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ABSTRACT
The objective of this research effort is to evadutite use of warm-mix additives with
polymer modified and terminal blend tire rubber redp mixtures from Nevada and
California. The research completed over two stafjest: stage evaluated two different
WMA technologies; Sasobit and Advera, and secolgestevaluated one additional
WMA technology; Evotherm.
The experimental program covered the evaluatiorresistance of the mixtures to
moisture damage, the performance characteristicth®f mixtures, and mechanistic
analysis of mixtures in simulated pavements.
In the both stages, the mixture resistance to mm@stiamage was evaluated using the
indirect tensile test and the dynamic modulus attiple freeze-thaw cycles, and the
resistance of the various asphalt mixtures to peemtadeformation using the Asphalt
Mixture Performance Tester (AMPT). Resistance & tintreated mixes to fatigue
cracking using the flexural beam fatigue was omspleted for the first stage.
One source of aggregates was sampled in, two eliftdvatches, three warm mix asphalt
technologies ( Advera, Sasobit and Evotherm) amdettasphalt binder types ( neat,
polymer-modified, and terminal blend tire rubber dified asphalt binders) typically
used in Nevada and California were evaluated mghidy.
This thesis presents the resistance of the fiegjestnixtures to permanent deformation
and fatigue cracking using two warm-mix additiveésjvera and Sasobit, and the
resistance to moisture damage and permanent defomd the second stage mixtures

with only one warm-mix additive; Evotherm.
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CHAPTER 1 INTRODUCTION

Technologies that appear to allow reduction intdmaperatures at which asphalt
mixtures are produced and placed are being imagstigfor their potential impact on the
performance of asphalt pavements. These technslageeknown as Warm Mix Asphalt
(WMA) additives. The immediate benefit of producMgVA mixtures is the reduction
in the consumption of energy required to produeettaditional hot mix asphalt (HMA),
WMA additives improve workability and compactabilibf mixtures to a point where
they can be produced at lower temperatures. Wéehd#dcreased production temperatures
comes the benefit of reduced emissions, fumes, @osluction and odors, as well as an
extended mix haul distance, but it creates two ma@cerns: the reduction of the
evaporation of the moisture from the aggregateshvimight lead to an increase potential
of moisture damage in asphalt pavement, and theedsee in the hardening of the
bitumen which can lead to premature permanent aefton failure of the pavement.

A total of four WMA technologies are available. Thganic additives or waxes
(Sasobit) and chemical additives (Evotherm), areechiwith the binder, and they work
on reducing binder viscosity so the binder flowsl@awver mixing temperatures and
coating the entire aggregates surfaces in the The. water bearing Zeolites; (Advera)
are added to the mix during the mixing processs till allow the small particles to
release moisture into the mix creating a foamirfgotf and thus achieving a sufficient
coating of the aggregates. Finally the water basetinology or Foaming works by
injecting highly pressurized water into the bindering the mixing process, the foaming

technology was not tested in this thesis.



1.1. Objective
The purpose of this study is to evaluate the us@/BfA additives with polymer

modified and terminal blend tire rubber asphalt tomigs, designed according to Nevada
Department of Transportation (NDOT) and Califord@partment of Transportation
(Caltrans) specifications using the Hveem mix desig

The experimental program was divided into threesphaphasé evaluated the
effect of WMA additives on the resistance of migsirto moisture damage, phasde
assessed the mechanical properties and performeme@cteristics of the mixtures
produced at lower temperatures, and phHsechecked the effect of the warm-mix
additives on the performance life of the asphalepaent
1.2. Scope

The aggregates were sampled from a single source redrd rock quarry in
Lockwood, northern Nevada, which supplies hot mpgragates to Nevada and
California. A total of three binder types were ugethis research:

e PG64-22, an unmodified asphalt binder that meetsada specifications
for PG64-16, NDOT does not specify the use of thisder, but it is
widely used by municipal agencies in northern Nevad

e PG64-28NV/PM is a polymer modified binder that nsededth NDOT and
Caltrans specifications.

e PG64-28NV/TR is a terminal blend tire rubber aspbalder that meets
both NDOT and Caltrans specifications.

All binders used in this research were suppliedtliy Paramount Petroleum

Company.



As for the WMA additives, three types of technoesywere evaluated in this
research. In stage Sasobit and Advera were used, and in sihgévotherm was also
used. For each stage of the research, mix designs performed and the performance
was compared to a control HMA mix. The research eiasled into two stages based on
the fact that two different batches of aggregatas linder were sampled at different
times but always from the same sources.

HMA designs were performed in the laboratory folioge NDOT and Caltrans
Hveem mix design, and they were used as controésniXhe laboratory designed WMA
mixtures also were complying with NDOT and Caltr&h&em design, and were verified
using the draft Proposed Standard Practice forgdesi WMA that is developed by the
National Cooperative Highway Research Program (NEHRoject NCHRP 9-43(1).

The following laboratory experiment was conductedevaluate the mixtures
resistance to moisture damage:

e Impact of residual moisture on untreated mixturth& objective is to
identify the effect of residual moisture in the eggate on the resistance of
WMA mixes to moisture damage.

e Impact of antistrip additives: this part was desigito determine if the use
of anti-stripping agents will improve the resistanaf the mixtures to
moisture damage.

The different mixtures were subjected to eithereyame, or six freeze-thaw (F-
T) cycles in order to replicate the effect of moist damage. The resistance of the

mixtures to moisture damage was measured in terrthaf indirect tensile strength



(ITS), tensile strength ratio (TSR), dynamic modu{&*), and dynamic modulus ratio at
different F-T cycles.

The impact of WMA additives on the performance elearistics of the mixtures
was addressed. Some properties were evaluateck atntaged stage, for example the
permanent deformation which is a short-term distrasde, and others at the aged stage,
like fatigue cracking which is a long-term distresede. The laboratory tests employed
to measure those two modes of failure are:

e Repeated load permanent deformation /Flow Number
e Bending beam fatigue cracking

The permanent deformation evaluation was perforfoednixes using Sasobit,

Advera and Evotherm while the fatigue cracking waty evaluated for mixes using

Sasobit and Advera without any anti-strip additives



CHAPTER 2 BACKROUND

Rutting is a permanent deformation failure dueraffic loading. It can occur in
any layer of the pavement and is mainly due to abggregate gradation, shape, and
texture. Binder grade and content and air voidstezde of the mix influence the
development of rutting in the asphalt layer.

As the WMA technologies are getting more and marputar, more studies are
being conducted in order to assess the performahteese new technologies. WMA
mixtures use lower mixing temperatures which ciea@dendency towards rutting and
moisture susceptibility, due to aggregates useldammix not being completely dry.

Research shows that the use of hydrated lime plagnportant role in increasing
the indirect tensile strength and the tensile gtematio of WMA mixtures whether the
aggregates are completely dry or not.

In 2010, Xiao et al. conducted a study to investighe effect of different WMA
additives, percent of hydrated lime, and moistuoaitent of aggregates, on rutting
resistance using the Asphalt Pavement Analyzer (A@A An experimental program
was designed to test three aggregates sources, WA additives (Asphamin, Sasobit,
and Evotherm), two moisture percentage (0%, and%®m$ weight of dry aggregate),
two hydrated lime contents (1% and 2% by weightiof aggregates), and one binder
grade (PG64-22). For each source of aggregate=nd radation was designed to satisfy
the specifications set by the South Carolina Depant of Transportation (SCDOT) for a
surface type B mixture. The researchers aimedheeae 0.5% moisture content in their

mixes, for that purpose hot water, at the rate.0¥3by weight of aggregates, was added



during the mixing procedure. SCDOT volumetric sfeations requires determining the
optimum binder content of all mixtures so theylathieve a 4.0% air voids, based on
that criteria the binder content in all mixes wastedmined. Superpave gyratory
specimens were evaluated to identify the influesfomixture type, based on the gyration
number. The weights of the samples were recordddrdeand after heating the
aggregates to the mixing temperatures, and thehiviigs in each mixture was recorded
to determine the effect of moisture and hydratet|ithen a set of dry and wet samples
were prepared, conditioned in the APA chamber &€ 6dr six hours, and then tested in
the APA to evaluate the rut depth.

An analysis of the number of gyration showed thathe researchers increased
the moisture and/or lime content for mixes with reggtes from one source, it becomes
easier to compact them regardless of the WMA additiThe number of gyration
increased for the other two aggregate sourcesohé rut depth analysis, it was noticed
that the WMA additive Sasobit exhibited a higheting resistance for both wet and dry
sets, the 1% lime improved the resistance of tesdt, when the 2% lime improved the
resistance of the wet set. The statistical compartgetween the two sets indicated that
the influence of WMA additives and lime contentrakting resistance in terms of the dry
and wet conditions is generally not significant, ilwhthe aggregate source had a
significant influence. Also a relationship was deped between the rut depth and the
number of gyrations, and as expected, the rut dégtiheased for both wet and dry sets
with the increase of the number of gyrations.

An expended analysis was conducted to further sthdyeffect of aggregate

source, WMA additives, and moisture and lime conten rut depth. A rut depth



distribution was performed: the mixes were catempatiinto dry and wet groups, and the
rut ranges were plotted for each variable basetherfrequency of occurring. The results
came to verify the findings from previous analysisvo aggregate sources exhibited
higher rut depth compared to the third source. WiMA additive Sasobit had lower rut
depth with an increase in the lime and moisture.

The researchers found that the mixtures contaimoigture have a greater weight
loss than the control mixes during the short tegngdue to the additional moisture and
the rutting resistance of the mixtures is relatedhe aggregate source regardless of the
WMA additive, lime and moisture content. The Sasobix exhibited the best rutting
resistance, while the Asphamin and Evotherm adzitishowed a similar rutting
resistance as the control mix. Finally, the mix¢us®ntaining moisture were able to
satisfy the pavement performance criteria withawt additional treatment.

Zelelew et al. conducted a study to evaluate the AMMrmanent deformation
performance using the flow number and Hamburg wiraek, as well as the effect of
warm mix additives on PG grading of binders (2).

Eight binder grades were used in the study to ewalihe effect of WMA
additives on the PG grade of the asphalt binder:

1. PG64-22 plus LEA supplied by United

2. Sasobit terminal blend

3. PG64-22 supplied by United without Gencor watenfoay
4. PG64-22 supplied by United plus Gencor water fogmin
5. Base PG64-22 supplied by United

6. Base PG64-22 supplied by Valero



7. PG64-22 supplied by United plus Advera lab blended
8. PG64-22 supplied by United plus LEA lab blended

Using the AASHTO Standard Specification for Perfanoe-Graded Asphalt
Binder the PG grade of each asphalt binder wadiegrand the master curves were
generated. The PG grade of the Sasobit terminatibdas PG70-22 and all other binder
types graded as PG64-22. It was concluded that Wathera and LEA WMA
technologies would not alter the PG of the asghialter.

The AASHTO M320-09 Table 3, Multiple Stress Creegc®very (MSCR), test
method was used. The Sasobit terminal blend biagamn exhibited higher stiffness and
lower average non-recoverable creep compliance odh Istress levels. Again by
performing a frequency sweep tests the bindersenasirves were generated, Sasobit
exhibited the highest shear values compared ta bihders.

Based on the findings from the binder study it wascluded that Sasobit should
exhibit better resistance to permanent shear defitom

WMA mixtures were tested following NCHRP Report 4688 the AMPT test
specimen fabrication and the NCHRP 9-19 draft AA8HTtest protocol
recommendations to calculate the flow number (FN)e mixtures were also tested
following AASHTO T324 test protocol for the HambwWwyheel Tracking (HWT) test. To
determine the test temperature for the flow numther LTPPBInd Version 3.1 software
was used. A temperature of 51.8°C was chosen alithgtwo other temperatures of
45.8°C and 57.8°C. The tests were conducted und®mfinement pressure consistent
with NCHRP 9-30A project. Overall, the FN valuescimsed with the increase in

temperature. The lab mixtures exhibited higher FElues than the field mixtures. The



Sasobit and the Gencor foaming exhibited the lowdstFor the HWT, the lab mixtures
exhibited higher stripping inflection point thanethield mixtures. A conclusion was
drawn from the test results that the laboratorytores conditioning is more severe than
the mixtures produced in the asphalt plan.

In summary, for an identical mix design with difet WMA additives, the
Sasobit mixtures exhibited better permanent defoamaesistance. The WMA mixtures
were found to be susceptible to moisture damagetdube lower temperature used
during production which leads to a less aging.

Bennert et al. evaluated the impact of mixing terapge on the permanent
deformation and fatigue properties of different WM#Axtures. The study also proposed
a modified mixing procedure for the moisture damageluation (3). A single binder
(PG76-22) and three WMA technologies (Evotherm BBdiset and Sasobit) were used
in the research. All mixes were prepared at 31878, F and 230°F.

The PG grading was run for each binder type as agth MSCR test following
AASHTO procedure. It was found that the WMA teclogpés have a slight effect on
increasing or decreasing the high temperature bigd®le. In the MSCR test, the non-
recoverable creep compliance and percent recoverg Wound to change slightly due to
the effect of the WMA additives. Mix designs werevdloped for each binder, and
performance tests were carried out. Different ngxamd compaction temperatures were
used, but all loose mixes were conditioned for 2hth@ recommended compaction
temperature. The dynamic modulus master curves wegasured for all mixtures
following AASHTO TP79. Comparing the master curves different mixing

temperatures, it was noticed that there is an aisvitecrease in the stiffness due to the
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lower mixing temperature regardless of the existeat a WMA additive. To further
investigate the drop or reduction in the dynamiauios, the researchers plotted, at each
temperature, the average dynamic modulus of each Rrom those plots, it was
observed that minimal changes occur at the lowsting temperatures, while higher
reductions occur at higher testing temperaturesrdier to assess the meaning of those
reductions, the dynamic modulus of mixtures with7/B&@2 and PG64-22, prepared at a
mixing temperature of 315°F, were measured witlamyt WMA additives. The reduction
in the dynamic modulus at lower mixing temperaty@80°F) was found to be
approximately equivalent to reducing the PG gradenfPG76-22 to PG64-22. It was
concluded that 45 to 50% reduction in the dynanmadutus is similar to reducing the PG
from PG76-22 to PG64-22.

To study the effect of WMA technologies on permanéeformation, an
unconfined repeated load permanent deformationatastran following AASHTO TP79
at a temperature of 54.4°C determined accordingloPBind 3.1 software. At the high
mixing temperature, the WMA technologies were dtfumcreasing the FN, as the
mixing temperature decreased, the FN decreasedetheexcept for the 1% and 1.5%
Sasobit mixtures which at a 270°F mixing temperatuere able to maintain a close FN
to the one obtained at the higher mixing tempeeatEN for mixtures with PG70-22 and
PG64-22 prepared at 315°F were ran. Then by comgpdhnie FN values obtained to the
PG76-22 mixture FN mixed at 315°F, it was determiitieat a 60% reduction in the FN
of the PG76-22 mixture at 315°F is equivalent tdrap in the PG to PG70-22, and an

80% reduction in the FN equals a drop to PG64-22.



