentialvia the separation tubes and softening ppincedure

4.1  Performance Grade Testing

The GTR-modifiedasphalt binders were tested and graded according to AASHTO M(B20
Detailed results are provided in Appendix A. TabBummarizes the true grade and
performance grade of each blended binddl of the rubber products were tested using a 1 mm
gap inthe DSR with the exception of thé6 Powderizers. This product was the largest in size
and showedigns of the GTR particles affecting tB&R testesults In order to get a more
accurate reading of tteTR-modifiedbinder properties, a 2 mm gap waediso characterize

this producin addition to thel mm gap.

17
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Table 7 Modified Binder Performance Grades

Rubber Product Grinding Mesh Loading. % True Performance

Temp Size Grade Grade

Base Binder NA NA 0% 70.0-254 70—-22

MD-402TR Cryo -40 10% 79.0—23.0 76—22

MD-400TR Cryo -40 10% 80.4—24.2 76—22

MD-400-AM Ambient -40 10% 82.1-20.8 82-16

MD-180TR Cryo -80 10% 81.2-254 76—22

MD-105TR Cryo -140 10% 77.9-25.6 76—22

Cryo-Hammer Cryo -30 10% 82.2—23.2 82—-22

Cryo-Hammer Cryo -30 15% 86.7—19.3 82-16

Crackermill Ambient -30 10% 82.8—23.1 82—22

-80/140 Cryo -80/+140 10% 83.6—24.9 82—-22

-30 Liberty Fines Ambient -30 10% 79.8—-20.4 76—-16

-30 Liberty Ambient -30 10% 80.7—23.6 76—22

-20 Liberty Ambient -20 10% 83.1-24.6 82-22

-20 Liberty Ambient -20 15% 87.9-21.3 82—-16

-16 Powderizers (2 mm| Ambient -16 10% 84.7-21.8 82-16
gap)

-16 Powderizers (Imm | Ambient -16 10% 76.3—-21.8 76-16
gap)

The base binder used in this study had a true grade of PG Z8.5. A dosage rate of 10% was
used for each rubber product in attempt to modify the base binder to a-PZ2.78ll fourteen
CRM blends had a PG critical high temperature of at least 78dditionally, the two rubber
blends which were tested at both 10 and 15 percent loading had higher critical temperatures
when loaded at 15 percent.

Both grinding method and patrticle size seeno make no difference on the critical high
temperature of the blended binder. Figbigraphically shows the relationship betw&&hR
particle size and critical high temperature of the blended binddrs best relationship that
could be developed haslow R value of 019 suggestingarticle size did not really influence
the true grade of the binddrowever, outliers were not removed from the dataldsing an
average value of the GFRodified asphalt binders with ambient #30 mesh material did not
improve the goodness-fit.

The grindingtemperatureseemed to have little effect as both cryogenically and ambiently
ground particles were blended with a PG2Z7binder to achieve tHeG 7622 performance

grade. Additionally, both ambient and cryogercrumb rubber products were able to modify the
PG 6722 binder to a PG 822 binder at 10 percent loadingjo further support this point, a
onesidedt-test was used to statistically compare the high temperature grade of the four GTR
modified asphalt Iniders using ambiently ground 30 mesh material to the-@oified asphalt
binder using 30 mesh cryogenically ground rubber products. The ambient 30 mesh GTR
modifiedbindershad an average critical high temperature grade of 81.6°C while the GTR
modified bnder with 30 mesh cryogenically ground rubber had a critical high temperature grade
of 82.2°C. There was no evidence of a statistical differgmeal(ie = 0.509) between the 30
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mesh between the GTRodified asphalt binders using ambiently or cryogehiagiound #30
mesh material.

160 700
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% - 300
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Figure 6 Particle size versus critical high temperature.

The Gener al L i n e a attenmptedb ethtistiCatly asses® if paréicle sizg,a s
grindingtemperature, tire type, surface gngalymer content, anlbading ratestatistically

affected the critical high temperature grade ofrthieber modified bindefTable 8) Using

surface area and polymer content as covariates due to the nature of the data, none of the factors
were statistically significant in exgihing the high temperature grade of the modified binder.

This could be due to the unbalanced nature of the dataset. While none of the variables were
statistically significant, the model only explained 68 percent of the total variability. The two
factors which explained the most variability in the model were mean patrticle size (28.5 percent)
and surface area (21.2 percent).
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Table 8 High Temperature Grade ANOVA Table

Source DF | SeqSS | AdjSS |AdjMS | F P
Surface Area* 1 | 20.10 | 0.95 0.95 |0.06|0.826
Polymer* 1 0.79 0.22 0.22 |0.01]0.915
Loading Rate 1 0.53 1.22 1.22 |0.08|0.803
Mean Particle Siz¢ 5 | 27.04 | 17.82 3.56 |0.24|0.916
Tire Type 2 | 1253 | 12.93 6.47 |0.43]0.700
Temperature 1 3.59 3.59 3.59 [0.24|0.674

