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EXECUTIVE SUMMARY

The objectives of this study are to (1) evaluate é#ffect of compaction effort and
temperature on densification of HMA in the fielddain the lab, (2) quantify the effects of Warm
Mix additives on the minimum temperature and thragerature-stress profiles, and (3) create a
dataset capable of determining the effect of al-liensity and permeability on asphalt
pavement performance in Wisconsin. The field stumlyestigated the minimum limiting
temperatures at which 92% Gmm field density caadigeved with commonly used compaction
effort. The lab study was conducted to determfne iielationship similar to the field can be
found for lab compaction using varying temperataed compaction pressures. To accomplish
these objectives, field testing and loose-mix samgplccurred on 23 unique construction
projects, totaling 30 unique layers of HMA duringet2007 paving season, and a single Warm
Mix project during the 2008 paving season. Fieddadincluded nuclear density, core density,
temperature, roller passes, roller type, and winyasetting. Loose-mix samples from the
construction projects were compacted in the Supergayratory compactor at two pressure
settings, 300 kPa and 600 kPa; and at three tetopesa 120, 90, and 60°C (248, 194, and
140°F).

Analysis of field data found that factors affectidgnsity gain in importance rank order
were temperature of mat surface, number of roléssps, roller type, vibratory setting, and PG
binder grade. The results from field data indiddt&t a density of 92% Gmm can always be
achieved, however at lower temperatures, morerrpdsses are necessary. For lab compaction,
pressure and temperature showed significant mdactef and significant interactive effects.
Using 300 kPa pressure yields a density (@ Ndes)tab.8 % less than 600 kPa at a baseline
temperature of 248°F. The density was reducedbbytad.4% when compacting at 194°F, and
2.4% at 140°F. Aggregate source and fine aggregyagelarity were identified as having a
marginal effect on compactive effort. Lab and dielata sets were merged by density; a
moderate correlation was found between lab temperadnd field temperature to achieve a
mutual density, and a higher Ndes mix will requmere field passes. The results, in general,
point out the possibility of optimizing the compact process by understanding the role of
temperature and pressure, which are mixture-typeigp.

A lab and field evaluation of single Warm Mix Asgdt (WMA) E-1 mixture determined
that the average final density for WMA and traditislot Mix Asphalt were nearly identical.
Variability in WMA final density was larger by adeor of 2.5 for the standard deviation, which
was the result of different RAP levels in the mikor a similar number of roller passes, 30%
RAP content averaged 2.6% greater density valiees40% RAP content. Variability (standard
deviation) in 30% RAP was much higher by a factbr3o The results of the laboratory
evaluation demonstrate that the use of the WMA taddallowed for an increased amount of
RAP in the mix without a significant detriment taxture workability as shown using the CDI.
Both the HMA and WMA 30% mixes approached the Spgee criteria of 4% air voids at Ndes
over all compaction temperatures, the air void leve the WMA 40% were considerably lower
than the 4% target.

A single database was created to model pavemeftrpemce and establish specific
density and permeability criteria. As-built constiion data were collected from 29 construction
projects paved in 2007. Air and water permeabyligre measured on the surface layer of 15 of
the construction projects, where initial air andtevgpermeability will begin. A stand-alone



spreadsheet file is included with this report toused in performance modeling after several
years from the 2007 construction season.
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CHAPTER 1 INTRODUCTION

1.1 Background and Problem Statement

The placement of adequately densified and imperfeeBiMA pavements has been
recognized as an effective means to protect ageapst oxidation of the binder materials and
excessive moisture damage in HMA pavement layé¥stional studies have shown that the
desired air void content of in-place HMA pavememsbelow 8% and that the desired
permeability is below 150xI0 cm/sec. These critical values for in-place aiidsoand
permeability were based solely on their relatiopskind are only empirically derived.
Intuitively, an excessive amount of permeabilitgngiicantly increases the potential for poor
performing pavements; however the relationshipsath air voids and permeability with actual
performance have not been clearly defined. Therede@f compaction, and varying mat
temperatures during laydown operations, need tarumerstood to better achieve the desired
target density values and corresponding permegbilit

1.2 Objective
The objectives of this research study are to:

(1) Investigate the minimum limiting temperatuaswhich required density of HMA can be
achieved with commonly used compaction effort;

(2) Investigate the effect of density achieved badt” on water and air permeability and
measure how density and permeability (as-builtecffasphalt pavement performance in
Wisconsin;

(3) Understand the inter-relations between HMA mmi&t properties (aggregate gradations and
volumetrics), temperature and in-place density @grneability;

(4) Establish target minimum temperatures needeactoeve permeability and density values
suitable for use within contract specifications;

(5) Develop temperature-stress profiles to progdielines for field compaction; and

(6) Quantify the effects of Warm Mix additives ohet minimum temperature and the
temperature-stress profiles.