Using the Overlay Tester, the cracking in the ddfeé mixtures was evaluated
following TXDOT Tex-248-F, and as expected, witlllecrease in mixing temperature,
there is an increase in the initial fatigue perfance.

For the moisture damage potential, two test werelgoted, the TSR (AASHTO
T283) and the HWT (AASHTO T324). This part evaluhtke effect of mixing HMA at
lower temperature of 270°F as compared to a miséngperature of 315°F. Two source
of aggregates with different level of absorptionedype of binder PG76-22, and three
moisture contents of 0, 3 and 6% were evaluateshekial mixing method was designed
to reproduce and simulate the production in a dmplant using moist aggregates
following early WMA research conducted by HurleydaRrowell (2005). The data
showed that all mixes failed the 80% TSR excepttiier ones with 0% moisture and
mixed at 315°F. Also with the decrease of tempeeaamd increase in moisture there was
a clear reduction in the tensile strength and T8Rafl mixes. Same conclusion were
made for the Hamburg Wheel Tracking tests.

As a summary of the findings, the study indicateat the dependency of mixture
performance on the mixing temperature should besidened before adopting a WMA
technology and a minimum mixing temperature shdaddestablished. This was drawn
from the observation of the reduction of the migtatiffness and FN at high temperature
with the decrease in the mixing temperature. Thestue content of the aggregate have
a significant effect on the mixture performancer¢f@re, it is advised that proper

measures are taken to minimize the moisture damage.
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CHAPTER 3 PROPERTIES OF WMA MIXTURES - PREVIOUS WORK ON
PHASE |

This ongoing research project is evaluating difieN/MA technologies. A brief
summary of the previous work done by Ms Corina Brigwith two WMA technologies;
Sasobit and Advera, will be described in this chaft).

For this purpose an experimental plan was idedtib@d put together for the
purpose of identifying the different properties thle developed mixtures and their
performance characteristics through a series ¢d.tdsble 1 throughTable 6 present the
complete summary of the Mixtures developed by Msi@oB Wong as well as the
complete experimental program developed, the skjhwill mark the previous work
done and will be summarized in this chapter whike gign “--“will refer to the additional

work that was carried on by the author of this ithes

3.1. Experimental Program
To evaluate the effect of two warm mix technologi8sasobit and Advera, a

research effort was developed. Laboratory HMA mixese designed and used as a
control mix to compare with the laboratory WMA msxe

A total of six HMA mixes were designed using onairse of aggregate, two
asphalt binder types (PG64-28NV/PM and PG64-28NY/aRd two anti-strip additives
(Lime and liquid anti-strip Morlife 5000), followgha Hveem mix design according to
NDOT Type 2C and Caltrans %" max Type A specifmas. The laboratory WMA
mixtures were designed to meet aggregate coatidgampactibility requirements as per
the draft Proposed Standard for Design of WMA nmetu The aggregate coating and

compactibility testing was conducted on asphalttares without anti-strip additives.

12
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Those properties were assumed to remain constdhe amti-strip additives were added.
The WMA technologies evaluated were Sasobit andefalvAs a part of the mix design,
all mixes were subjected to indirect tensile teg@s described in Nevada Test Method
T341 and Caltrans Test Method CT371.

One of the main concerns for the WMA is the mixtummisture damage
susceptibility caused by the lower production terapges. This research effort aimed to
addressed the impact of moisture susceptibilitydmyising on several factors related to
the resistance of asphalt mixtures to moisture d@mas discussed in the following

sections:

3.1.1.1. Impact of Residual Moisture on the Restaof Untreated WMA Mixtures to
Moisture Damage.

Laboratory produced WMA mixtures were evaluatechvand without residual
moisture in the aggregate to study the effect siifficient aggregate drying during
production. The measured properties included Dyoakhodulus (E*) at 0, 1 and 6

Freeze-Thaw (F-T) cycles with and without residualsture.

3.1.2. Impact of Warm Mix Additives on the Resmganf Anti-strip treated WMA
mixtures to Moisture.
The objective was to determine if the use of amipging agent will improve the
moisture resistance of WMA mixtures. Aggregatehwésidual moisture were used and

the E* at 0 and 6 F-T were evaluated.

3.1.3. Impact of Long Term — Aging on the ResigtasicWMA Mixtures to Moisture
Damage.
Untreated WMA mixtures at multiple aging levels weavaluated by comparing

the E* at 0 and 6 F-T using aggregates with resichaasture.



As a part of the mix design procedure, the tergtilength and the tensile strength
ratio data were compared for different mixtures #mel results complied with previous
research, the WMA additives reduce the tensilengtteand the tensile strength ratio of

the mixtures, this can be adjusted by adding airsamp agent.

3.2. Summary and Conclusions
In conclusion the researchers that conducted thegart of Phase | concluded the

following:

1. For the short term aged, untreated mixtures sudgjeit O, 1 and 6 F-T cycles, using
an unmodified binder (PG64-22), a large drop in diggamic modulus is observed
between the HMA and WMA. The Sasobit WMA mixturesres minimally impacted
by the residual moisture presence in the aggregates
As for the mixtures using a modified binder (PG&NX¥/PM and PG64-28NV/TR),
the WMA mixtures performed as well as the HMA oreevbetter in the case of
Sasobit, and the residual moisture did not havegrifeant effect on the dynamic
modulus.

2. For the short term aged, lime and liquid treategtanes subjected to 0 and 6 F-T, the
lime treated mixtures performed the best with respe moisture damage. Sasobit
mixtures were able to show similar performance MAwith and without anti-strip
additives, whereas Advera mix performed worst. Taeminal blend tire rubber
modified mixtures showed similar performance to ploé/mer modified mixtures for
HMA and WMA with and without Lime.

3. Finally, for the long term aged, untreated mixtusebjected to 0 and 6 F-T cycles,

the WMA Advera mix performed the worst, though tiwdber modified showed a

14



better performance than the polymer modified witlvéra, while Sasobit always had

a similar performance to the HMA.
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CHAPTER 4 PROPERTIES OF WMA MIXTURES — ADDITIONAL WORK ON

PHASE |

4.1. Experimental program
Phase | of the research was divided into 2 stages.

The previous work involved the development of addfg@ HMA mix designs and
the verification of the WMA mixtures, then the aysma$ of the resistance to moisture
damage of those different mixtures for short temmd $ong term aging either with or
without anti-strip additives. The findings of theepious work were summarized in
CHAPTER 3.

The Additional work, which is a part of this thesias dedicated to evaluate the
performance characteristics of the previously dgwedl mixtures by determining their
resistance to permanent deformation and to fatigaeking (Table 5 Table 6). The

results and findings of this stage will be discdsisethis chapter.

4.2. Permanent Deformation
The resistance of various mixes to permanent deftom was evaluated by

measuring the FN for each mix following AASHTO T8-T1 test protocol. The 4 inches
X 6 inches samples with 7.0 + 0.5% air voids wesed at 58°C (LTPPBind Version
3.1) under repeated haversine axial compressiwk paése of 0.1s followed by 0.9s rest
period without confinement. The resulting permanaxial strains are measured as a
function of the load cycles and numerically diffetiated to calculate the FN. The FN is
defined as the number of load cycles correspontbrifpe minimum rate of change of
permanent axial strain during the repeated-loatl fBise experiment for phase | is

detailed in Table 5.



4.2.1. Analysis of the FN Data
The main concern was that the lower mixing tempeeadf the WMA will not

provide sufficient stiffness during the early | the asphalt pavement which will lead
to early failure in rutting (Table 5).

Figure 1 through Figure 4 show the FN of the défgrmixtures from Phase | of
the study at the 58°C testing temperature which determined to be the critical
temperature for permanent deformation for mixtuéth high PG of 64°C. Overall the
mixtures with PG64-22 Advera, untreated, lime-edaand liquid-treated, showed the
lowest FN; while PG64-22 Sasobit showed a closetd-the PG64-22 HMA mix with
the FN of the PG64-22 Sasobit untreated was sjidghigher than the FN of the PG64-22
HMA mix.

From different literature reviews, it was noticéatt Sasobit will increase the high
end temperature of the binder by few degrees, whielans that it can create a stiffer
binder, this could be the case here with untreated lime-treated mixtures, where
Sasobit, by mixing it with the binder, would havedad some stiffness to it, though
reversing the effect of the lower WMA mixing temaene. For that a FN of the PG64-22
WMA Sasobit was observed to be close to the HMAtares. As for Advera, the
different literature reviews suggested that it witit alter the PG of the binder, which
implies that the drop in the FN is directly relatedhe lower WMA mixing temperature.
There was no significant change in the FN for t6#-22 WMA mixtures with Advera
and Sasobit after adding lime or liquid anti-stkgile a significant increase in the FN of
the PG64-22 HMA was observed for the liquid-treateidture, it is believed that the

liquid anti-strip has somehow chemically reactedhwG64-22 to produce a better
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resisting mixture to permanent deformation, whités treaction did not occur when
Sasobit and Advera were introduced into the mixture

In the case of the PG64-28NV mixtures, the PG64\2&dvera had the lowest
FN while the PG64-28NV Sasobit had a better perémoe than the control PG64-28NV
HMA.

Again the Sasobit behavior can be associated wathffect on the binder PG, in
addition, a higher WMA mixing temperature was engphb for the PG64-28NV which
helped in creating a more stable mix. Advera, aB, wad the same effect as for the
previous mixtures with PG64-22 as a result the saolusion can be drawn. The
addition of lime to the PG64-28NV mixtures signéfitly affected the FN, it can be
observed that those mixtures had the highest Flljrathe case of Sasobit, it is noticed
that the addition of 1% lime with 3% Sasobit crelaéehighly stable mix with a PG64-
28NV binder. For the liquid-treated mixtures, thB kvas higher than the untreated
mixtures. That could also be associated to a @mattetween the liquid anti-strip and the
polymers to create a slightly more stable mix, effgrugh it was not as significant as the
effect of the hydrated lime.

In the case of the PG64-28NV/TR mixtures, Advertraated and liquid-treated
showed a slightly better FN than the control HMAhile the addition of lime-treated
PG64-28NV/TR Advera mixtures showed an increasethimn FN compared to the
untreated and liquid-treated with PG64-28NV/TR Adydts value did not exceed the
one for the lime-treated PG64-28NV/TR HMA. The P&BNV/TR Sasobit had a
higher FN for the untreated and liquid-treated leetwvall the PG64-28NV/TR mixtures,

however in the case of the lime-treated mixturls, ¢ontrol HMA again showed the
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better performance. The same behavior trend wasreds for both Advera and Sasobit
compared to the control mix, thus it is believedttthe binder type or the existence of
rubber in the binder was the reason behind thigs ¢bnclusion was drawn mostly from
the behavior of the PG64-28NV/TR Advera mixture,ichkhFN values were slightly
higher than the HMA while with different binderwould be lower. Sasobit trend was
constant with all mixtures. Only in the case of B&BNV/TR lime-treated mixture that
the HMA had the higher FN and not the Sasobit, b@bkavior should be more closely
investigated to come up with the right conclusiod axplanation of this particular data.

It was also observed that PG64-28NV mixtures exéibihigher FN than the
PG64-28TR.

Adding lime to all the mixes mostly improved th&N especially in the case of
mixtures with PG64-28NV which showed a significgrttigh FN, the PG64-22 Advera,
was an exception.

The liquid anti-strip had a minor effect on the Fd even in some cases it
decreased the FN of some mixtures. Figure 1 preseatmmary of the FN of untreated
mixtures, Figure 2 for the Lime-treated mixturesdaFigure 3 for the liquid-treated

mixtures. Figure 4 presents a summary of the FNilflanixtures from Phase I.

4.3. Resistance to Fatigue Cracking
The resistance of the un-treated asphalt mixtucesfatigue cracking was

evaluated using the flexural beam fatigue test m@icg to AASHTO T321-07 test
procedure. A 2.5x2.0x15 inches beam specimen ifesiglol to a 4-point bending with
free rotation and horizontal translation at alldeand reaction points. This produces a

constant bending moment over the center portioth@fspecimen. Constant strain tests
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were conducted at three different strain levelsngusa repeated harversine load at a
frequency of 10 Hz. Initial flexural stiffness warmeasured at the 50oad cycle. Fatigue
life or failure is defined as the number of cyabesresponding to a 50% reduction in the
initial stiffness. Table 6 details the experimemqadgram

The following model was used to characterize thigdi@ behavior of the various

mixtures:

vew(E)

Where N is the fatigue life (number of load repetitionsfébigue damagek is

the applied tensile strain ang&nd k are experimentally determined coefficients.

4.3.1. Analysis of Fatigue Cracking Data
Figure 5 shows the mixtures with PG64-22 asphaltidn. It can be noticed that

the PG64-22 Sasobit mixture exhibited a higherstasce to fatigue cracking at high
strain levels. The PG64-22 Advera mixture has §icpmtly lower fatigue resistance
compared to the PG64-22 Sasobit mixture. In additibe PG64-22 Sasobit mixture
exhibited a higher fatigue performance at highistlavels compared to HMA mixture,
while Advera mixture had shown a lower fatigue parfance than HMA mixture. The
PG64-22 HMA cured for two hours at the WMA compatiemperature showed a close
behavior to the regular PG64-22 HMA mixture. Thsplies that the long term aging
process could have masked the effect of the sleom taging that was performed at
WMA compaction temperature. Therefore, it can bectaded that introducing Sasobit
WMA additive to the PG64-22 mixture improved thédae resistance of the mixture at

high strain.
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Figure 6 shows the fatigue behavior of mixturehvidtG64-28NV. Similar to the
PG64-22 mixtures, the PG64-28NV Sasobit appearedhdoe a better fatigue
performance than the PG64-28NV HMA at high strawels. Meanwhile, PG64-28NV
Advera mixture exhibited, in general, similar trenfl behavior of the PG64-28NV
Sasobit, however its resistance to fatigue crackingpw strain levels was the lowest.
The PG64-28NV HMA cured for 2h at the WMA compantiemperature still exhibited
a similar fatigue behavior as the regular PG64-28MWA. It can be concluded that both
WMA mixtures exhibited a higher resistance at hsgtains than the HMA and a lower
resistance than the HMA at low strain level. Thésexace of polymer in the asphalt
binder improved the fatigue performance of all migs at low strain levels.