Error 2 | 30.25| 30.25 | 15.13
Total 13 | 94.84
*Covariate

Four of thefourteenGTR blends failed to meet the critical low temperature specification of
22°C. Of the four materials which did not meet this specification, two were rbbinker blends
which used 15 percent rubber, and one of the other rubber modified asphalt usadthe

rubber with the largest particle sizes. The fourth product which grad&@°& was the30

Fines produced by Liberty. In each of the four cases, thaloe caused the rubber blend to fail
the low temperature criterionA possible solution fothree of the GTR blends could be to

reduce the amount of GTR added to the binder. -T&d>owderizers, 15%20 Liberty, and 15%
Cryo-Hammer blends are all relatively close to passing2B&C grade and have a large margin
over the 76°C target. A slightduction in the GTR for these materials should achieve a passing
low temperature grade while still maintaining the desired PG 76. As can be seen from the table,
the 10%-20 Liberty and 10% Crydlammer meet the22°C requirements. Th&6 Powderizers
areonly 0.2°C below the22°C grade and have over an 8°C margin above the 76°C grade. It
should only take a small decrease in this GTR to achieve the target grad@0 Therty Fines

may also benefit from a decrease in GTR percentage, but it may piftadtdo obtain the-

22°C grade without dropping below the PG 76°C for the high grade.

Figure7 shows the relationship between particle size and critical low temperature. While the
relationship was stronger than the relationship for critical higipézature (R= 03615, the
relationship is not robust enough to draw any strong conclusions about the relationship between
particle size and critical low temperature. The goodoésis for this relationship was reduced

due to the number of #30 crumibber sources with differing low temperaturéssing the mean
particle size did not improve the relationsffigure 8).

While it is difficult to determinef there is a difference in thedfect ofgrinding method on low
temperature binder performandee tonly blends which failed th@2°C criterion at 10 percent
loading used an ambient grind. All the binder blends using cryogenically ground materials
passed this specification.

The Gener al Li n e a wusednassesd if pdrtele sizgriddin@tEmperatuee s

tire type, surface arepplymer content, and loading ragetistically affected the critical low
temperature grade of tl&&TR-modifiedbinders(Table 9) Using surface area and polymer
content as covariates due to the nature ofilia, again, none of the factors were statistically
significant in explaining the low temperature grade of the modified binder. However, unlike the
high temperature critical temperature, approximately 92 percent of the model variability was
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explained byfactors. The two factors which had the most influence on the low temperature
grade were the mean particle size (34.6 percent) and loading rate (21.3 percent). The effect of
loading rate was evident as changing from 10 to 15 percent loading alwayseddteasritical

high temperature by at least one binder grade.

Table 9 Low Temperature Grade ANOVA Table

Source DF | SeqSS | AdjSS |AdjMS | F P
Surface Area* 1| 4996 | 0430 | 0.430 |0.21|0.690
Polymer* 1 3.66 6.567 | 6.567 | 3.24|0.214
Loading Rate 1 | 10.323| 9.209 | 9.209 | 4.54| 0.167
Mean Particle Siz¢ 5 | 16.766| 14.563| 2.913 | 1.44| 0.459
Tire Type 2 | 3567 | 8.825| 4.412 [2.17]0.315
Temperature 1 | 5353 | 5353 | 5.353 | 2.64| 0.246
Error 2 | 4058 | 4.058 | 2.029
Total 13 | 48.472
*Covariate
160
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Figure 7 Particle size versus critical low temperature
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Figure 8 Particle size versus critical low temperature using mean particle size

4.2

Multiple Stress Creep Recovery

To determine the performance grade in accordance with AASHTO-M0 18he MSCR test
(AASHTO TP 7009) was conducted &4°C( the average-dlay maximum pavement design
temperaturdor Auburn, Alabamgato determine the nerecoverable creep compliance for all the
binders. The same RTFO aged specimen utilized in the dynamic shear rheometer (DSR) test
according to AASHTO T 3-09 was used in the MSCR test. Tablessummarizes the MSCR

testing resultsT h e

t he
HE”

Teno f
The

base

modi f i

binder was

ed rubber

bi

graded

nder s

as

me t

an

t he

extremelychigh triafficror trafficking of greater than 30 million equivalent

single axle loads (ESALS) and standing traffic. When compared to the PG gratdss, all
modified binders had critical high temperatures greater than 76°C.