1.3 Background and Significance of Work

In 2006, WHRP sponsored a study to evaluate demsity permeability of in-service
asphaltic pavements throughout the state (Schindt. 2007). During this Phase | study, in-
servicedensity and permeability were related to perforneamand it was not possible to establish
definitive criteria for density and permeabilityPavements having a lower as-built density,
generally below 92%, had a lower pavement perfonaas measured by higher PDI values and
more cracking. There was no definitive relatiopdbetween permeability and performance.
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In a related UW-Madison study entitled, “Effect témperature and Pressure on HMA
Compaction,” a field and laboratory study was carted in the 2006 paving season to study the
effect of stress and temperature on the compagtiocess (Delgadillo and Bahia 2008). Field
data indicated that compaction predominantly o@mimwhere temperatures ranged from 125°C
to 60°C; however, below a certain temperature Jimit more density was achieved. Results of
the study indicated that the determination of thedr temperature limit for compaction is an
important task that is missing in the current sfeions and construction manuals. Current
specification methods may have compaction temperstilnat are too high and do not have too
much meaning in the field.

Since both studies have related objectives, nametyeving a desired level of density
and permeability to yield a higher performing paeem a new set of objectives was created.
Emerging Warm Mix Asphalt (WMA) technology was alswluded in the study since it has
similar objectives.

1.4 Benefits
The potential benefits of this study include:

» Enhance the understanding of field and lab compaaif HMA pavements to achieve target
density of 92%.

* Define target minimum temperatures needed to aehmarmeability and density values
suitable for use within contract specifications amaterial manuals.

* Investigate compaction characteristics of Warm Ksgphalt both in the lab and field.

» Create a database to yield models between in-pf@@neability, density, mixture
characteristics, and performance for a full ranige-place HMA pavements in Wisconsin.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

In the previous WHRP Phase | study, a literatuvéere synthesized previous studies that
attempted to relate in-place permeability and pasr@nperformance (Schmitt et al. 2007).
During this study, the literature review documentedent and relevant studies relating as-built
density of HMA pavements to traditional constructiand materials factors. Table 2.1 cross-
lists the reference with factors affecting fieldndiication. Following this table is a detailed
review of each reference document.

Table 2.1 Literature Summary of Factors related taField Densification

Reference Factors related to Field Densification
1) 3)
Diefenderferet | « WMA can be successfully placed using conventiondl®H
al., 2007 paving practices
Faheem et al., * Interaction between compaction pressure and termyera
2007 » Density increase with temperature did not applyalor
(lab study) mixtures.

» There are clearly optimum temperature and pressimges.

* Under -asphalted mixes depend mainly on the typgenafer
used.

* Over asphalted mixtures had identical behaviornadigas of
compaction temperature, pressure or binder type.

Scherocman, * Keep the rollers directly behind the paver while thix is hot.

2006 » Most efficient roller pattern typically uses a pnmatic tire
roller for initial compaction followed by a doubtieum
vibratory roller for intermediate and finish, roig.

* Two double-drum vibratory rollers in echelon ditgdiehind
the paver with tender mixtures.

Nose, 2006 » Significantly higher level of density can be acl@drom a
combination of a high-frequency double-drum vibratwller
and a vibrator pneumatic roller (VPT).

* VPT making 6 roller passes at medium amplitudeeacd the
same level of density as a conventional static pragig tire
(having 3 times the weight) and making 12 rollesqes.

* VPT roller is more versatile and efficient than aain heavier
SPT roller.

* Density distribution measured by cores show thatdinsity in
middle or bottom portion is higher than that in thp portion.
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Table 2.1 (cont.)

Kearney, 2006

Oscillatory compaction can achieve higher densitils fewer
passes when compared to a vibratory roller.
Compaction is possible at lower temperatures ardibodrF.

Decker, 2006

Pavements can be successfully placed at low terypesa

Starry, 2006

Three factors that influence the ability to achitaget density
are mix design, mix placement, and the temperature.

El Halim et al.,
2006

Layers compacted by steel drum rollers were 20dimere
permeable than those compacted by the asphalt-midgrated
roller immediately after construction, and as masH.0 times
more permeable after 1 year.