Figure 7 is a comparison of mixtures with PG64-28N¥. In this case PG64-
28NV/TR Advera behavior was similar to the PG64-28NR HMA as well as to the
PG64-28NV/TR HMA cured for 2h at the WMA compactitemperature, while the
mixture with PG64-28NV/TR Sasobit exhibited a lowesistance to fatigue cracking
compared to all other mixtures. Unlike the previoends observed with PG64-22 and
PG64-28NV WMA mixtures, the PG64-28NV/TR WMA Advetad higher fatigue
resistance compared to the PG64-28NV/TR WMA Sasatikture.Comparing the
different mixtures at three different strain leviélsan be noticed that:

Figure 8shows a sole comparison between all HMAtunes using neat, polymer
modified, and asphalt rubber modified asphalt biadé can be concluded that polymer
modified binder (PG64-28NV) significantly improvélde fatigue performance while the

asphalt rubber modified asphalt binder had a mihifague resistance improvement



compared to the neat binder. Mixtures cured foro2irk at the WMA compaction
temperature exhibited similar trend as the HMA mnigs (Figure 9).

Figure 10 shows a comparison between all Advera WiKi&tures using neat,
polymer modified, and asphalt rubber modified a#iphiaders. It can be concluded that
both polymer as well as asphalt rubber modificasagnificantly improved the fatigue
performance compared to the neat binder. Simaglagde resistance improvements were
accomplished for the Sasobit WMA mixtures (Figui¢. 1

The Sasobit WMA technology when combined with P@@4and PG64-28NV
mostly showed a good resistance to fatigue crackinthe three strain levels, where
Advera was more effective when it was combined WiG64-28NV/TR. In most cases,
the HMA mixtures had the better fatigue resistageept for the PG64-22 WNA Sasobit
at the high strain level.

What was expected is that the WMA mixtures withowdr curing time, which
means a less aging effect on the binder, would hauJgetter resistance to fatigue
cracking. To assess the aging effect, HMA mixeseveerred for two hours following the
same procedure as the WMA mixes prior to testirfgpsé mixtures exhibited a close
behavior to the HMA and even in some cases thsistance to fatigue cracking would
even be higher than the HMA, this can lead to twactusions: a) long term aging
possibly can mask the short term aging effect grithdoresistance to fatigue cracking of
the different WMA mixtures is significantly affecteoy the WMA additive while the
lower WMA temperatures play a minimal role in tlesistance to fatigue cracking.

Also it was observed that mixtures with PG64-28NR/Dbinder showed a

somehow close behavior between the HMA and WMA uares, while the PG64-22 and
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PG64-28NV mixtures had showed a difference betwleetMA and WMA, so it can be
concluded that for fatigue resistance the bindpe tglays the most important role and it
will dictate the behavior of a mixture, as well thmepact of the WMA additives is

significantly critical on the resistance to fatigtracking.

4.4. 3D-Move Analysis
In order to combine the impact of the dynamic madyE*) of the mixtures with

their performance characteristics in terms of tasise to fatigue cracking, a 3D-Move
analysis was conducted on two pavement structhie;(4 inches) and thick (8 inches).
To estimate the number of load repetition to fagidailure N, the model previously

developed using the Beam Fatigue test method wad akng with the tensile strain
calculated by 3D-Move.

A dynamic and a static analysis were performedtoth structures. For the
dynamic analysis, the vehicle speed was 40mphrdsm@onse points at the bottom of the
asphalt were taken at three different positionstenrthe center of the tire, at the edge of
the tire and in between the dual tires. The in@tador the dynamic as well as the static
analysis is shown in Table 10 through Table 18.

The layer properties for the asphalt layer in ttaic analysis were assumed to be
as follows:

Asphalt Layer

e Material Type : Linear Elastic
e Young Modulus: Dynamic Modulus determined from Master curve at
70°F and 10 Hz.

e Poisson’s Ratio Static: 0.35



e Unit Weight: 0.086 Ib/if

Unbound base layer:

e Young's Modulus: 25000psi
e Damping ratio: 5%

e Poisson’s Ratio: 0.4

e Unit weight: 0.07 Ib/iA

Subgrade Layer:

e Young's Modulus: 7000psi
e Damping ratio: 5%

e Poisson’s Ratio: 0.45

e Unit weight: 0.065 Ib/if

In the static analysis of the thin pavement, theasyic modulus value of each
mixture at 30Hz and 70°F was used (Figure 12), evfdr the thick pavement static
analysis, the dynamic modulus value of each mixatre0Hz and 70°F was used (Figure
15). Those frequencies were used based on the M=B8ble (54).

The dynamic analysis using 3D-Move calculated theement responses based
on the master curve developed for each mixturesTuorder to compare the response
calculated through a static analysis to the oneaimdd through the dynamic analysis,
proper dynamic modulus was assigned to each pavestencture, and through
comparing the maximum tensile strain at the bottdthe asphalt layer for both thin and
thick pavement (Figure 14 Figure 15), it was fodimak the frequencies that were chosen

for the static analysis have resulted in a pavemesgonse that is significantly similar to
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the dynamic analysis, with the maximum tensileissgr@alculated through the dynamic
analysis slightly higher than the ones obtainedugh a static analysis (Figure 16).

The resistance to fatigue cracking of the differemktures was evaluated using the
model developed through lab testing. It was obgktiiat the K factor had a significant
effect on the behavior of the mixtures (Figure a3 )well as the strains obtained from the
3D-Move analysis. Both structures thin and thidkpwed a similar behavior where the
HMA mixtures had the highest resistance to fatiguacking followed by the WMA
Sasobit mixture then WMA Advera mixture. PG64-28NNIA mixtures exhibited the
highest resistance to fatigue cracking (Figure A8 Bigure 19). To better evaluate the
resistance to fatigue cracking of WMA mixtures, thgo of the maximum tensile strain
of the WMA mixtures to the corresponding HMA maximuensile strain was plotted
(Figure 20). A strain ratio higher than 100% in¢ksaa higher strain at the bottom of the
WMA pavement compared to its control HMA. Additidlyathe ratio of the number of
repetition to fatigue failure of the WMA mixtures the corresponding HMA control
mixture was also plotted (Figure 21). tdtio higher than 100% indicates a higher fatigue
life of the WMA mixtures compared to the HMA. Inetltase of the PG64-22 WMA the
tensile strain ratio was higher than 100%, indigathat those mixtures will have a lower
resistance to fatigue cracking, which was refledigdh low N ratio. With PG64-28NV
WMA mixtures, the tensile strain ratio was abou¥%8Qvhich indicates a higher fatigue
life of those WMA mixtures over HMA mixtures. Howey by examining Figure 21, Nf
ratio for PG64-28NV WMA mixtures is observed to logver than 60%. This can be
explained by the fact that the fatigue resistaisceat only dependent on the calculated

maximum tensile strain at the bottom of the pavenegyer, it is also highly affected by



the K; factor obtained from the fatigue relation (Figd®. A closer look at those factors
will reveal that the HMA K factor was significantly higher than the WMA, whim this
case will explain why the fatigue life ratio of tHeG64-28NV WMA mixtures is
significantly lower than 100%. In the case of tl@68-28NV/TR WMA mixtures, it was
observed that the WMA Advera mixtures exhibitedtrais ratio slightly higher than
100%, while WMA Sasobit showed a strain ratio dlglower than 100% . Again taking
into account the Kfactors for those mixtures where WMA Advera anddkét mixtures
had a value lower than the control HMA mixture, B&BNV/TR WMA Sasobit
exhibited a really close behavior to the controktonie which was reflected in a; katio
approaching 100%, indicating similar fatigue lifengpared to the HMA mixtures. The
PG64-28NV/TR Advera showed a high reduction inNheatio, which is associated with

a higher strain level and a loweg factor.
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CHAPTER 5 PROPERTIES OF WMA MIXTURES - PHASE I

5.1. Experimental Program
Phase II of this research program aimed to evaloae WMA technology,

Evotherm. Using the same source of aggregates @meé source of binder as phase |,
new mix designs for HMA and WMA mixtures were deygdd. The reason behind it
was that the researchers found and observed thairtperties of the aggregates as well
as the binders would differ depending on the samgpiime even if there was no change
in the source.

Evotherm aimed to improve the workability and cowctphility of the mixtures
and to allow them to be produced at a lower tempegahan the conventional HMA.
This reduction in temperature created two majorceams: a) an increase potential of
moisture damage due to the reduction of evaporatiaghe moisture from the aggregates
and b) insufficient or decrease hardening of thghak binder which might lead to a
premature permanent deformation.

An experimental program was placed together inromm@ddress those concerns:
evaluate the resistance to moisture damage (Tablan?2l Table 24) and permanent

deformation of the mixtures (Table 25).

5.2. Materials

5.2.1. Asphalt Binder
A total of three asphalt binders were evaluatethis research: PG64-22, a neat

binder typically used in California and widely empeéd by municipal agencies in
northern Nevada, PG64-28NV/PM, a binder that mdmith NDOT and Caltrans

specifications for polymer-modified asphalt bindeasd PG64-28NV/TR, a binder that



meets both NDOT and Caltrans specs for terminahdlasphalt binders. A full
Superpave PG was performed for each type of biadérthe results are shown in Table

30 and Table 32.

5.2.1.1. Cleaveland Open Cup (AASHTO T48)
The Cleveland Open Cup is used to determine tiséfiaint of an asphalt binder.

This is a safety test conducted to determine thgégature at which an asphalt binder
will ignite in the presence of a flame; the purpaséo make sure that this temperature
will be above any mixing temperature. An originahder is placed in a cup shape
container and heated at a prescribed rate, a $iavalé is passed periodically above the
cup until the specimen will emit enough vapor tasH. The temperature at which this

flash is observed is reported as the flash poith@hinder.

5.2.1.2. Rotational viscometer (RV AASHTO T316)
The rotational viscometer is a fundamental rhealagiest to determine the

asphalt binder viscosity at high temperature (13%®rder to ensure that the binder is
fluid enough to be poured and mixed during the ttacson phase. The Brookfield
viscometer applies a rotational speed of 20 rpma tglindrical spindle submerged in an
asphalt binder at a constant temperature of 13%i&) measures the torque required to
maintain this speed constant. From the measurepi¢othe device will calculate the

viscosity of the binder.

5.2.1.3. Rolling Thin Oven (RTFO AASHTO T240)
The RTFO is a device developed by Caltrans to siteuhe short term aging of

an asphalt binder. A specified amount of bindeig}3s poured into jars and placed in a



rotating rack. The samples are exposed to a higipeeature (163°C) for a specified
amount of time (85 min), and as they are rotatihgy will be exposed to an air jet.

The binder is short term aged due to the oxidadiwh volatilization.

The samples from this test are used to determiaeévtiass Loss of a binder and

are used for the DSR and the PAV.

5.2.1.4. Pressure Aging Vessel (PAV AASHTO R28)
The PAV simulates the in service aging of an adpb@der by exposing the

binder to high temperature, high pressure (2.1 Kfa)a specified amount of time (20
h).

The long term aging of the binder is mainly caulsgdxidation.

A 50g RTFO sample is placed in a pan and thenfeemesl into the PAV where it
is subjected to a defined temperature and predsur20 hours. The test temperature
depends on the expected climate conditions. Afdeh@urs, the air is released gradually
over a specified amount of time (10 min), and thengles are transferred into a vacuum
chamber to release the trapped air. The samplethamestored for other testing such as

the DSR, BBR, and the DTT.

5.2.1.5. Dynamic Shear Rheometer (DSR AASHTO T315)
The dynamic shear rheometer is used to characténzeviscous and elastic

properties of the asphalt binder at high and inégliate temperatures. The DSR
measures the complex shear modulus G* and the pingges of an asphalt binder at the
desired temperatures and frequency. It is a test tesanalyze the binder performance in

rutting and fatigue.
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The procedure consists of placing the asphalt bisdmple in between circular
parallel plates, a 25 mm plate for the original &FO aged binder, and an 8 mm for
the PAV aged binder, the PAV aged binder is stiffem the original and RTFO binder
which requires the use of a smaller sample in aimlée capable of measuring the binder
properties. Then an oscillating shear stress @iep to the sample for a specified
temperature. The DSR will automatically calculdte tomplex modulus G* and the
phase anglé and either G*/sind) or G*x sin @).

Rutting Performance:

Rutting is a stress controlled cyclic loading phmeoaon that occurs in the early
stages of the pavement at high temperatures. ghrthe principle of energy dissipated
per cycle of loading we concluded that the worksighated per cycle of loading is
inversely proportional to G*/sind], so in order to minimize the dissipated energy we
want a large G* (greater stiffness behavior) aroaer 6 (less viscous behavior). As the
binder ages, it stiffness increases thus the gutésistance increases.

For this the G*/sind) was chosen as a parameter for measuring rutan@uri
original and RTFO aged binder (early stages ofpgneement life) and was limited to a
minimum.

Fatigue Performance:

Fatigue is a strain controlled phenomenon, it ce@trintermediate temperatures
on pavements that have been subjected to the pgiegss. Using the energy dissipation
principle per cycle of loading, it was concludedttthe work dissipated is proportional to
G*x sin (6), so by minimizing G* and sird{ we obtain a binder that is less stiff and more

elastic thus a better resistance to fatigue crackin



In conclusion, fatigue performance is analyzed Bingi a PAV aged binder
subjected to intermediate temperatures, and Ghx&iwas chosen as a parameter for

measuring fatigue and was limited to a maximum.

5.2.1.6. Bending Beam Rheometer (BBR AASHTO T313)
The bending beam rheometer determines the low texyes stiffness and

relaxation of an asphalt binder. It tests the hirtdedetermine if it will potentially crack

or fail under the thermal cracking stresses. Th&BBplies a constant load on a simply
supported binder beam placed in a fluid bath at temperatures; it measures the
deflection of the beam. Knowing the beam dimensibnalculates the creep stiffness “S
(t)” which is a measure of how the binder resistshe creep loading, and the stress
relaxation parameter m-value. We want a binder wiabd relaxation or high relaxation

value, and a low stiffness which will indicate lostresses in the pavement at low

temperatures.

5.2.1.7. Binder Grading
Table 30 throughTable 32 show the testing summétiieothree binders as well

as the true PG determined through testing, anthade either complied or exceeded the
requirements for their PG grades. Also Figure 2@ubh Figure 27 show the plots

required to determine the grading of each of theettbinders tested.

5.2.2. Aggregates Properties
One aggregate blend was selected for each stageingheeth the Nevada DOT

Type 2C specifications and Caltrans Type A spedtifonis as described respectively by
the NDOT Standard Specifications for Road and Bridgonstruction and Caltrans

Standard Specification (Table 27).
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Some aggregate blend properties as well as ther@ay®e consensus properties
were measured according to NDOT and Caltrans Stdndpecifications as shown

below:

Specific gravity and absorption of coarse aggre(fafesSHTO T85)
e Specific gravity and absorption of fine aggreg®A$HTO T84)
e Coarse aggregate angularity (Nev. T230 and CTM 205)
e Fine Aggregate Angularity (AASHTO T304 (A))
e Sand Equivalent Test (CTM 217)
e Flat and Elongated Particles (AASHTO D4791)
Table 29 summarizes the testing results and ttie €ackpile gradation is shown

in Table 28.