Four of the rubber ntbfied binders {20 Liberty at 10 and 15 percent loading, chammer at

15 percent loading, and6 powderizers using 1 mm DSR gagxceededhe maximum

1] H ” f O

requi

allowableJ,, difference of 75 percemlue to extremely low,dvalues at 0.1 kPaHowever, while
these blenddid notmeetthe“ Especificaton, the Jo.1and J32results suggest theshould
have adequate resistance to permanent deformation under those conditions.
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Table 10 Modified Binder MSCR Results

Rubber | Grinding | Mesh | Loading Jnr % Recovery | Traffic
Product Temp Size Rate, % | 0.1 3.2 % 0.1 3.2 Level
kPa™ | kPa™ | Diff | kPa™ | kPa™
Base Binder NA NA 0% 1.150| 1.353 | 17.68| 12.99| 5.616| “ H”
MD-402- Cryo 10% |0.178| 0.202 | 13.52| 42.90| 36.69| “ E”
TR -40
MD-400- Cryo 10% | 0.139| 0.166 | 19.19| 51.23| 43.55| “ E”
TR -40
MD-400- | Ambient 10% | 0.123| 0.160 | 57.18| 46.88| 30.53| “ E”
AM -40
MD-180 Cryo 10% | 0.175| 0.201 | 14.90| 44.66| 38.02| “ E”
TR -80
MD-105 Cryo 10% | 0.273| 0.344 | 26.08| 36.86| 24.50| “ E”
TR -140
Cryo- Cryo 10% | 0.150| 0.201 | 34.21| 50.59| 36.68| “ E~”
Hammer -30
Cryo Cryo 15% | 0.062| 0.1949| 216.2| 68.87| 44.72| " E"”
Hammer -30
Crackermill | Ambient -30 10% | 0.122| 0.183 | 50.88| 59.46| 42.73| “ E”
-80/140 Cryo - 10% | 0.123| 0.190 | 46.39| 58.44| 41.87| “ E”
80/+140
-30 Liberty | Ambient 10% | 0.092| 0.127 | 37.68| 61.62| 49.58| “ E”
Fines -30
-30 Liberty | Ambient -30 10% |0.201| 0.233 | 15.95| 43.56| 36.42| “ E”
-20 Liberty | Ambient -20 10% | 0.086| 0.159 | 85.81| 69.16| 46.45| " E"”
-20 Liberty | Ambient -20 15% | 0.030| 0.193 | 554.0| 85.94| 50.43| " E "
-16 Ambient -16 10% |0.088| 0.122 | 39.41| 63.03| 50.44| “ E”
Powderizers
(2 mm gap)
-16 Ambient -16 10% | 0.096| 0.720 | 652.5| 95.20| 66.45| " E”
Powderizers
(Imm gap)

* Did not meet Jnr % difference requirement
4.3  Separation Tubes

Separation tubes were used in conjunction with the DSR to determine if particle size and
grinding method affected the overall separation of the GTR particles from the asphalt binder.
The amount of separation was quantified by the difference in the Ichititatemperature of the
modified binder removed from the top half of the separation tube compared to the critical
temperature grade of the modified binder removed from the bottom half of the separation tube.
The results are shown in Taldl&.

There curently is no consensus pass/fail criterion for this testing methodology; therefore, one
can only rank the performance of the modified binders. Using this methodology, ti8®&D
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TR had the smallest difference between the critical high temperatures &sptinat binder in

the top and bottom of the tubes. The mixture which had the greatest diffeentee-16
powderizers. No trend was noticed when comparing the mesh rubber size to the different in
critical high temperatures; however, there was a stiemgl between separation and mean
particle sizgFigure 10). The finer the mean particle size, the less separation occurred.

To statistically assess this hypothesis, the
the test results in terms oarticle size, grinding temperature, loading rate, surface area, and
polymer conten(Table 12) Using the GLM, the only factor which statistically influenced the
separation results was particle size. Smaller particles showed less separation. Owam86 per

of the model variability was explained using this term alone. The second most influential factor
was surface area; however, it only accounted for 7.8 percent of the data. Overall, the model had
less than one percent error.

Table 11 Modified Binder Separation Tube DSR Results

Rubber Grind Mesh Loading Critical High Temperature, °C
Product Temp Size Rate, % | Top | Bottom| Absolute %
Difference | Difference
MD-402TR Cryo -40 10% 82.75| 102.7 19.95 24.11
MD-400TR Cryo -40 10% 81.79| 102.6 20.81 25.44
MD-400AM | Ambient| -40 10% 86.1| 99.9 13.8 13.9
MD-180TR Cryo -80 10% 74.98| 81.56 6.58 8.78
MD-105TR Cryo -140 10% 79.93| 92.53 12.6 16.61
Cryo-Hammer | Cryo -30 10% 77.71] 102.1 24.39 23.89
Cryo-Hammer | Cryo -30 15% 79.85| 110.5 30.65 38.40
Crackermill | Ambient| -30 10% 77.04| 102.4 25.36 32.90
-80/140 Cryo - 10% 78.87| 97.52 18.65 23.65
80/+140
-30 Liberty | Ambient 10% 85.63| 97.07 11.44 11.79
Fines -30
-30 Liberty | Ambient| -30 10% 76.67| 103.6 26.93 35.12
-20 Liberty | Ambient| -20 10% 75.84| 101.7 25.86 34.10
-20 Liberty | Ambient| -20 15% 94.3 | 107.4 13.1 12.20
-16 Powderizery Ambient| -16 10% 79.78| 197.5 117.72 147.56
(Imm)
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Figure 9 Particle size versus difference in separation tube critical high temperatures.