Christensen and
Bonaquist, 2005

The most important factor affecting rut resistaiscleinder
grade, followed by aggregate fineness relative NAV
Both VMA and aggregate fineness should be tightiytolled.

Russell et al.,
2005

Base type, source, gradation, and Ndes level fillanced field
density and permeability.

For fine-graded mixes, the t/NMAS ratio showed @&tuence
on achieving density, particularly below a ratid2dor gravel-
source mixes and a ratio of 3 for limestone-sounoees. For
limestone-source mixes outside the current WisDIIMAS
range of 3 to 5, it was more difficult to achievendity below a
ratio of 3, and possible to achieve a 92% den$ibva a ratio
of 5.

Factors that affected density growth during compact
included mat temperature, number of passes, amnd the
interaction (a declining mat temperature occur$ wibre
passes).

Willoughby,
2003

Temperature differentials of 25°F or greater cafeot
compacted to the same level as the surrounding mat.
A uniform temperature mat greatly increases thétalo
achieve a uniform density.

Klaus, 2003

Use of wax in Warm Mix Technology can produce flow
improvement that enable mixing temperatures tcedeced by
40 to 80°F.

Hanna et al.,
2002

Nuclear density testing the morning following payimill not
result in a significant difference in density théit is tested the
same day of paving.

Willoughby et
al., 2002

When the mat temperature differential exceeded-289% of
the density profiles failed to meet the densityecia, but only
19% failed to meet the density criteria when thegerature
differential was less than 25°F.

Pavements that experienced large temperature elifiafs
during placement produced substantial density idiffgals.
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Table 2.1 (cont.)

Willoughby et * No one single piece of equipment or operation gukrantee

al., 2001 that temperature differentials will not occur.

e Techniques can be utilized to offset the effectdhef
temperature differentials.

Cooley et al., » There is a significant relationship between denresitgt

2001 permeability of fine-graded mixes.

e 9.5-and 12.5-mm NMAS mixtures become excessively
permeable at approximately 7.7% in-place air voids,

Huh and Nam, * Developed a mathematical model to quantify denstgus

2000 number of roller passes (coverage). Variablesidensd were
compaction density, mix viscosity, temperaturegfrency, and
amplitude, in addition to the number of roller pzss

e Minimum number of passes required to finish a ¢erta
compaction job and the maximum compaction density
achievable by a certain compaction operation aggested.

Mahoney et al., | « Gradation and asphalt content analysis showedgmifisaint
2000 aggregate segregation within the cooler areaseofdimpacted
mat.

2.2 Wisconsin DOT Compaction Studies

A Wisconsin study from Faheem et al. (20@Valuated the influence of binder viscosity,
compaction temperature, compaction pressure, andebicontent upon the densification of
asphalt test mixtures produced using Process Matlfisphalt and Polymer Modified Asphalt .
The effects upon densification were evaluated ftinoa two stage laboratory study. The first
stage was concerned with comparing the effort rebettbe compact each mix using two
compaction levels and three compaction temperatu€se type of aggregate and one type of
mix gradation were used in this evaluation. Theoed stage was concerned with the effect of
the binder content on the mixture resistance topamtion and densification while varying the
compaction temperatures, and pressure for mixtunadse with the two types of binders tested.
The results of the first stage showed that mixeyg wratheir sensitivity to the compaction level
and the compaction temperature. A high level tdraction between compaction pressure and
temperature was observed. Surprisingly, the camweal thinking of density always increasing
with temperature did not apply for all mixtureshel'second stage showed that the behavior of
under asphalted mixtures depend mainly on the ¢yfender used. While for the over asphalted
mixtures, their behavior was identical regardlessampaction temperature, pressure or binder
type. While some studies have reported on whakaosvn as Tender Zones, very few could
guantify this in the laboratory and report on wihadkes a mixture tender and how to give
guidelines to contractors to avoid Tender Zoneke @uthors suggested that these zones could
be asphalt binder specific and should be definedai®-domain chart showing pressure,
temperature sensitivity, and asphalt binder typk@mtent in the mixture.

Russell et al. (2005) investigated the density getmeability characteristics of
Superpave mixes on 10 paving projects. Base tgparce, gradation, and Ndes level all
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influenced field density and permeability. No distble trend was observed between density
and permeability for coarse-graded mixes. A cledationship between layer thickness and
permeability was not established. Layer thickneas @& factor on a project-specific basis, with
some projects indicating it was significant, whilthers found it not significant. Fine-graded
limestone-source mixes compacted on PCC, and ttlesigned at a higher Ndes level, were
more permeable than other mixes produced from réifitesources or constructed on different
subsurface layers. For fine-graded mixes, the #$Matio showed an influence on achieving
density, particularly below a ratio of 2 for graagglurce mixes and a ratio of 3 for limestone-
source mixes. For limestone-source mixes outsidectinrent WisDOT t/NMAS range of 3 to 5,
it was more difficult to achieve density below &agaf 3, and possible to achieve a 92% density
above a ratio of 5. The factors that affected dgrggowth during compaction included mat
temperature, number of passes, and their intera¢iodeclining mat temperature occurs with
more passes).