5.2.3. WMA Additives
For stage one, two WMA technologies were employeti;era and Sasobit, and

for stage two; only Evotherm was also used.

Advera is an aluminosilicate or hydrated flowingwalered zeolite, it contains
moisture which is structurally and chemically bouindthe powder. The moisture is
released into the mix which causes a micro-foangfigct in the asphalt binder thus
improving its workability. Advera is recommendediie added directly at a rate of 0.2-
0.3% by total weight of the mix during the mixingppedure.

Sasobit is the most often used organic additivahim United States. It is a
synthetic paraffin wax manufactured by Sasol ushwgy Fischer-Tropsch (FT) process

that involves treating hot coal or natural gas (rae€) with steam in the presence of a
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catalyst. It is added directly to the binder abeommended rate of 1.5 to 3.0% by weight
of binder and it works by reducing the viscosityl@mhancing the flow.

Evotherm is a water free additive that does not ogl the principles of asphalt
binder foaming or other methods of viscosity redwrct It is stated that the additive
provides a reduction in the internal friction beénethe aggregate particles and the thin
films of binder when subjected to high shear rat@sng mixing and high shear stresses
during compaction. The recommended dosage rateviotherm is 0.4% by total weight

of asphalt binder.

5.2.4. Anti-strip Additives
The research evaluated hydrated lime and Morlif@050a liquid anti-strip,

produced and supplied by the Dow Chemical CompBIDOT mandates the use of lime
in all its dense graded asphalt mixtures while r@alt specifies the use of lime or liquid-
antistrip only in moisture susceptible mixtures. rMe 5000 is stated to improve the
bond between the asphalt binder and aggregatesntipusving the resistance to moisture
damage.

The hydrated lime was added at a rate of 1% toddmap aggregates and the
Morlife 5000 was added at a rate of 0.5% by weightasphalt binder directly to the

heated binder.

5.3. Mix Designs
A Hveem mix design was conducted for each HMA anMAVmix for heavy

traffic according to NDOT and Caltrans specificaip and the WMA mixtures were
verified by the Standard Practice for Design of Whihat is recomended by the National

Cooperative Highway Research Program (NCHRP) Proy&@HRP 9-43(1). A total of
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12 HMA mixes were verified in stage one and two VIBIA mixes for stage one, and 9

WMA mixes for stage two. Mixtures with no anti-gtradditives are called untreated
mixes while mixtures with lime or liquid anti-strigre called lime-treated and liquid-

treated mixes, respectively. Summary of the diffemixtures designs are presented in
Figure 28 throughFigure 45.

The requirement for the Hveem mix design accordlingoth NDOT and Caltrans
is to achieve a minimum Hveem Stability of 37 fbe tdeformation resistance (Nev
T303/ CTM 366) for a heavy traffic and a minimuncanditioned ITS (NEV 341) of 65
psi and a retained indirect TSR (Nev 341/ CTM 3311j0%.

Mixing temperatures for the HMA were determinedngsea viscosity chart as
described by AASHTO T312. HMA mixtures were cured 16+1hours at a 140°F and
then compacted at a temperature of 230°F using ea#ing Compactor. A set of four
samples with different binder contents; 4.5, 5.05 @and 6.0%, were prepared,
conditioned for 1.5 hour at 140°F before applyindeeeling load of 12600 psi. The
compacted samples were placed in an oven for 4x%hau140°F before testing for
stability.

The optimum binder content (Table 33) was deterthiat air voids of 4-5%
(AASHTO T269), a stability of 37 (Nev T303/ CTM 36& Void in Mineral Aggregates
(VMA) of 13-22% (Nev T 338/ LP-2), Void Filled witasphalt (VFA) of 70-75% (Nev
T760/LP-3), a minimum Film Thickness of 8um (Nev60y and a Dust Proportion of
0.6-1.3 (LP-4).

Same procedure was applied to the WMA mixtures @tk modifications, the

mixing temperature was determined following NCHRB39 First the aging index of the



binder was determined (Table 34) which identifiemiaing temperature as a starting
point. Second a verification of the compactibilgd the coating of the aggregates were
performed (Table 35 and Table 36). The average eurabgyration to 92 % relative
density was determined and it should be less tR&86lof the value at the recommended

compaction temperature.

5.3.1. Compactability of Asphalt Mixtures
WMA compactibility samples are mixed at the prombseixing temperatures,

cured for two hours at the proposed compaction &atpre, and then compacted to 8%
air voids using a Superpave Gyratory compactors Tgrocedure is then repeated to
another set of WMA samples but with a compactiongerature 5% (30°C) below the
proposed compaction temperature and then compagiedy a Superpave gyratory
compactor to Rsign gyrations. For this research the design traffesvehosen to be
larger than 30 million ESALSs, where an N desigrldb gyrations is required according
to NCHRP 9-43 recommendations (Table 35). The aeerumber of gyrations for each

WMA mixture is shown in Figure 46 below and thead&tdisplayed in Table 38.

5.3.2. Aging Index of Asphalt Binders
The aging index (Al) for each binder was calculatsihg the G*/sig values

obtained during the grading of the asphalt bind€he data are used to determine the
minimum mixing temperature that the WMA mixturesndae subjected to. The aging
indices for the asphalt binders used in this reteaffort were determined to be 2.2 for
PG 64-22, 2.1 for PG 64-28 NV/PM and 1.8 for PG284NV/TR. The aging indices of

the asphalt binders corresponded to minimum mixémyperatures of 236 for PG 64-

22, 238F for PG 64-28 NV/PM, and 22B for PG 64-28 NV/TR (Table 34).



5.3.3. Aggregate Coating of Asphalt Mixtures
The aggregate coatings of the mixtures were ewaduasing the Standard Test

Method for Determining Degree of Particle CoatifidBduminous-Aggregate Mixtures,
AASHTO T 195 (Table 36). The testing results arevah in Table 37. The WMA
mixtures with PG64-22 met the coating criteria &ing temperatures 43 to 53°F below
the HMA mixing temperature, as for the mixtureshiitG64-28NV and PG64-28TR, the

coating criteria are met at mixing temperature$-4%€low the HMA mixing temperature.

5.3.4. Tensile Strength
The TS and the TSR were evaluated for all the mestas part of the mix designs

specifications following NDOT test method Nev T341[he test specimen were cured
for 15 + 3hours at 140°F + 5°C before being comgaiéh accordance with Nevada Test
Method T342 to 8 +1.0 % air voids using the Knegdimmpactor and at a compaction
temperature of 230°F + 5°F. After extraction frohe tmold, the compacted specimens
were placed into a suitable pan at 77°F + 1°F forimmum of 15 hours. The dry subset
was stored at that temperature in an environmem@mnber until testing, while the wet

subset was subjected to sufficient vacuum to oliteerrequired saturation level of 70 to

80 % and then subjected to 1FT before being tested.

For most of the untreated mixtures, the TS of th@lAVmatched or sometimes
exceeded the HMA TS, and the TSR for the untres¥®dA mixtures with all binders
were clearly higher than the HMA TSR. The only tmixtures that did not meet the
specifications of TSR greater than 70% were the 26 HMA and PG64-28NV/TR

HMA, while all the mixes had TS values higher tHa8KPa (Figure 47).
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The lime-treated mixtures showed a clear increashe TS of the wet samples
for all mixes, while it decreased the dry TS foxtures with PG64-22 and PG64-28TR
and increased it for mixtures with PG64-28NV conegato the untreated mixtures. This
behavior was observed on both HMA and WMA samplédge addition of the WMA
additive Evotherm with Lime decreased the TSR oftares with PG64-22 and PG64-
28NV while it managed to keep it constant for migsiwith PG64-28TR. The liquid-
treated mixtures presented a similar behavior @dittie-treated mixtures, but in the case
of the PG64-28TR mixtures, the WMA TSR decreaselll.lithe-treated and liquid-
treated mixtures met the TS specifications as aellhe TSR specifications. Also it was
observed that Evotherm increased the TS for allndigtures, while it only increased the
TS for the wet samples with PG64-28NV and PG64-2&nR decreased it for mixtures
with PG64-22. Evotherm was able to improve the Ti8Rall the untreated mixtures,
while it reacted negatively with the addition o&thnti-strip additives by decreasing the

TSR of the lime-treated and liquid-treated mixtuieigure 50).

5.4. Evaluation of Resistance to Moisture Damage
A major concern regarding WMA mixtures is that thever mixing temperature

will not completely dry the aggregates blend, thusating a moisture susceptible mix.

To address this problem, two tasks were conducted.

5.4.1. Dynamic Modulus (E*)
The resistance of the various mixtures to moistlaenage was evaluated by

measuring the dynamic modulus of the mixtures lgeford after different F-T cycles.
The F-T cycling followed the procedure outlinedAASHTO T 283-07. A total of two

samples from each mixture were evaluated as follows



Saturate the samples to 70-80%.

Subject the saturated samples to a F-T cycling. Biiecycle consists of
freezing the sample at°’® (-18C) for 16 hours followed by 24 hours
thawing at 140F (6(°C) and 2 hours at 7F (25°C).

Subject each sample to either 1 or 6 F-T cycles.

Conduct |E*| testing.

The unconditioned samples were not subjected toFaiycycle, and their E*

master curve was measured following the AASHTO edoce as described below.

The E* of the various mixtures is evaluated undeitiple loading frequency and

temperature. The test is conducted at frequencie®5p 10, 5, 0.5, 0.1 Hz and at

temperatures of 40, 70, 100, and IB@&s specified by AASHTO T342-11. Using the

viscoelastic behavior of asphalt mixtures, the srastirve can be developed as specified

by AASHTO PP 61-10.

The E* ratio is the ratio of the E* of a sample jgabed to a given number of F-T

cycles to the E* of an unconditioned sample, thés Wound to show a good indication of

the moisture resistance of the mixture.

Prior to the E* testing, the HMA mixtures were dht@rm conditioned by curing

the loose mixture at 275°F (135°C) for 4 hours mpii@ compaction according to

AASHTO R 30 and the WMA mixtures were short-terrma@itioned by curing the loose

mixture at the determined compaction temperaturefbours prior to compaction per

NCHRP 9-43.
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5.4.2. Impact of residual moisture on untreatedtures
The objective of this task was to identify the effef aggregate residual moisture

on the resistance of the WMA mixes to moisture dgend.aboratory prepared WMA
mixes were evaluated with and without residual tuoésand with no anti-strip additives,
to study the effect of insufficient aggregate dgyauring production.

Residual moisture is defined as the moisture reimgim the aggregates after
heating the wet aggregates to the WMA mixing teapee for a certain calibrated
period of time. The calibrated period is determimadthe sufficient time to completely
dry the wet aggregates at the HMA mixing tempegatur

The aggregate blend was mixed with water, 2.0% altog absorption level, and
left to marinate for 15 to 18 hours. The saturatgdregates were dried to the calibrated
time previously determined and mixed with the a#ifihiader.

The level of residual moisture varied depending e WMA mixing
temperature.

The difference in moisture susceptibility of thaigas mixtures with or without
residual moisture was determined by comparing theachic modulus E* values at
multiple F-T cycles as well as E* ratios after 1da F-T cycles. Details about the
experimental program are shown in Table 23.

For each untreated mixture, the E* master curve detsrmined after 0, 1 and 6
F-T cycles (Figure 51 through Figure 65). Only tA8MA mixtures had both dry

aggregates as well as moist aggregates (Table 39).
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5.4.2.1. Analysis of the Impact of residual moistan untreated mixtures
It was observed that the mixtures with PG64-28N\d &G64-28TR always

exhibited a lower E* master curve than the mixtugh PG64-22. All mixtures showed
a drop in the master curve as they are subjectedore F-T cycles. The E* ratio plots
were generated using the dynamic modulus valu@8’&t (21.1°C) and 10 Hz (Figure 66
through Figure 72). The following trends were olkedrin the behavior of HMA and
WMA mixtures:
e The E* ratios for HMA and WMA mixtures show a sifjcant drop after
1 F-T cycle. At 6 F-T cycles the ratios did notwha high drop compared
to 1 F-T cycle. The HMA mixtures cured for two hsuat WMA
compaction temperatures showed a similar drop féfTLcycle and the 6
F-T cycles.
e The HMA and WMA mixtures with PG64-22 showed higE&rratios for
all F-T cycles except in the case of the HMA cuf@d2 hours at WMA
compaction temperature. Mixtures with PG64-28NV hiae higher E*
ratios at 1 F-T cycle and the ones with PG64-22thadigher E* ratios at
6 F-T cycles.
e The mixtures with PG64-28TR showed a close drofhénE* ratios at 1
F-T cycle as the mixtures with PG64-28NV as wellaas F-T cycles,
except in the case of the HMA mixtures where th&f£&3NV/TR HMA

showed a higher drop in the 6 F-T cycle ratio tthenPG64-28NV HMA.
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e The HMA mixtures cured for 2 hours at the WMA -cormtien
temperatures did not show any trend in their bedravor were similar to
any of the HMA or the WMA mixtures.

The E* value was also compared to the resultingdfid at 70°F (21.1°C) and 10
Hz (

Figure 73 through Figure 75). It should be notet the HMA dynamic modulus
samples were subjected to more short-term mixtgirggathan the WMA samples and the
HMA samples cured for 2 hours at the WMA compactiemperature. The following
observations can be made:

e The addition of the WMA additive Evotherm to thetmeated Dry
mixtures subjected to O F-T cycle did not signifitg drop the E* value.

e Using moist aggregates, the WMA mixtures with PG8MV and PG64-
28TR showed a drop in the E* value compared toHMA E* value
while mixtures with PG64-22 had an E* value cloge the HMA
mixtures.

e Inthe case if 1F-T cycle, it was observed that WMiXtures with PG64-
22 always exhibited an E* and E* ratio close to HA mixtures.

¢ In the case of the mixtures containing moist aggegy and at 6 F-T
cycle, a higher E* and E* ratio for WMA mixtures menoticed as
compared to the HMA mixtures (Figure 73).

e Evotherm reacted differently with PG64-28NV mixtsi@nd a significant
drop in the E* value was observed compared to thHnixtures. The

E* ratios for the WMA mixtures were always lowerath the HMA
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mixtures except in the case of the WMA with Moiggeegates (Figure
74).

e In case of the mixtures with PG64-28TR, the WMA taies with
Evotherm showed a significant drop in the E* vafoe 1 F-T cycle,
while at the 6 F-T cycle, it was observed that WBIA mixtures had a
higher E* than the HMA mixtures. The E* ratios fine WMA mixtures
at 1 F-T cycle were lower than the HMA mixturest bBu6 F-T cycle, the

WMA E* ratio were higher than the HMA (Figure 75).