Table 12 DSR Separation Different ANOVA Table

Source DF | SeqSS | AdjSS |AdjMS | F P
Surface Area* | 1 | 753.73| 0.13 0.13 | 0.00 | 0.962
Polymer* 1 | 108.26| 116.96 | 116.96 | 2.58 | 0.250
Loading Rate 1 | 281.86| 1497 | 1497 | 0.33 | 0.624
Mean Particle Siz¢ 5 | 8343.08| 7608.22| 1521.64| 33.55| 0.029
Tire Type 2 6.51 25.80 | 12.90 | 0.28 | 0.779
Temperature 1 | 5435 | 54.35 | 54.35 | 1.20 | 0.388

Error 2 | 90.72 | 90.72 | 45.36
Total 13 | 9638.51
*Covariate

4.4

Softening Point

The softening point test was conducted according to AASHTO@3® determine if the rubber
particles separateghen mixed with the asphalt bind@nd the results are presented in TdBle
The current specification states that if the top and the bottom of the separation tubes have
softening points greater than 2°C, the binders are considered different matetiséparation
will have occurred. Using this standard, only the{¥I> TR did not separate. All of the other
modified binderdiad softening points which differed by more than 2°C.
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While most of the rubber particles seemed to settle in the asphalt,ilr@lezsearch team
wanted to determine if the particle size or grinding technique influenced the amount of
separation. It should be noted that the one particle size which did not separate in the separation

tubes had the smallest particle siFggure10 shows the relationship between particle size and

softening point differences. Using the developed relationship and a maximum allowable

temperature difference of 2°C, the data sugthedtparticle sizes larger thA00mesh may have
a tendency to sepaeatrom the asphalt binder. It should also be noted that only one product had

a particle size less than 80 mesh. This suggests that contractorargengarticle sizes will
need agitation systems to ensure the rubber and binder stay blended.

To

statistically
had the most influence on the softening point results (Table 14). None of the variables were

assess

t hi

S

h y p ofactors whicks ,

statistically significant; however, mean particle size (30.5gygyand surface area (22.9

percent) explained the most variability in the model. The smaller particles with larger surface
areas were less susceptible to settling than the larger particles with smaller surface areas.

Table 13 Modified Binder Separation Tube Softening Point Results

Rubber Product Mesh Loading Softening Point, °C
Size Rate, % Top | Bottom| Absolute | % Difference
Difference

MD-402TR Cryo -40 59.7| 77.2 17.5 25.6
MD-400TR Cryo -40 61.7| 73.3 11.6 17.2
MD-400AM Ambient -40 62.2| 71.4 9.2 13.8
MD-180-TR Cryo -80 58.6| 63.0 4.4 7.2
MD-105TR Cryo -140 60.6| 61.1 0.5 0.8
Cryo-Hammer Cryo -30 59.7| 70.7 10.3 15.9
Cryo-Hammer Cryo -30 61.9| 75.0 13.1 19.1
Crackermill Ambient -30 58.9| 66.7 7.8 12.4
-80/140 Cryo -80/+140 | 61.4| 78.0 16.6 23.8
-30 Liberty Fines | Ambient -30 62.8| 72.8 10.0 14.7
-30 Liberty Ambient -30 58.9| 72.5 13.6 20.7
-20 Liberty Ambient -20 58.9| 69.4 10.5 16.4
-20 Liberty Ambient -20 66.4| 73.3 6.9 9.9
-16 Powderizers | Ambient -16 59.2| 69.7 10.5 16.3
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Figure 10 Particle size versus difference in softening points

Table 14 Softening Point Separation Different ANOVA Table

Source DF | SeqSS | AdjSS |AdjMS | F P
Surface Area* 1| 5991 | 16.17 | 16.17 |1.52|0.343
Polymer* 1 | 49.33| 6.69 6.69 |0.63|0.510
Loading Rate 1 0.57 4.22 4.22 |0.40| 0.593
Mean Particle Siz¢ 5 | 79.80 | 123.75| 24.75 | 2.33| 0.327
Tire Type 2 | 13.47 | 2248 | 11.24 |1.06|0.486
Temperature 1 | 3747 | 37.47 | 37.47 |3.53|0.201

Error 2 | 21.24 | 21.24 | 10.62
Total 13 | 261.78
*Covariate

5. EFFECT OF ADDITIVES ON RUBBER-MODIFIED BINDERS

Two common additives used in conjunction with GTR binders are polymer and Vestenamer.
Polymermodi fi ed GTR binders are typically ter med
and SBS as modifiers. As an additional effort, the research team wanetdrtaide how