5.4.3. Impact of Anti-strip Additives
This task was designed to determine if the usenddrdi-strip agent will improve

the mixture resistance to moisture damage. Aggesgaith residual moisture was used
to prepare the various mixes and the impact ofathiestrip additive was evaluated by
measuring the dynamic modulus E* at 0 and 6 F-Tesytor the various mixes. Details

about the experimental program are shown in Tadble 2

5.4.3.1. Analysis of the Impact of Anti-strip Addis
The E* master curve plots for all mixtures are praed in Figure 76 Figure 93

and the E* ratios for 6 F-T cycle are shown in Feg@4 toFigure 102for lime-treated
mixtures, Figure 103 td-igure 111for liquid-treated mixtures and for the untreated
mixtures Figure 118 Figure 120.
For the Lime-treated mixtures:
e Mixtures with PG64-22 had a high E* value compatedthe other

mixtures, and PG64-28NV Evotherm mixtures with rhaggregates
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exhibited a large E* ratio and were capable of gnéag no change in the
E* value.

e For the PG64-28NV/TR HMA mixtures, they had a sanibehavior for
the mixtures with PG64-28NV and even they had advidg* ratio, while
at the WMA levels, their behavior was closer to W®A mixtures with
PG64-22.

e HMA mixtures cured for 2 hours at WMA compactionmigerature had
the E* ratios for different mixtures dispersed camga to the HMA and
WMA mixtures.

e The lime helped all the mixes to maintain a highr&tio and a close E*
value compared to the initial value.

e The addition of Evotherm to the mixtures with PGEBNV and PG64-
28TR decreased the E* value of those mixes comptyethe HMA
mixtures.

e In case of the mixtures with PG64-22, all had appnately the same E*
value.

e The HMA cured for 2 hours at the WMA compaction parature with
PG64-28NV showed a close value of E* to the WMA tmigs, while the
mixture with PG64-28TR value was closer to the Hitures.

For the Liquid-treated mixtures:
e The anti-strip additive had approximately the safiect on all HMA and

WMA mixtures as they all had a close E* ratio.
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e The WMA E* ratio was slightly better than the HMA: EEatios for all
mixtures.

e In case of the mixtures with PG64-22, the E* ratiche HMA cured for 2
hours at WMA compaction temperature had a closdrayier to the
WMA mixture, while for mixtures with PG64-28NV arRlG64-28TR, its
behavior was closer to the HMA mixtures.

e The highest value for the E* was observed for tG&#22 HMA mixture.

e |t was observed that the presence of the WMA Evathéid reduce the

E* value for all mixes, but not in a significant ywa

5.5. Impact of WMA Additives on Performance Characeristics of Asphalt Mixtures
This phase of the study evaluated the impact of Wibdditives on the

performance characteristics of the asphalt mixtwigls and without anti-strip additives.
The resistance to permanent deformation was ewlwstthe un-aged stage because this

is a short-term distress mode.

5.5.1. Permanent Deformation
The resistance of various mixes to permanent deftom was evaluated by

measuring the FN for each mix following AASHTO T0-T1 test protocol. The 4 inches
X 6 inches samples with a 7.0% air voids were teate58°C (LTPPBind Version 3.1)
under repeated haversine axial compressive loasepol 0.1s followed by 0.9s rest
period without confinement. The resulting permanaxial strains are measured as a
function of the load cycles and numerically diffetiated to calculate the FN. The FN is

defined as the number of load cycles correspontbrifne minimum rate of change of



45

permanent axial strain during a repeated-load Téw.experimental program for phase Il

is detailed in Table 25 and the average FN valsishown in Table 26.

5.5.1.1. Analysis of FN
The following observations can be made:

The PG64-28NV/TR HMA cured for 2 hours at the WMAngpaction
temperature and treated with lime presented theelsig-N compared with
the other mixtures.

All PG64-22 mixtures presented a same trend inbéteavior, the HMA
had the highest FN followed by the HMA cured foh@urs at the WMA
compaction temperature and then by the WMA_Evo.

Mixtures with PG64-28NV and PG64-28TR presentedgadr FN for all
cases than the mixtures with PG64-22.

The untreated and liquid-treated HMA and WMA_EvahaPG64-28NV
and PG64-28TR had close FN values.

The addition of the WMA additive Evotherm was fouledhighly affect
the FN of the mixtures. When using the PG64-22 uneq a reduction of
more than 50% of the FN was observed (Figure 121).

The WMA(NV)_Evo mixtures showed a reduction in ¢ of around 40
% (Figure 122).

Evotherm performed the best with the untreated uneg and lime-treated
mixtures with PG64-28TR, where a reduction of ailyto 15% in the FN
was observed compared to the HMA EN, while it matchhe PG64-

28NV mixtures when liquid anti-strip was used (Fgd23).



A summary of the FN for all mixtures is shown irgiiie 124; it can be observed
that mixtures with PG64-28NV and PG64-28TR had ghéi FN than the ones with

PG64-22.
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CHAPTER 6 Summary and Conclusions

6.1. Summary and Conclusions of Additional Work forPhase |
The additional work on Phase | of this laboratoegearch documented the

resistance of various mixtures to permanent defbomadby measuring the FN for each

mixture, and also the resistance of untreated mastuo fatigue cracking using the

flexural beam fatigue test and by running a 3D-Mamalysis.

The following conclusions can be made:

The HMA mixtures and WMA Sasobit mixtures with PG&2 showed a
similar resistance to permanent deformation wittharthout additives.
The PG64-22 WMA mixtures containing Advera hadltwest resistance
to permanent deformation. The addition of antipstdditives did not
improve the mixture resistance to permanent defooma

The addition of lime significantly improved the isance to permanent
deformation of the mixtures with PG64-28NV and P& R.

The liquid anti-strip did not significantly improvéhe resistance to
permanent deformation, and even reduced the resesta some mixtures.
The HMA mixtures with PG64-28NV showed the bettesistance to
fatigue cracking than other mixtures.

To better evaluate the fatigue life of the diffdremxtures, the dynamic
modulus effect was incorporated in the 3D-Movegia¢i analysis. The
addition of a WMA additive will decrease the fatiglife.

Also it was observed that WMA mixtures with Sasaways exhibited a

higher resistance to fatigue cracking than the Aalwveixtures.
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HMA and WMA mixtures with PG64-28NV/TR have exhiit a close

behavior in relation to fatigue resistance.

The measured dynamic modulus was incorporateddtuate the strain at

the bottom of the flexible pavement layer.

6.2. Summary and Conclusions of Phase I
Phase Il of this laboratory research effort evaddhe impact of WMA additives

on the performance of the asphalt mixtures in teftieir resistance to moisture damage

and permanent deformation. The research efforuded the development of different

mixture designs according to NDOT and Caltrans ifipations, the evaluation of

resistance to moisture damage of the different uneg using the dynamic modulus test,

and the evaluation of the permanent deformationgugie FN test.

The following conclusions can be made:

The residual moisture retained in the aggregatestduhe lower mixing
temperature of the WMA had a significant effect oeducing the
resistance of the mixtures to moisture damage edpewith the PG64-
28NV and PG64-28TR.

The use of hydrated lime in the mixtures signifitareduces the effect of
residual moisture and totally eliminates it for omixtures will eliminate
it.

The liquid anti-strip did not significantly improvéhe resistance to
moisture damage in the case of mixtures with PGB4while it had a

better effect on mixtures with PG64-28NV and PGB4R.
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e The WMA additive had a significant effect on redqwgithe FN of
mixtures with PG64-22 and PG64-28NV while its effe@as minimal on
the mixtures with PG64-28TR.

e The lime-treated mixtures with PG64-28NV and PGB4R always
showed an improvement in the FN compared to theeated mixtures.

e Mixtures with PG64-22 had a poor resistance to paent deformation.

This research effort showed that residual moistuage a big impact on the
mixtures performance, and proper precautions shdaddtaken like allowing the
aggregates to properly dry and employing a propersarip additive. The use of a
terminal blend tire rubber modified binder suchtlas PG64-28TR along with hydrated
lime and a WMA additive can create a mixture thas lan acceptable resistance to
moisture damage and permanent deformation as weH good resistance to fatigue

cracking.

6.3. Comparative Analysis
The research aimed to evaluate different WMA tetdgies: Advera, Sasobit and

Evotherm. However, the remaining materials werey oslifficient to perform the
additional work from that phase, that meant thateav batch of material had to be
sampled. Even though the new batched material hadsame source as the previous
ones, testing showed a difference in the propedra$ performance. Because of that
difference, the study had to be divided into twag#s: this meant developing a mix
design for Evotherm different than the ones used\tivera and Sasobit.

A direct comparison between the three WMA techn@sgwill be incorrect,

therefore what this discussion will aim to achiev@ behavior comparison and analysis



of each WMA technology compared to its relative tocdnHMA mixture. The different
experiments will be addressed separately.
The analysis and conclusions of Advera and Sadodtavior in regards to

moisture damage will be drawn from previous work (4

6.3.1. Resistance to Moisture Damage
e The moisture damage effect was significant on P@b#dvera mixture,

and that was revealed in the reduction of the dyoamodulus.

e In the case of the PG64-22 Sasobit mixture, thesmam@ damage was
minimal, and a moderate reduction in the dynamiduhgs was observed.

e The moisture damage effect was similar with the #&5 Evotherm
mixture and the PG64-22 Sasobit.

e The dynamic modulus of PG64-28NV Advera mixture wlasely similar
to the HMA mixture.

e The dynamic modulus of PG64-28NV Sasobit mixtures lshown a
significant increase compared to the HMA mixture.

e The dynamic modulus of PG64-28NV Evotherm mixturasweduced
compared to the HMA mixture and the moisture danteagka significant
impact on it.

e The PG64-28NV/TR Advera mixture presented a modetatrease in the
dynamic modulus compared to the HMA mixture

e The dynamic modulus of the PG64-28NV/TR Sasobit tanex were

moderately higher than the HMA mixture
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e The dynamic modulus of PG64-28NV/TR WMA Evotherm xtare
performed similarly to the HMA mixture and was nmrally impacted by
the effect of the moisture damage.

From those observations it can be concluded thaol$awould be the better
WMA additive, but an additional investigation wilkveal that Evotherm had always
maintained a high E* ratio followed by Sasobit ahdn Advera. This will imply that
even though Evotherm might reduce the dynamic maduélues of some mixtures at 0

FT, it showed the capability of minimizing the dropthe E* after multiple FT cycles.

6.3.2. Impact of Anti-strip additives
e PG64-22 Mixtures

0 Sasobit and Evotherm WMA mixtures performed closglyilar to
HMA mixtures.

o0 Advera WMA mixture performance was moderately irfecompared
to HMA mixture.

o The addition of lime to all WMA mixtures showed &rsficant
increase in their performance and, after 6 FT cyatevas noticed that
the reduction in the dynamic modulus in comparisothe one at 0 FT
could be considered moderate while, in the casthefuntreated or
liquid-treated mixtures, it was significant.

e PG64-28NV and PG64-28NV/TR mixtures
o0 Sasobit WMA mixtures performance was significaristter than the

HMA mixtures.



0o Advera WMA mixtures performance was moderately riofe when
compared to the HMA mixtures.

o Evotherm WMA mixtures performance followed a simii@nd as the
Advera WMA mixture.

0 In the case of mixtures with Evotherm at O FT cythe addition of a
liquid anti-strip produced a slightly better mixurbut after 6FT
cycles, the lime-treated mixtures had the betteiopmance. The same
trend was observed for PG64-28NV Sasobit and PGBH&WZTR
Advera.

In conclusion, the addition of an anti-strip agémta mixture will increase its
ability to resist moisture damage, in particulae thydrated lime, which has shown a
better performance with all type of mixtures in garison to the liquid anti-strip. In this
case, Sasobit was observed to be the more comgp#BA technology with lime, given
that it has shown the least reduction in the E* parad to Advera and Evotherm. The
interesting observation is that the mixtures with6B-28NV and PG64-28NV/TR were
capable off showing a similar behavior to each otlepend less on the WMA additive or

the mix design.

6.3.3. Resistance to Permanent Deformation (FN)
e In the case of mixtures with PG64-22 and PG64-28Mdyera and

Evotherm had a similar effect; they both decreasedFN values in a
comparable trend depending on the mixture typereated, lime-treated

or liquid-treated.
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e Sasobit on the other hand, was capable of improthegFN for most of
the mixtures with PG64-22 and PG64-28NV.
e In the case of untreated and liquid-treated mixdwégh PG64-28NV/TR,
Sasobit, again, improved the FN while Advera hahted a mixture with
a FN considerably similar to the HMA control mix.
e Evotherm conversely to Sasobit and Advera, decdedise FN of all
mixtures with PG64-28NV/TR.
It was observed that a combination of a modifieadbr, hydrated lime and any
WMA technology would create a significantly moralde mix than an untreated or

liquid-treated mixture containing a modified binderd a WMA technology.

From this comparative analysis, two conclusiondade made: a) the hydrated
lime have proven to be a better anti-strip additiee the mixtures evaluated in this
research, and was sometimes even capable of inmgrokre mixtures performance, and
b) the effect of a WMA additive on a mixture is hig dependent on the type of binder
used and the existence of an anti-strip agent.