Vestenamer and polymer affected the PG and MSCR grades of an asphalt rubber binder as well

as the separation of the binder and rubber particles using the softening point test.
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51 Materials

The rubbemodified binders using 10% #30 Libednd 10% MDB400-TR were modified with
Vestenamer at a dosage rate of 0.5 percent by weight of binder. The material was mixed with the
binder using instructions provided by gheject sponsor

In addition to the Vestenamer modified binder, a polymerifieadGTR binder was developed

and provided by Blacklidge Emulsions, Inc. The binder used 40 mesh ambient ground rubber
and SBS. Due to the proprietary nature of the binder, the peaxntages of each material
cannot be disseminated in this report.

5.2 Performance Grade

The performance grades of the three modified rubber binders were determined using the
methodology outlined isection 25 of this report. The results are given in Tabe As can be
seen, using the Vestenanstightly increased the high and low true grades of the binder. In
effect, it made the binder slightly stiffer than the rubitmedified binders without the
VestenamerThis was only critical (i.e. decreased the performance grade) of thé03DR
modifiedbinder at the low temperature.

The hybrid binder graded as a PG-82. While there is no control binder to see how the
polymer changed the performance grade results, one do#stbeththe true grade and
performance grade of the binder are simiteother GTRonly modified binders.

Table 15 Performance Grades of Rubber Modified Binders with Additives

Rubber Mesh Grind Loading Additive True Performance

Product Size Temp Rate. % Grade Grade

#30 Liberty -30 Ambient 10% None 80.7—- 76-22
23.6

Vestenamel 82.3— 82-22
22.4

MD 400 TR -40 Cryo 10% None 80.4—- 76-22
24.2

Vestenamel| 81.8— 76-16
19.5

Blacklidge -40 Ambient NA Polymer 82.8— 82-22
Hybrid 23.5

5.3 Multiple Stress Creep Recovery

MSCR testing was conducted as describeskiction 26 of this documenon the two GTR

modified binders with Vestenamer and the hybrid binder. The results are given irlg.ablé

three binders met the <crit erlnrespectfoohe contrble heavi
binders (norWestenamer binders) the additive slightly reduced theliies for both binders at

both stress magnitudes. This suggests the Vestenemer adds some measure of elasticity to the
binder. Overall, none of the additivelsould affect the rutting resistance of the binders.
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Table 16 MSCR Results of Binders with Additives

Rubber | Mesh | Grind | Loading | Additive Jor % Recovery | Traffic
Size | Temp | Rate, % 0.1 3.2 % 0.1 3.2 | Level
kPa™! | kPa™ | Diff | kPa™ | kPa™
MD-400- | -40 Cry 10% None 0.139| 0.166| 19.19| 51.23| 43.55| “ E”
TR Vestename| 0.091| 0.157| 71.65| 62.44| 41.37| “ E”
-30 -30 | Ambient| 10% None 0.201| 0.233| 15.95| 43.56| 36.42| “ E”
Liberty Vestenamel 0.092| 0.118| 28.84| 57.66| 48.44| “ E”
Blacklidge| -40 | Ambient| NA Polymer | 0.196| 0.240| 22.31| 57.91| 50.03| “ E”
Hybrid
54  Softening Point

The softening point test on separation tube binder was the final test run on binders containing the

additives. The methodology describedsattion 27 of this report was used to assess capacity of

polymer and Vestenamer for reducing the separation potential ofr@¥iied asphalt binders.

If the softening point of the binder in the top of the tube deviated from the softening point of the
binder in thebottom of the tube, the rubber was assumed to have separated from the asphalt.

The results of the softening point tests are shown in Tablé\$ seen, all three rubber binders
with additives showed some signs of separation. However, the VestenanegthmdtD400-

TR have a higher degree of separation while the product mae&0théerty material separate

less. While numerous factors such as particle size and grinding method could influence this, the
testing matrix was not robust enough to determihat caused the differences in the test results.

Table 17 Softening Points of Rubber Binders with Additives

Rubber | Mesh | Grind | Loading | Additive Softening Point, °C
Product | Size | Temp | Rate, % Top | Bottom| Absolute %
Difference| Difference

MD-400- | -40 Cryo 10% None 61.7| 73.3 11.6 17.2
TR Vestename| 77.6| 114.3 36.7 38.2
-30 -30 | Ambient| 10% None 58.9| 725 13.6 20.7
Liberty Vestenamel 92.0| 104.5 12.5 12.5

Blacklidge| -40 | Ambient| NA Polymer | 80.4| 94.2 13.8 13.8
Hybrid
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6. SUMMARY AND CONCLUSIONS

Based on the results of this reseathlb,following conclusions can be drawn.

1

All fourteenmodified binders met the criterion for high temperature grade classification
of PG76. Additionally, five of the eleven blends loaded at 10 percent and both blends
using 15 percent loading met the criterion of a PG 82 binder.