In summary, by identifying an optimum system toedetine the binder type,
binder content, the WMA additive and the anti-stagdditive, a sustainable asphalt
pavement can be designed so it will efficientlyisethe moisture damage and permanent

deformation.
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Table 1: Summary of the Mixtures to be Evaluated inthe Experimental Program —

Previous Work— Phase | (4)

TABLES

Warm Mix

Anti-Strip

Asphalt Binder Type

s PG 64-28 PG64-28
Additive Treatment PG 64-22 NV/PM NVTR/TR
Un-treated X X X
None Lime-Treated X X X
Liquid-Treated X X X
Un-treated X X X
Advera Lime-Treated X X X
Liquid-Treated X X X
Un-treated X X X
Sasobit Lime-Treated X X X
Liquid-Treated X X X
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Table 2: Experimental Program to Evaluate the Impat of Residual Moisture in
Aggregates — Previous Work — Phase | (4)

Asphalt : WMA _ Dynamic Modulus, |E*|, Master Curve
Binder | VXU | agditivesy | ReSidual ek El | B
Type - Moisture Moist Moist
Type Techniques After 0 F-T* | after 1 F-T | after 6 F-T
Un-treated None NoO X ” x
(i.e.no
PG64-22 anti- Advera No and Yeg X X X
stripping _
additives) Sasobit No and Yes X X X
Un-treated None NoO X ” x
i.e. no
2;,\?\/6/;\/' (a.\nti.— Advera No and Yeq X X
stripping _
additives) Sasobit No and Yes X X X
Un-treated None NoO X ” X
(i.e. no
28[\7\(/31('5;/-TR anti- Advera | Noand Yes X X »
stripping :
additives) | S@sobit No and Ye$ X X X

* F-T denotes “Freeze-Thaw”

AB‘TEQ:? Mixture AX:j/i'\t/il\//Aes / Re_sidual |[E*|ary Master |E*|moist Master
Type . Moisture | Curve after O F-T* | Curve after 6 F-T
Type Techniques
None No X X
Lime-treated Advera Yes X X
Sasobit Yes X X
PG64-22
None No X X
Liquid-treated Advera Yes X X
Sasobit Yes X X
None No X X
Lime-treated Advera Yes X X
PG64- Sasobit Yes X X
28NV/PM None No X X
Liquid-treated Advera Yes X X
Sasobit Yes X X
None No X X
Lime-treated Advera Yes X X
PG64- Sasobit Yes X X
28NVTR/TR None No X X
Liquid-treated Advera Yes X X
Sasobit Yes X X

* F-T denotes “Freeze-Thaw”



Table 3: Experimental Program to Evaluate the Impat of Long-term Aging —

Previous Work— Phase | (4)

Dynamic Modulus, |E*|, at 700F and 10 Hz

14 days
Asphalt Mixture WMA Residual (14 16 days | 19 days 31 days
Binder Additives/ : 0 days (2 days | (3 days
Type . Moisture days at (6 F-T*
Type Techniques (Dry) o0 at at cycles)
185 F) | 1857F) | &Y
temp)
Un_—treated None No X X X X X
(i.e. no
PG64-22 anti- Advera Yes X X X X
stripping .
additives) Sasobit Yes X X X X X
Un_—treated None No X X X X X
pes- | (& N0 Ad Y X X X X X
2gnNv/PMm | ant- vera ©s
stripping )
additives) Sasobit Yes X X X X X
U?_-treated None No X X X X X
i.e. no
PG64-28 .
NVTR/TR a_mt|_- Advera Yes X X X X X
stripping .
additives) Sasobit Yes X X X X X

* E-T denotes “Freeze-Thaw”
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Table 4: Experimental Program to Evaluate the FN -Additional Work - Phase |

Asphalt Binder Mixture Type WMA Additives/ Techniques Re§|dual FN
Type Moisture
None No X
None (2h Curing @ WMA Comp No X
Untreated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
PG64-22 Lime-treated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
Liquid-treated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
Untreated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
PG64-28NV/PM| Lime-treated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
Liquid-treated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp No X
Untreated Temp)
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp
PG64-28NV/TR| Lime-treated Temp) No X
Advera No X
Sasobit No X
None No X
None (2h Curing @ WMA Comp
o No X
Liquid-treated Temp)
Advera No X
Sasobit No X




Table 5: Summary Table of the FN - Additional Work- Phase |

SUMMARY TABLE
Binder Mix unt::el\;ted Ftlr\lelf;'l:ande Flt\:eLe;?(;j(;d
HMA(22) 46 56 83
PG64-22 WMA(22) Adv 36 30 33
WMA(22) Sas 60 60 51
HMA(NV) 54 161 61
PG64-28NV WMA(NV)_Adv 38 111 59
WMA(NV) Sas 110 470 121
HMA(TR) 35 146 29
PG64-28TR WMA(TR) Adv 43 66 35
WMA(TR)_Sas 65 110 52

Table 6: Experimental Program to Evaluate the Fatige Cracking - Additional
Work -Phase

Asphalt Mixture WMA Additives/ | Residual | Beam
Binder Type Type Techniques Moisture | Fatigue
None No --
None (2h Curing
@ WMA Comp No --
PG64-22 Untreated Temp)
Advera -
Sasobit No -
None No --
None (2h Curing
PG64- @ WMA Comp No -
2gNv/py | Unireated Temp)
Advera -
Sasobit No -
None No --
None (2h Curing
PG64- @ WMA Comp No -
28NyTR | Untreated Temp)
Advera -
Sasobit No -




Table 7: Axle Configuration and Contact Pressure Dstribution

Axle Configuration and Contact Pressure Distribution

User Selected Pre-Defined Axle/Tire Configuration (Uniform Pressure

Reference Title for Axle : Dual/Tandem axles
Tire Pressure = 120 psi
Tire Load = 4500 b
Geometry of Loaded Area

Geometry . Circle

F r

S R = 3.455 in
Axle Spacing

i N =y L1 = 48 in

' / I\_/' Koo b L2 = 0 in
51[ \.:/ = = —

™ i Oy S1 = 14 in
'\UJ g o M
L1 L2

Friction

Friction Type

Note

1. As many as, six Single Loaded Areas can be specified

2. ASingle Tire can be represented by usingS1=1L1=1L2=0

3. ASingle Axle Dual Tire can be represented by L1=12=0and S1 >0

4. A Tandem Axle Dual Tire can be represented by L2=0andS1>0,L1 >0

Selected Axle Configuration : User Selected Pre-Defined Axle/Tire Configuration (Uniform Pressu
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Table 8: Thin Pavement Structure

Layer No Layer Type Material Thlzzilér)]ess
1 Asphalt Linear Elastic\Viscoelastic 4
2 Base Linear Elastic 6
3 Subgrade Linear Elastic 240

Table 9: Thick Pavement Structure

Layer No Layer Type Material ThlzziI:]r)]ess
1 Asphalt Linear Elastic\Viscoelastic 8
2 Base Linear Elastic 10
3 Subgrade Linear Elastic 240
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Table 10: Pavement Layer Properties - HMA(22)

Viscoelastic Material Properties

Asphalt Mix Properties

63

Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 795290 1058147 117833! 146937 15967 1766¢@15
70 173755 293991 360129 564197 67036 831211
100 35626 65001 82981 150501 19178 264597
130 10493 14395 18086 34156 56275% 81149
Phase Angle
. Phase Angle (Deg)
Temp (°F) 0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 18.56 15.52 14.35 11.95 11.11 10.15
70 31.63 29.26 28.35 24.81 23.34 21.33
100 30.83 32.14 32.94 32.6 32.35 31.47%
130 25.1 28.1 30.12 33.62 34.83 36.44
Superpave Binder Test
Data
Phase Angle
Temp (°F) | G*(psi)
(Deg)
58 1.4863 71.8
64 0.6883 75.3
70 0.3301 78.4
A\VTS
A 15.608
VTS -5.459




Table 11: Pavement Layer Properties - WMA(22)_Adv

Viscoelastic Material Properties

Asphalt Mix Properties

64

Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 627071 893142 1020631 134145 1480618 2055p57
70 99909 183835 234018 401392 490590 627143
100 18413 33301 43794 88089 117807 171485
130 9101 8441 10160 19450 26955 41648
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 22.68 18.93 17.41 14.18 12.98 10.34
70 32.78 32.39 32.04 29.16 27.75 25.67
100 28.72 31.94 33.52 35.3 36 36.09
130 20.78 24.6 27.21 32.13 34.06 36.7
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 1.4863 71.8
64 0.6883 75.3
70 0.3301 78.4
AVTS
A 15.608
VTS -5.459




Table 12: Pavement Layer Properties - WMA(22)_Sas

Viscoelastic Material Properties

Asphalt Mix Properties
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Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 428006 602342 688204 922440 1048188 1216867
70 106777 177236 216976 344175 411037 514739
100 22408 37434 46659 85645 1092711 152000
130 8412 11618 13837 24845 32604 4710B
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 22.7 19.68 18.47 15.71 14.57 13.3¢
70 30.61 29.5 29.06 26.39 25.28 23.73
100 27.05 29.8 31.29 32.5 33.01 32.97
130 20.44 24.42 26.8 30.46 32.26 34.73
Superpave Binder Test
Data
Phase Angle
Temp (°F) | G*(psi)
(Deg)
58 1.4863 71.8
64 0.6883 75.3
70 0.3301 78.4
AVTS
A 15.608
VTS -5.459




Table 13: Pavement Layer Properties - HMA(NV)

Viscoelastic Material Properties

Asphalt Mix Properties

Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 380579 556582 636788 860291 962688 1103447
70 67443 124355 157801 273324 335400 4274P9
100 14446 24990 31930 62402 82367 120004
130 7448 10029 11480 19972 26665 40437
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 24.18 20.78 19.46 16.25 15 13.54
70 32.61 31.89 31.66 29.21 28.09 26.24
100 27.31 30.82 32.58 34.18 34.89 34.69
130 19.27 22.35 24.73 29.23 31.26 36.63
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 0.9309 60.1
64 0.5278 61
70 0.309333 62.6
76 0.183667 64.5
AVTS
A 11.806
VTS -4.059
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Table 14: Pavement Layer Properties - WMA(NV)_Adv

Viscoelastic Material Properties

Asphalt Mix Properties
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Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 472678 735148 872209 1222765 1390332 1613545
70 65825 124667 174867 325996 417660 56454
100 15954 25034 31618 62199 851868 137085
130 8064 10392 11741 19761 26455 3975p
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 27.16 23.4 21.73 17.61 15.98 14.02
70 34.06 34.41 33.93 31.93 30.82 28.88
100 26.14 30.51 32.8 35.87 37.09 36.89
130 17.82 21.6 24.16 28.94 31.1 33.94
Superpave Binder Test
Data
Phase Angle
Temp (°F) | G*(psi)
(Deg)
58 0.9309 60.1
64 0.5278 61
70 0.309333 62.6
76 0.183667 64.5
AVTS
A 11.806
VTS -4.059




Table 15: Pavement Layer Properties - WMA(NV)_Sas

Viscoelastic Material Properties

Asphalt Mix Properties

Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
40 614428 846730 960972 124737 1377665 153755
70 130698 222198 274605 443042 532820 6643p1
100 30414 50169 62589 114739 148156 207889
130 12459 17226 19962 34732 4502( 64624
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 20.44 17.75 16.55 13.86 12.79 11.6%
70 29.31 28.62 28.27 25.84 24.7 23.05
100 28.08 30.22 31.59 32.55 32.91 32.67
130 21.59 24.76 26.92 29.75 31.28 33.19
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 0.9309 60.1
64 0.5278 61
70 0.309333 62.6
76 0.183667 64.5
A\VTS
A 11.806
VTS -4.059
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Table 16: Pavement Layer Properties - HMA(TR)

Viscoelastic Material Properties

Asphalt Mix Properties
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Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 461655 697245 811776 109788 1227606 138721
70 61793 125639 165212 304289 382319 5027|r3
100 10972 19392 26013 56434 79009 122506
130 6154 7585 8702 15657 21719 33794
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 26.6 21.82 19.96 15.78 14.26 12.6
70 36.3 35.78 35.45 32.28 30.77 28.26
100 28.86 33.92 36.1 38.35 39.03 38.87%
130 18.99 23.13 26.12 31.83 34.17 37.2
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 0.68875 64.3
64 0.3886 66.2
70 0.225233 68.2
AVTS
A 12.364
VTS -4.27




Table 17: Pavement Layer Properties - WMA(TR)_Adv

Viscoelastic Material Properties

Asphalt Mix Properties
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Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 419933 668576 789392 109740« 1231129 1408897
70 46770 98075 135001 275282 360902 493853
100 11405 17869 22616 47809 67336 107541
130 6735 8494 9466 16012 21649 33214
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5 Hz 10 Hz 25 Hz
40 29.19 24.33 22.35 17.5 15.67 13.57
70 35.9 37.09 37.24 34.88 33.42 30.97%
100 25.6 30.91 33.73 37.62 39.11 39.71
130 17.03 20.61 23.06 27.97 30.36 33.23
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 0.68875 64.3
64 0.3886 66.2
70 0.225233 68.2
AVTS
A 12.364
VTS -4.27




Table 18: Pavement Layer Properties - WMA(TR)_Sas

Viscoelastic Material Properties

Asphalt Mix Properties
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Reference Temperature = 70
Dynamic
Modulus
Temp (°F) Dynamic Modulus E*(psi)
0.1 Hz 0.5 Hz 1Hz 5Hz 10 Hz 25 Hz
40 525907 785911 911611 121889 1354459 1530842
70 88546 161814 210837 381062 475820 6187|719
100 19080 31858 40669 81852 111215 167083
130 8572 12937 14547 24983 33234 5008p
Phase Angle
Temp (°F) Phase Angle (Deg)
0.1 Hz 0.5Hz 1Hz 5Hz 10 Hz 25 Hz
40 25.37 21.25 19.47 15.51 13.99 12.34
70 33.8 34.24 33.95 30.81 29.19 26.71
100 27.38 31.23 33.37 35.86 36.9 37.24
130 19.78 22.55 24.98 29.17 31.32 34.12
Superpave Binder Test
Data
Phase Angle
Temp (°F) G*(psi)
(Deg)
58 0.68875 64.3
64 0.3886 66.2
70 0.225233 68.2
AVTS
A 12.364
VTS -4.27




Table 19 : Beam Fatigue Nfor All Mixtures — Phase |

Beam Fatigue test

mStrain | mStrain mStrain
800.00 500.00 300.00
Mix Additive N
HMA(22) 15,882 68,136 331,729
11,247 17,865 29,543
PG64-22 | WMA(22) Adv
35,648 55,731 90,577
WMA(22) Sas
HMA(NV) 24,400 | 177,421 1,532,664
PG64- 15,979 40,757 112,767
28NV WMA(NV)_ Adv
25,289 88,385 344,377
WMA(NV) Sas
HMA(TR) 13,753 70,249 413,434
PG64- 17,293 70,020 320,137
28TR WMA(TR)_Adv
10,428 51,423 291,274

WMA(TR)_Sas

4
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Table 20: 3D-Move Dynamic and Static Analysis — Pls& |

mStrain
Thin Thin Thick Thick
Mix Additive Pavement| Pavement| Pavement| Pavement
Dynamic Static Dynamic | Static 3D-
3D-Move | 3D-Move | 3D-Move Move
HMA(22) 263.190 244.270 121.89( 105.120
PG64-22 WMA(22) Adv 301.260 273.590 139.120 127.370
WMA(22) Sas 351.250 355.93( 157.910 150.530
HMA(NV) 367.650 343.090 170.730 170.870
PG64-28NV WMA(NV) Adv | 322.790 292.530 151.54( 150.810
WMA(NV)_Sas 294.400 273.090 134.770 124.910
HMA(TR) 335.040 309.010 156.65( 154.720
PG64-28TR WMA(TR)_Adv | 342.670 315.150 162.10( 166.320
WMA(TR)_Sas 308.620 283.09¢ 143.250 138.140
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Table 21: N for All Mixtures Calculated from the mStrains Generated From a 3D-

Move Dynamic Analysis — Phase |

3D-Move-Dynamic

N
Thin Thick
Mix Additive Pavemgnt Pavemgnt
Dynamic Dynamic
3D-Move | 3D-Move
HMA(22) 497,667 5,404,837
PG64-22 WMA(22) Adv 29,421 62,959
WMA(22) Sas 77,965 166,726
HMA(NV) 649,634 16,550,744
PG64- WMA(NV)_Adv 97,461 439,612
28NV
WMA(NV)_Sas 362,095 2,899,358
HMA(TR) 281,802 3,940,516
PG64- WMA(TR)_Adv | 215,519 1,998,947
28TR
WMA(TR)_Sas 264,571 3,582,237
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Table 22: N for All Mixtures Calculated from the mStrains Generated From a 3D-