Surface areandparticle sizeof the rubbers had the most influence on increasing the
critical high temperature grade of the modified binder. Grinténgperature (ambient
versus cryogenid)ad little to no influence on the resutise to additional surface area of
the-#40 cryogenically ground material

Four of thefourteenasphalt blends using rubber particles did not meef2®b¥C PG
specification. Both of the mixtures using 15 percebber loading were graded -d$°C
binders.

Polymer content and grinding method had little influence on the low temperature
properties of the modified binders. Loading rate padicle sizehad the most influence;
however, strong relationships were deteloped due to the scatter of the data.

While four of the modified binder blends did not meet the percent difference Jnr
specification for the MSCR test, twelve of the binders were graded for the highest level
of trafficking at 64°C. Low Jin values dificially inflated the percent difference of the
four binders which did not pass that portion of the MSCR specification. These binders
are expected to resist rutting in the field.

Eighty-severnpercent of the variability in DSRatafrom the separatiotubeswas

explained by the particle size of the rubber. The larger particle sizes showed greater
discrepancies between the high temperature grades of the binder from the top of the tube
compared to the bottom of the tube.

Only one modified binder pass#te softening point requirements. This binder had the
smallest particle size of any of the rubber products analyzed in the fadycle size

and surface area explained the most variability in the model.

Using a hybrid binder is appropriate for inciegsthe MSCR and PG grade of a virgin
binder; however, incorporating polymer into a Girfedified binder does not prevent
settling.

Vestenameslightly stiffens an asphalt binder at both the high and low critical
temperatures. It can be used in conjunction with GTR mixtures; however, it will not
always prevent GTR and asphalt binder separation.

The loading rate (10 percent) was arbitrarilpsén for this study and using less than 10
percent rubber could modify binder properties enough to meet a PG 76 criterion. These
data support the idea of states moving to a performance grade specification for binders
instead of specifying raw materials.

Using the previous stated conclusions, the following recommendations are made:
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1 Ground tire rubber should be considered an appropriate asphalt binder modifier to
achieve critical high temperature performance in mixtures.

1 Ambient and cryogenically ground GTgerformed equivalently in terms of binder
modification and separation. Specifications should not distinguish between the two types
of materialsvhen the GTR is#30 or smaller

1 Ten percent rubber is an appropriate level of loatbngncreasing a PG 622 binder to
a PG 7622. Increasing the rubber content of the binders increased the critical low
temperature grade of the modified materibh achieve a similar performance grade, one
might need to use a binder which has a lower virgin critical temperéte.-28°C).

1 When using GTR patrticle sizes larger than 100 mesh, continuous agitation systems
should be used to prevent separation of the rubber particles and asphalt binder.

f When GTR is used in asphalt mixtures, contractors should be aware GTR asphal
mixtures will swell if they are removed from gyratory compactor molds too quickly due
to the dilation of the rubber. Samples should be allowed to cool in the molds before they
are measured for volumetric properties.
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APPENDIX A: PERFORMANCE GRADE RESULTS

AASHTO M320

Superpave Asphalt Binder Grading Summary

Sample ID:

1: -80/140

Original Binder

Test, Method

Test Results

Specification

Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.425 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa a; G* | si
82 1.14 81.8 1.16 O 1.00 Kk
88 0.66 82.9 0.67
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.164 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa u; G* | si
82 3.34 70.5 3.549 O 2.20 k
88 1.915 74.35 1.988
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa u; G* s i
19 7091 36 4168 O 5,000
16 9864 34.2 5543
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
o
C
-12 Stiffness, Mpa 89 O 300 Mp
m-value 0.322 O 0.300
-18 Stiffness, Mpa 188
m-value 0.276
True Grade 83.6 -24.9
PG Grade 82- 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 2: MD-180-TR
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 0.825 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa i, G* | si
76 1.71 83.2 1.73 O 1.00 Kk
82 0.92 85.3 0.92
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.183 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G* kPa a; G* | si
82 3.33 72.5 3.50 O 2.20 k
88 1.86 76.8 1.91
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa 0/’ G* sin
22 6161 38.9 3965 O 5,000
19 8604 37 5177
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°Cc
-12 Stiffness, Mpa 112 O 300 Mp
m-value 0.325 O 0.300
-18 Stiffness, Mpa 234
m-value 0.276
True Grade 81.2 -25.1
PG Grade 76 - 22

34




Willis, Plemons, Turner, Rodezno, & Mitchell

Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 3: MD-400-TR
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.425 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa i, G* | si
76 1.55 83.9 1.55 O 1.00 Kk
82 0.85 85.5 0.85
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.215 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G* kPa a; G* | si
82 3.71 70.6 3.938 O 2.20 k
88 2.131 74.8 2.209
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa 0/’ G* sin
16 8715 33.7 4829 O 5,000
13 12050 32 6383
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°Cc
-12 Stiffness, Mpa 89 O 300 Mp
m-value 0.316 O 0.300
-18 Stiffness, Mpa 179
m-value 0.273
True Grade 80.4 -24.2
PG Grade 76 - 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 4: MD-402-TR
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.3 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa i, G* | si
76 1.36 84.6 1.37 O 1.00 Kk
82 0.73 85.8 0.73
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.236 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G* kPa a; G* | si
82 3.35 73.3 3.501 O 2.20 k
88 1.88 77.2 1.928
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa 0/’ G* sin
22 5192 36.9 3118 O 5,000
19 7233 35.2 4165
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°Cc
-12 Stiffness, Mpa 96 O 300 Mp
m-value 0.306 O 0.300
-18 Stiffness, Mpa 186
m-value 0.27
True Grade 79.0 -23.0
PG Grade 76 - 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 5. MD-105-TR
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.425 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa i, G* | si
76 1.20 82.9 1.21 O 1.00 Kk
82 0.66 83.7 0.66
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.174 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G* kPa a; G* | si
82 2.14 76.92 2.192 O 2.20 k
88 1.198 79.9 1.217
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa 0/’ G* sin
19 7319 36.4 4339 O 5,000
16 10390 34.4 5864
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°Cc
-12 Stiffness, Mpa 93 O 300 Mp
m-value 0.317 O 0.300
-18 Stiffness, Mpa 183
m-value 0.289
True Grade 779 -25.6
PG Grade 76 - 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 6: -30 Liberty
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.4 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa i) G* | si
76 161 82.9 1.62 O 1.00 Kk
82 0.87 84.8 0.87
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.23 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°’c G*, kPa u; G* | si
82 3.00 73.2 3.128 O 2.20 k
88 1.689 77.1 1.733
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa ., G* s i
19 7989 34 4471 O 5,000
16 10810 32.5 5805
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°c
-12 Stiffness, Mpa 94 O 300 Mp
m-value 0.309 O 0.300
-18 Stiffness, Mpa 193
m-value 0.276
True Grade 80.7 -23.6
PG Grade 76 - 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID: 7. -20 Liberty
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.887 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa i) G* | si
82 1.09 81.5 1.10 O 1.00 Kk
88 0.63 83.1 0.64
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.237 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°’c G*, kPa u; G*/sini,
82 3.23 69.2 3.46 O 2.20 k
88 1.929 72.6 2.022
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa a; G* sin
16 9057 33.1 4942 O 5,kP®O0
13 12410 31.5 6476
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
°c
-12 Stiffness, Mpa 92 O 300 Mp
m-value 0.315 O 0.300
-18 Stiffness, Mpa 176
m-value 0.28
True Grade 83.1 -24.6
PG Grade 82- 22
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Superpave Asphalt Binder Grading Summary

AASHTO M320

Sample ID:

8: -16Powder

Original Binder

Test, Method

Test Results

Specification

Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.6 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa 0/’ G* | s
O 1.00 k
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.227 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa i, G* | s
O 2.20 k
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa u; G* S i
19 6852 35.1 3935 O 5,000
16 9509 33.3 5226
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-6 Stiffness, Mpa 55 O 300 Mp
m-value 0.33 O 0.300
-12 Stiffness, Mpa 102
m-value 0.299
True Grade 76.3 -21.8
PG Grade 76- 16
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Superpave Asphalt Binder Grading Summary

AASHTO M320

Sample ID:

2mm gap
8: -16Powder

Original Binder

Test, Method

Test Results

Specification

Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.6 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa 0/’ G* | s
O 1.00
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.227 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa i, G* | s
0 2.20
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Test Phase Angle
Temperature, °C G*, kPa u; G* S i
19 6852 35.1 3935 O 5,000
16 9509 33.3 5226
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-6 Stiffness, Mpa 55 O 300 Mp
m-value 0.33 O 0.300
-12 Stiffness, Mpa 102
m-value 0.299
True Grade 84.7 -21.8
PG Grade 82- 16
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID:

9: Liberty Cracker
Mill

Original Binder

Test, Method Test Results | Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.99 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa i, G* | si
82 1.07 82.1 1.08 O 1.00 kPa
88 0.61 83.9 0.61
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.193 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa i, G* | si
82 3.21 69.7 3.42 O 2.20 kPa
88 1.899 73.4 1.98
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa i, G* sin
16 10020 33.9 5594 O 5,000 kP
19 7186 35.6 4186
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-12 Stiffness, Mpa 99 O 300 Mpa
m-value 0.306 O 0.300
-18 Stiffness, Mpa 199
m-value 0.273
True Grade 82.8 -23.1
PG Grade 82- 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