Move Static Analysis — Phase |

‘ 3D-Move-Static
Nt
Thin Thick
. - Pavement| Pavement
Mix Additive Static Static 3D-
3D-Move Move
HMA(22) 627,089 8,549,973
PG64-22 WMA(22) Adv 32,349 68,673
WMA(22) Sas 76,990 174,488
HMA(NV) 869,788 | 16,493,579
PG64- | WMA(NV) _Adv | 118,576 443,861
28NV
WMA(NV)_Sas | 442,286 3,549,369
HMA(TR) 373,093 4,113,715
PG64- | WMA(TR)_Adv | 276,485 1,851,784
28TR
WMA(TR)_Sas 354,690 4,052,364
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Table 23: Experimental Program to Evaluate the Impat of Residual Moisture —

Phase Il
Dynamic Modulus, |E*|,
Asphalt Mixture WMA Residual Master Curve
Binder Tvpe Additives/ Moisture |E*lary | 1E*|moist |E*|moist
Type yp Techniques After 0 | after 1 | after 6 F-
F-T* F-T T
None No X X X
None (2h
C:/J\;:\r/lli@ No and X X X
PG64-22 | Untreate Comp Yes
Temp)
Evotherm No and X X X
Yes
None No X X X
None (2h
Curing @
PG64- | oo | WMA Ngjs”d X X X
28NV/PM | - comp
Temp)
Evotherm No and X X X
Yes
None No X X X
None (2h
Curing @
pG64- |, | WMA Ns:s”d X X X
28NV/TR | ~"TEA€A comp
Temp)
Evotherm No and X X X
Yes

* F-T denotes “Freeze-Thaw”
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Table 24: Experimental Program to Evaluate the Impat of Anti-strip Additives —

i

Phase Il
|E*|dry |E*|Moist
Asphalt Residual Master | Master
Binder Mixture Type WMA Additives/ Techniques Moi Curve | Curve
oisture
Type after O | after 6
F-T* F-T
None No X X
Untreated None (2h Curing @ WMA Comp Temp No X X
Evotherm
None No X X
PG64-22 Lime-treated None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X
None No X X
Liquid-treated | None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X
None No X X
Untreated None (2h Curing @ WMA Comp Temp No X X
Evotherm
None No X X
PG64- . ,
28NV/PM Lime-treated None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X
None No X X
Liquid-treated [ None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X
None No X X
Untreated None (2h Curing @ WMA Comp Temp No X X
Evotherm
None No X X
PG64- . ,
28NV/TR Lime-treated None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X
None No X X
Liquid-treated | None (2h Curing @ WMA Comp Temp No X X
Evotherm Yes X X

* F-T denotes “Freeze-Thaw”




Table 25: Experimental Program to Evaluate the FN Phase II

Asphalt Mixture " : Residual
Binder Type Type WMA Additives/ Techniques Moisture FN
None No X
Untreated None (ngmcpu'rl'lggng WMA No X
Evotherm No X
None No X
PG64-22 | Lime-treated| NON® (ngm(;u.rr'g?ng WMA No X
Evotherm No X
None No X
Liquid-treated None (ngmcpu'rl'lggng WMA No X
Evotherm No X
None No X
Untreated None (ngm%u.rr'g?ng WMA No X
Evotherm No X
None No X
PG64- - None (2h Curing @ WMA
Lime-treated
28NV/PM Comp Temp) No X
Evotherm No X
None No X
Liquid-treated None (ngm(;)u'rl'lggng WMA No X
Evotherm No X
None No X
None (2h Curin WMA
Untreated (Comp Te?ng No X
Evotherm No X
None No X
PG64- - None (2h Curing @ WMA
28NV/TR Lime-treated Comp Temp) No X
Evotherm No X
None No X
. None (2h Curin WMA
Liquid-treated (Comp Te?ng No X
Evotherm No X
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Table 26: Summary Table of the FN - Phase Il

SUMMARY TABLE
: , FN FN Lime FN Liquid
Binder Mix untreated treated treated
HMA(22) 88 84 71
WMA(22)_Evo 39 27 37
PG64-22 "HmA(22)-Cured
2h@ WMA Comp 47 56 62
Temp
HMA(NV) 137 164 155
PG64- | WMANV)_Evo 83 106 97
28NV HMA(NV)_Cured
2h@ WMA Comp 64 174 72
Temp
HMA(TR) 109 126 160
PG64- | WMA(TR)_Evo 95 118 84
28TR HMA(TR)-Cured
2h@ WMA Comp 43 332 128
Temp

79



Table 27: Lockwood Stockpile / Aggregate Blend Graakion — Phase Il

Aggregate Properties
Nominal Maximum Aggregate Size, mm | 19.5
Control Points Control Points (CT
Sieve Size %Passing  (NDOT T2C) Type A)
Min Max Min Max
37.5 mm (1 1/2") 100.0 -- -- -- --
25.0 mm (1") 100.0 100 100 100 100
19.0 mm (3/4") 91.0 88 95 90 100
12.5 mm (1/2") 775 70 85 70 90
9.5 mm (3/8") 67.7 60 78
4.75 mm (No. 4) 52.0 43 60 45 55
2.36 mm (No. 8) 40.0 32 40
2.00 mm (No. 10) 36.2 30 44
1.18 mm (No. 16) 27.4
0.6 mm (No. 30) 19.1 12 21
0.425 mm (No. 40) 15.1 12 22
0.3 mm (No. 50) 115
0.15 mm (No. 100) 7.3
0.075 mm (No. 200) 5.08 3 8 2 7
Aggregates Material Description Bin %

Aggr. 1 Lockwood 1 inch 25.0%

Aggr. 2 Lockwood 1/2 inch 15.0%

Aggr. 3 Lockwood 3/8 inch 10.0%

Aggr. 4 Lockwood CF 40.0%

Aggr. 5 Wade Sand 10.0%




Table 28: Lockwood Stockpile Gradation — Phase Il

Seive Ssliezvee Lockwood | Lockwood | Lockwood | Lockwood | Lockwood | Wade
Size (in) 1" 3/4" 1/2" 3/8" CF Sand
(mm)
1-1/2" 375 100.0 -- 100.0 100.0 100.0 100.0
1" 25.4 100.0 -- 100.0 100.0 100.0 100.0
3/4" 19.0 64.0 -- 100.0 100.0 100.0 100.0
1/2" 12.5 10.0 -- 100.0 100.0 100.0 100.0
3/8" 9.5 1.0 -- 50.0 99.0 100.0 100.(
#4 4,75 1.0 -- 1.0 25.0 98.0 99.0
#8 2.36 1.0 -- 1.0 2.0 74.0 98.0
#10 2.00 1.0 -- 1.0 1.0 65.0 97.0
#16 1.18 1.0 -- 1.0 1.0 44.0 93.0
#30 0.600 1.0 -- 1.0 1.0 28.0 74.0
#40 0.425 1.0 -- 1.0 1.0 23.0 54.0
#50 0.300 1.0 -- 1.0 1.0 19.0 34.0
#100 0.150 1.0 -- 1.0 1.0 14.0 12.0
#200 0.075 0.4 -- 0.6 0.5 11.0 4.4
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Table 29: Lockwood Aggregate Properties — Phase |l

82

Property Test NDOT N_Il?e(g;l' CT CT Test
Results | Specification Method Specification | Method
Aggregate Blend Tests
Percent Crushed Nev
(Coarse Agg.) - 99 - i 90% Min CTM 205
T230
1 Fractured Facsg
Percent Crushed
(Coarse Agg.) - o M Nev. on M
> Eractured 96 80% Min 1230 75% Min CTM 205
Faces
Percent Crushed
(No.4toNo.8) | gq - - 70% Min | CTM 205
- 1 Fractured
Face
Fine Aggregate _ B o M i AASHTO
Angularity ar.1 45% Min T304 (A)
Sand Equivalent| 71 -- - 47 Min CTM 217
Flat and
Elongated o M ASTM
Particles (by wt 0.9 - - 10% Min D4791
@ 5:1)
Aggregate Source Tests
Absorption of
Coarse 15 4% Max AASHTO - CTM 206
T85
Aggregate
Absorption of o AASHTO
Fine Aggregate 2.4 4% Max T85 - CTM 207
Specific Gravity
of Fine 2.57 2.85 Max AASHTO - -
T84
Aggregate
Specific Gravity
of Coarse 2.619 2.85 Max AASHTO - -
T84
Aggregate




Table 30: PG64-22 Specifications and Test ResultsRhase Il

Property Test NDOT N‘Il?e 23— CT CT Test
Results | Specification Method Specification| Method
Tests on Original Binder
Flash Point®C 274 . . 230 Min | AASTTO
- , AASHTO
- — 0,
Solubility NT 99% Min Ta4
Rotational viscosity at AASHTO
135°C, Pas 0.38 - B 30Max | 1316
Dynamic shear,
G*/sin’] at 64C (10 1.19 - - 1.00 Min | AASHTO
T315
rad/s), kPa
Tests on Residue from RTFO, Nev. T728 (NDOT) / AA®HT240 (CT)
AASHTO
0, _— _— 0
Mass loss, % 0.32 1.00% Max T240
Dynamic shear,
G*/sin’1 at 64C (10 2.63 - - 220 Min | AASHTO
T315
rad/s), kPa
Ductility at 28°C, cm NT -- -- 75 Min AASHTO
T51
Tests on Residue from Pressure Aging Vessel, AASIRPO @ 108C
Dynamic shear, G*sin AASHTO
at 26C (10 radfs), kpa| 2740 - - 000 Max |~ 1315
Creep Stiffness at %€
S-value, MPa 58 -- -- 300 Max AA_}%T;O
m-value 0.350 0.300 Min
* NT denotes "Not
Tested"
High Intermediate Low
True Grade 65.4 23.25 21
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Table 31: PG64-28NV/PM Specifications and Test Reks — Phase |

Property Test NDOT N‘Il?e 23— CT CT Test
Results | Specification Method Specification| Method
Tests on Original Binder
0 . AASHTO , AASHTO
Flash Point;C 298 230 Min T48 230 Min T48
- . AASHTO . | AASHTO
Solubility NT 99.0 Min Ta4 98.5% Min Ta4
Rotational viscosity at AASHTO AASHTO
135°C. Pas 0.715 3.0 Max T316 3.0 Max T316
Dynamic shear,
G*/sin’] at 64C (10 1.63 1.0Min | AASHTO | g o pin | AASHTO
T315 T315
rad/s), kPa
Ductility at £C (5 . Nev. B B
cm/min), cm NT 50 min. T746
Sieve particulates Nev.
retained NT 0 T730 B B
Toughness at 2&, in- : Nev.
Ibs NT 110 Min T745 -- --
Tenacity at 28C, in-lbs NT 75 Min Nev. -- --
’ T745
Tests on Residue from RTFO, Nev. T728 (NDOT) / AA®HT240 (CT)
Nev. AASHTO
0, 0, 0
Mass loss, % 0.46 1.0% Max T708 1.00% Max T240
Dynamic shear,
G*/sin’ at 64C (10 3.43 220Min | MASHTO |5 50 min | AASHTO
T315 T315
rad/s), kPa
Dynamic shear,’ at _ B 0 AASHTO
64°C (10 rad/s), kPa 65.2 80% Max |~ 1315
Ductility at 4C (5 . Nev.
cm/min), cm NT 25 Min T746 - -
Elastic Recovery at on M AASHTO
25°C, cm NT - - 7% MIn | 1301
Tests on Residue from Pressure Aging Vessel, AASIRPO @ 106C
Dynamic shear, G*sin AASHTO AASHTO
at 16C (10 radfs), kPa | 5294 | S000Max | "oq,5 | S000Max | " yaq5
Creep Stiffness at -8
S-value, MPa 140 300 Max AATSSTgO 300 Max AA_}%T;O
m-value 0.33 0.300 Min 0.300 Min
* NT denotes "Not
Tested"
High Intermediate Low
True Grade 68.8 13.2 31.5
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Table 32: PG64-28NV/TR Specifications and Test Reksi— Phase |l

Property Test NDOT N‘Il?e 23— CT CT Test
Results | Specification Method Specification| Method
Tests on Original Binder
0 . AASHTO , AASHTO
Flash Point;C 289 230 Min T48 230 Min T48
- . AASHTO . | AASHTO
Solubility NT 99.0 Min Ta4 98.5% Min Ta4
Rotational viscosity at AASHTO AASHTO
135°C. Pas 0.99 3.0 Max T316 3.0 Max T316
Dynamic shear,
G*/sin’ at 64C (10 2.06 1oMin | ASHTO T 4 oo min | AASHTO
T315 T315
rad/s), kPa
Ductility at £C (5 . Nev. B B
cm/min), cm NT 50 min. T746
Sieve particulates Nev.
retained NT 0 T730 B B
Toughness at 2&, in- : Nev.
Ibs NT 110 Min T745 -- --
Tenacity at 28C, in-lbs NT 75 Min Nev. -- --
’ T745
Tests on Residue from RTFO, Nev. T728 (NDOT) / AA®HT240 (CT)
Nev. AASHTO
0, 0, 0
Mass loss, % 0.39 1.0% Max T728 1.00% Max T240
Dynamic shear,
G*/sin’ at 64C (10 3.84 220Min | MASHTO |5 50 min | AASHTO
T315 T315
rad/s), kPa
Dynamic shear,’ at _ B 0 AASHTO
64°C (10 rad/s), kPa 64.6 80% Max |~ 1315
Ductility at 4C (5 . Nev.
cm/min), cm NT 25 Min T746 - -
Elastic Recovery at on M AASHTO
25°C, cm NT - - 7% MIn | 1301
Tests on Residue from Pressure Aging Vessel, AASIRPO @ 106C
Dynamic shear, G*sin AASHTO AASHTO
at 22C (10 radfs), kpa| 2708 | S000Max | "5q,5 | S000Max | " yaq5
Creep Stiffness at -8
S-value, MPa 170 300 Max AATSSTgO 300 Max AA_}%T;O
m-value 0.309 0.300 Min 0.300 Min
* NT denotes "Not
Tested"
High Intermediate Low
True Grade 70.25 17.45 30
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Table 33: Summary of Mixture Optimum Binder Contents — Phase I