10%
10: Liberty Cryo-
Sample ID: Hammer
Original Binder
Test
Test, Method Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.675 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* | s
Temperature, °C G*, kPa u; kPa
82 1.01 82.8 1.02 O 1.00 kPa
88 0.58 84.2 0.58
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.193 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* | s
Temperature, °C G*, kPa u; kPa
82 3.14 72.5 3.294 O 2.20 kPa
88 1.793 76.4 1.84
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* S i
Temperature, °C G*, kPa u; kPa
16 9482 33.2 5186 O 5,000 kPa
19 6777 34.95 3883
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-12 Stiffness, Mpa 100 O 300 Mpa
m-value 0.307 O 0.300
-18 Stiffness, Mpa 184
m-value 0.273
True Grade 82.2 -23.2
PG Grade 82- 22
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Superpave Asphalt Binder Grading Summary
AASHTO M320

15%
11: Liberty Cryo-
Sample ID: Hammer
Original Binder
Test
Test, Method Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 2.912 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* | s
Temperature, °C G*, kPa u; kPa
82 1.52 81.2 1.54 O 1.00 kPa
88 0.88 82.8 0.89
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.259 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* | s
Temperature, °C G*, kPa u; kPa
88 2.76 73.6 2.88 O 2.20 kPa
94 1.641 77.4 1.682
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle G* S i
Temperature, °C G*, kPa u; kPa
16 10310 321 5471 O 5,000 kPa
19 7744 33.4 4262
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-6 Stiffness, Mpa 46 O 300 Mpa
m-value 0.338 O 0.300
-12 Stiffness, Mpa 302
m-value 0.269
True Grade 86.7 -19.3
PG Grade 82- 16
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Superpave Asphalt Binder Grading Summary
AASHTO M320

15%
Sample ID: 12: -20 Liberty
Original Binder
Test, Method Test Results Specification
Rotational Viscosity @ 135°C, AASHTO T 316, PaS 4.050 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°C G*, kPa a; G* | si
82 1.63 79.5 1.66 O 1.00 Kk
88 0.98 80.4 1.00
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.259 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa a; G* | si
88 3.20 68.8 3.43 O 2.20 k
94 1.955 72 2.06
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Temperature, Angle
°Cc G*, kPa G, G* s i
16 10500 31.4 5471 O 5,000
19 7645 33.1 4172
Bending Beam Rheometer (BBR) AASHTO T313
Test Temperature,
o
C
-6 Stiffness, Mpa 43 O 300 Mp
m-value 0.324 O 0.300
-12 Stiffness, Mpa 85
m-value 0.297
True Grade 879 -21.3
PG Grade 82- 16
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID:

13: -30 Fines
Liberty

Original Binder

Test, Method

Test Results

Specification

Rotational Viscosity @ 135°C, AASHTO T 316, PaS 1.725 O 3 Pas
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa i, G* | si
76 1.44 82.8 1.45 O 1.00 kPg
82 0.80 84.4 0.80
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.256 O 1.00%
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa VI G*/sinu,
82 3.65 69.2 3.90 O 2.20 kPsg
88 2.13 73.2 2.23
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Phase
Test Angle
Temperature, °C G*, kPa i, G* sin
13 10900 32.4 5835 O 5,kP®O0
16 7959 33.9 4434
Bending Beam Rheometer (BBR) AASHTO T313
Test
Temperature, °C
-6 Stiffness, Mpa 54 O 300 Mpa
m-value 0.324 O 0.300
-12 Stiffness, Mpa 109
m-value 0.291
True Grade 79.8 -20.4
PG Grade 76 - 16
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Superpave Asphalt Binder Grading Summary
AASHTO M320

Sample ID:

MD-400-AM

Original Binder

Test, Method Test Results Specification
Rotational Viscosity @ 135, AASHTO T 316, PaS 1.887 X o t I {
Dynamic Shear Rheometer AASHTO T 315
Phase
Angle
Test TemperaturéC G*, kPa '3 DF Kk aa
82 1.00 84.1 1.01 X Mdnn
88 0.58 85.3 0.58
Rolling Thin Film (RTFO) Aged Binder, AASHTO T 240
Mass Change, % -0.281 | X M P m
Dynamic Shear Rheometer AASHTO T 315
Phase
Angle
Test TemperatureC G*, kPa P2 DF k aA\
88 2.15 73.5 2.24 X H®HN
94 1.281 76.7 1.32
Pressure Aging Vessel (PAV) Aged Binder, AASHTO R28
Dynamic Shear Rheometer AASHTO T 315
Test Temperature|
°C
Phase
Angle
Test TemperaturéC G*, kPa 1 Z DF any
19 7520 32.2 4008 X pZnnn
16 9903 31.3 5144
Bending Beam Rheometer (BBR) AASHTO T313
Test TemperaturéC
-6 Stiffness, Mpa 53 X onn 4
m-value 0.323 X ndon
-12 Stiffness, Mpa 102
m-value 0.294
True Grade 82.1 -20.8
PG Grade 82- 16
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