Optimum Binder

Asphalt Mixture WMA Additives/ | , 0
Binder Type Type Techniques % Evotherm | Content (% by
TWA)
None -- 5.70%
Untreated
Evotherm 0.40% 5.40%
None -- 5.70%
PG64-22 Lime-treated -
Evotherm 0.40% 5.20%
o None -- 5.60%
Liquid-treated
Evotherm 0.40% 5.50%
None -- 5.80%
Untreated
Evotherm 0.40% 5.80%
PG64- Lime-treated None _ °.50%
| -
28NV/PM Evotherm 0.40% 5.40%
o None -- 5.50%
Liquid-treated
Evotherm 0.40% 5.40%
None -- 5.80%
Untreated
Evotherm 0.30% 5.60%
PG64- Lime-treated None — °.55%
| -
28NV/TR Evotherm 0.30% 5.00%
o None -- 5.70%
Liquid-treated
Evotherm 0.30% 5.30%
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Table 34: Recommended Production Temperatures belowwhich the High

Temperature Grade should be Increased One Grade

. Aging Index (Al)
Tjﬁpggthure 14] 16 18] 24 23 24 2b 28 30 32 B4
Grade Minimum WMA Mixing Temperature Not Requiring PG @&
Increase’F
52 <218<215<215/<215<215<215 220| 220| 225| 225 | 230| 230
58 <218<215<215 220| 225| 230| 235| 235| 240| 240 | 245]| 245
64 <218<215 220 | 230| 235| 235| 240| 245| 245| 250 | 250| 250
67 <218 220| 230 | 235| 240| 245| 250| 255| 255| 255 | 260| 260
70 <218 220| 230 | 240| 245| 245| 250| 255| 255| 260 | 260 | 260
76 <218 225|235 245| 250| 255| 260| 260| 265 | 265 | 265| 270
82 <218 235| 245| 250| 255| 260 | 265| 265| 270| 270 | 275| 275
1. (G* /Siné‘)RTFOT ,
Al = at the high temperature performance grade temperat

(G* /Sing)Tank
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Table 35: Gyratory Compaction Effort — Phase Il

88

m_

Design Compaction
ESALS Parameters
N | N Typical Roadway Applicatich
N |desig ma
(millions) [initial] n X
<0.3 8 | 50| 75| Applications include roadways withrywiéight traffic volumes
such as local roads, country roads, and city stredere truck
traffic is prohibited or at a very minimal levelraffic on these
roadways would be considered local in nature, ragiional,
intrastate, or interstate. Special purpose roadwagsving
recreational sites or areas may also be appli¢atités level.
0.3to<3 7 75| 113 Applications include many ottibe roads or access streets. Mediy
trafficked city streets and the majority of countigadways may bg
applicable to this level.
3to<30 8 10| 16 | Applications include many two-lane, multilane, died, and
0 0 | partially or completely controlled access roadwaymong these
are medium to highly trafficked city streets, mastgte routes
U.S. highways, and some rural Interstates.
> 30 9 | 12| 20 | Applications include the vast majority of the U.Bterstate
5 5 | System, both rural and urban in nature. Specidicgijpns such
as truck-weighing stations or truck-climbing lan@s two-lane
roadways may also be applicable to this level.

a

years.

The anticipated project traffic level expectan the design lane over a 20-year per
Regardless of the actual design life of the roadvamtermine the design the ESALs for

od.
20

®  As defined by A Policy on Geometric DesigrHifhways and Stress, 1994, AASHTO.

Note 1— When specified by the Agency and the top of #sgh layer is 100 mmfrom
the pavement surface and the estimated designctiaffel is > 0.3 million ESALs,
decrease the estimated design traffic level by ankss the mixture will be exposed to
significant mainline construction traffic prior teing overlaid. If less than 25 percent of
a construction lift is within 200 mm of the surfatiee lift may be considered to be below
100 mm for the mixture design purposes.

Note 2— When it is estimated that the design traffic lagsebetween 3 and <10 million
ESALs, the Agency may, at its discretion, spedifyitial at 10N designat 75, andN maxat

115.

Table 36: Degree of Aggregate Coating and Compactdity Requirements — Phase

Property Criteria
Degree of Aggregate Coating 100% of Particles
Compactability @ Compaction Temp. N92 < 0.35)N

Compactability @ Compaction Temp. | N92 @ Compaction Temp. minus®5(3¢°C) <

minus 53F (3C°C)

1.25N92 @ Compaction Temp.




Table 37: Degree of Aggregate Coating of Lockwoodsphalt Mixture at Various

Mixing Temperatures — Phase Il

Asphalt Mixture WMA Mixing %
Binder Tvoe Additives/ | Temp, | Aggregate
Type yp Techniques| °F Coated
None 308 100%
Untreated
Evotherm 255 100%
ime- None 308 100%
PG6a-22| Lime k
treated [ Evotherm 265 100%
Liquid- None 308 100%
treated Evotherm 255 100%
None 320 100%
Untreated
Evotherm 275 100%
PG64- Lime- None 320 100%
28NV/PM | treated | Evotherm 275 100%
Liquid- None 320 100%
treated | Evotherm 275 100%
None 320 100%
Untreated
Evotherm 275 100%
PG64- Lime- None 320 100%
28NV/TR | treated | Evotherm 275 100%
Liquid- None 320 100%
treated | Evotherm 275 100%
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Table 38: Compactability of WMA Mixtures with PG 64-22, PG 64-28 NV/PM, and
PG 64-28 NVTR/TR binder — Phase Il

Average Number of
WMA Compac Gyration at Criteri
Asphalt Additi | Mix Tvpe tion Compacti | Compacta on
Binder ve yp Temp. | Compactio | on Temp. | bility Ratio | (Ratio
(°C) n Temp. minus <1.25)
30°C
Untreated 230 22.0 24.5 1.11 Pass
Lime- I
Liquid- 230 31.5 34.5 1.10 Pass$
treated
Untreated 250 8.0 95 1.19 Pags
PG64- | Evothe l-'m‘f' . 250 19.0 23.0 1.21 Pass
28NV rm Lr_ea _‘3
'quid- 250 15.5 16.0 1.03 Pass
treated
Untreated 250 18.0 22.0 1.22 Pass
PG64- | Evothe i-'m‘t*' g 250 22,5 25.0 1.11 Pas$
28TR rm Lrga _Z
'quid- 250 28.5 31.5 1.11 Pass$
treated

Table 39: Measured Residual Moisture Content of Dyamic Modulus Samples —

Phase I
Asphalt Mixture WMA Additives/ % Residual
Binder Type Techniques Moisture
Untreated Evotherm 0.54%
PG64-22 Lime-treated Evotherm 0.36%
Liquid-treated Evotherm 0.68%
Untreated Evotherm 0.88%
PG64- Lime-treated Evotherm 0.75%
28NV/PM 970
Liquid-treated Evotherm 0.46%
Untreated Evotherm 0.78%
PG64- - 5
28NV/TR Lime-treated Evotherm 0.68%
Liquid-treated Evotherm 0.27%
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 308 303-313 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.639 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.70 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.29 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 15.00/15.012-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 74.28/ 71.410-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 9.33 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 41 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.434 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 85 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 64 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 28: Lockwood urtreated mix design

PG 64-22 - Phase Il

and aggregate properties w/Paraount
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 308 303-313 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.646 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.70 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.85 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 15.45/15.4{12-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.66/ 69.000-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.52 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.436 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 75 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 94 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 29: Lockwood Lime-treated mix design and aggregate propertie:

w/Paramount PG 6422 - Phase I
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 308 303-313 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.672 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.60 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.71 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.40/14.4112-22 / 13 Min 1.18 mm (No. 16) 274
VFA, % (NDOT / CT) 70.00/67.4(70-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.39 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 38 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.460 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 80 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 93 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 255 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.648 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.40 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.30 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.30/14.4{12-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 71.90/ 70.30@0-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.7 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.445 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 86 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 77 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 31: Lockwood Untreated mix design andaggregate properties w/Paramour
PG 64-22 with 0.4% Evotherm - Phase Il
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1.0 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 265 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.640 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.20 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.47 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.57/14.5412-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.4%59.40|70-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.76 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 32 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.439 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 90 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 74 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 32: Lockwood Lime-treated mix design and aggregate propertie:
w/Paramount PG 6422 with 0.4% Evotherm - Phase I
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 255 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.648 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.50 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.03 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.29/14.3/12-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 72.89/ 71.510-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.87 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 40 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.443 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 89 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 76 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 33:. Lockwood Liquid-treated mix design and aggregate propertie:
w/Paramount PG 6422 with 0.4% Evotherm - Phase I
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.647 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.80 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.67 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 15.32/15.3{12-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 72.73/ 69.610-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 9.32 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 42 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.437 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 66 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 79 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 34: Lockwood Untreated mix design andaggregate properties w/Paramour

PG 64-28NV - Phase Il
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Mix Design (NDOT T2C & CT Type A) Aggregate Gradation (NDOT T2C & CT Type A)
Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.638 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.50 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.86 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.88/ 14.902-22 / 13 Min 1.18 mm (No. 16) 274
VFA, % (NDOT / CT) 70.00/67.6|@0-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.01 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.447 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 71 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 89 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 35: Lockwood Lime-treated mix design and aggregate propertie:

w/Paramount PG 6428NV - Phase |
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.647 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.50 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.80 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.89/14.9112-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.00/67.7170-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.06 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 35 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.446 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 76 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 88 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 36: Lockwood Liquid-treated mix design and aggregate propertie:

w/Paramount PG 628NV - Phase Il
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.638 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.80 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 3.80 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.80/ 14.902-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 76.50/ 74.300-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 9.60 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.429 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 65 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 83 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 37: Lockwood Untreated mix design andaggregate properties w/Paramour
PG 64-28NV with 0.4% Evotherm - Phase I
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.636 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.40 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.23 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.51/14.5312-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 71.95/70.9470-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.91 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 38 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.440 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 88 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 74 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 38:. Lockwood Lime-treated mix design and aggregate propertie:
w/Paramount PG 628NV with 0.4% Evotherm - Phase Il
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Mix Design (NDOT T2C & CT Type A) Aggregate Gradation (NDOT T2C & CT Type A)
Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.644 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.40 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.24 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.26 / 14.2112-22 / 13 Min 1.18 mm (No. 16) 274
VFA, % (NDOT / CT) 71.73/ 70.470-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.66 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 39 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.447 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 84 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 72 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 39:. Lockwood Liquid-treated mix design and aggregate propertie:
w/Paramount PG 628NV with 0.4% Evotherm - Phase Il
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.659 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.80 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.86 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 15.15/15.112-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.64/ 67.920-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.98 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.447 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 86 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 60 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 40: Lockwood Untreated mix design andaggregate properties w/Paramour

PG 64-28TR - Phase Il
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.643 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.55 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.67 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.99/15.0(012-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.30/ 68.970-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.99 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.441 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 73 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 84 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 41: Lockwood Lime-treated mix design and aggregate propertie:

w/Paramount PG 6428TR - Phase Il




125

Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 320 320 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.648 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.70 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.70 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 15.04/15.0612-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 70.62/68.6170-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 9 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.444 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 79 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 78 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 42: Lockwood Liquid-treated mix design and aggregate propertie:

w/Paramount PG 6428TR - Phase Il
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Mix Design (NDOT T2C & CT Type A) Aggregate Gradation (NDOT T2C & CT Type A)
Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.658 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.60 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.60 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.70/14.6912-22 / 13 Min 1.18 mm (No. 16) 274
VFA, % (NDOT / CT) 70.30/ 68.40@0-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.70 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 37 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.450 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 96 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 73 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 43: Lockwood Untreated mix design andaggregate properties w/Paramour
PG 64-28TR + 0.3% Evotherm - Phase I
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % 1.0 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.643 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.00 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.07 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 13.76/13.7)12-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 72.07/70.730-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.32 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 39 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.448 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 95 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 84 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 44:. Lockwood Lime-treated mix design and aggregate propertie:
w/Paramount PG 6428TR + 0.3% Evotherm - Phase Il
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Mix Design (NDOT T2C & CT Type A)

Aggregate Gradation (NDOT T2C & CT Type A)

Nominal Maximum Aggregate Size, mm 19.0 Control Points
Sieve Size %Passing
Property Value Requirement Min Max
Hydrated Lime, % None 15 37.5 mm (1 1/2") 100.0
Mixing Temperature, °F 275 -- 25.0 mm (1) 100.0 100 100
Compaction Temperature, °F 230 230 19.0 mm (3/4") 91 920 95
Coarse Aggregate Bulk Gravitygf3 2.619 -- 12.5 mm (1/2") 77.5 70 85
Fine Aggr. Apparent Gravity, & 2.739 -- 9.5 mm (3/8") 67.7 60 78
Aggregate Effective Gravity, & 2.632 -- 4.75 mm (No. 4) 52 45 55
Optimum Binder (OBC), % DWA 5.30 -- 2.36 mm (No. 8) 40 32 40
Air Voids, % TMW (NDOT / CT) 4.20 4-714.0 2.00 mm (No. 10) 36.2 30 44
VMA, % (NDOT / CT) 14.39/14.412-22 / 13 Min 1.18 mm (No. 16) 27.4
VFA, % (NDOT / CT) 72.00/ 71.030-80% / 65-759 0.6 mm (No. 30) 19.1 12 21
Film Thicknesspm 8.83 8 Min. 0.425 mm (No. 40) 15.1 12 22
Hveem Stability, lbs 38 37 Min. 0.3 mm (No. 50) 115
Max. specific gravity at OBC, G, 2.440 -- 0.15 mm (No. 100) 7.3
Unconditioned Tensile Strength, psi 93 65 Min. 0.075 mm (No. 200) 5.1 3 7
Tensile Strength Ratio, % 70 70 Min.
Aggregates AGG. 1 AGG. 2 AGG. 3 AGG. 4 AGG. 5 AGG. 6
Material Description 1" AGG 1/2" AGG 3/8" AGG Cr. Fines Wade Sard
Bin Proportions 25% 15% 10% 40% 10%
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Figure 45: Lockwood Liquid-treated mix design and aggregate propertie

w/Paramount PG 6428TR + 0.3% Evotherm - Phase |l
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Figure 94: Dynamic modulus (E*) vs Dynamic ModulugE*) Ratio Plots at 7°F and
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10 Hz for Lime-treated Mixtures with PG64-28NV - Plase Il
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1.2
T = Y= WMA(22)_Liquid-
e treated_Evo_Moist
2 L
S0 —o— WMA(NV)_Liquid-
> > O treated_Evo_Moist
~ -~
® L o
o 08 ~a WMA(TR)_Liquid-
B ™~ treated_Evo_Moist
x S~
i >
» 0.6
=
=]
©
o
=
(4]
- 0.4
[
s
a

0.2

0.0

0 1 2 3 4 5 6 7 8 9 10

Number of Freeze Thaw Cycles

Figure 111: Dynamic Modulus (E*) Ratio Plots at 78F and 10 Hz for Liquid-
treated WMA_Evo Moist Mixtures - Phase II
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Figure 112: Dynamic modulus (E*) vs Dynamic ModulugE*) Ratio Plots at 70F
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Figure 117: Dynamic Modulus (E*) Ratio Plots at 78F and 10 Hz for Untreated
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