Hanna et al. (2002) evaluated discrepancies betwamriractors' and Wisconsin
Department of Transportation readings, in particulae relationship between the temperature
and density of newly placed hot mix asphalt. Thepty states that as asphalt cools, it becomes
denser. Hence, if a nuclear gauge is used to medsnsity after the asphalt has been allowed
to cool, it should record a higher reading than nvliee asphalt was measured just after cold
rolling the previous day. This research invest@ahas found a model that has not reinforced
this theory. The research has shown that testiog@ for density the morning following paving
will not result in a significant difference in detysthan if it is tested the same day of paving.

2.3 TRB Workshop 2006

An all-day workshop at the 84th TRB Annual Meetimddressed asphalt practitioners'
concerns related to specifying and achieving dgrkiting HMA pavement construction (TRB
2006). The workshop was divided into four minissess with the following themes:
Optimizing HMA Construction Temperatures; Recentvawakces in Compaction Equipment,
including "Intelligent Compaction”; Longitudinal il Density; and Incentives-Disincentives for
Construction Quality. Several relevant papers weveewed in detail from this workshop.

A paper by Scherocman (2006) reported some of ¢issiple causes for both stiff and
tender asphalt concrete mixtures and to discusstbhqwoperly compact each type of mix. To
properly densify Superpave mixtures, it is necgsgakeep the rollers directly behind the paver
in order to apply the compactive effort while thexns hot. Several different roller patterns can
be employed, but the most efficient roller pattuically uses a pneumatic tire roller for initial
compaction followed by a double drum vibratory eolfor intermediate, and often finish, rolling.
Some Superpave designed mixtures, however, aretgader and move under the compactive
effort of the rollers. These tender mixes shovéath the longitudinal and transverse direction
and often check or crack while being compactedr t€der mixtures, three temperature zones
typically exist--both an upper and a lower tempa®izone where density can be obtained and
an intermediate temperature zone where de-compactidhe mix occurs during the rolling
process. For tender mixes, it is necessary to #iee roller patterns in order to achieve the
required level of density in the upper temperatmee--before the mix starts to move and shove.
The use of two double-drum vibratory (DDV) rollevperated in echelon directly behind the
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paver is the most efficient and effective methoditbieve the desired level of density in such
mixtures.

Nose (2006) reported that to improve the efficien€gyhe compaction process for both
stiff and tender Superpave mixtures, use a vibyaporeumatic tire (VPT) roller developed by
Sakai Heavy Industries, Limited, in 2002. Theeolas been used on various types of paving
projects in the United States since the first pobidn unit was introduced in March 2003. For
the evaluations conducted on normal paving operstidghe VPT roller was used in the
intermediate rolling position after breakdown nagjiby a high-frequency double-drum vibratory
(DDV) roller. Based on the evaluation of resulitdaoned at San Francisco International Airport,
King City, California, and Traverse City, Michigathe following conclusions were reached.
First, the minimum required density of the pavemeras significantly exceeded with a
combination of a high-frequency DDV roller and aTBller. Second, a vibratory pneumatic
roller weighing only 20,580 Ib and making six rollgasses at medium amplitude achieved the
same level of density as a conventional static praic tire (SPT) roller weighing 60,000 Ib, or
nearly 3 times the weight, and making 12 rollerseas It is obvious that the VPT roller is more
versatile and efficient than a much heavier SPTerolThird, the density distribution measured
by cores cut from the pavement show that the demsiniddle or bottom portion is higher than
that in the top portion. It is believed that thendity in the top portion was lower due to
excessive compactive effort applied during breakdawlling when the pavement surface
temperature was relatively low.

Kearney (2006) evaluated oscillation technologyt thaes dual, opposed, eccentric
weights rotating in the same direction around tiiker drum axis to produce a rocking motion.
This rocking motion produces horizontal and dowrdvahear forces that achieve greater
compaction by "massaging” the HMA--even at lowex temperatures. Since the drum does not
leave the pavement surface or bounce like a comreitvibratory roller drum, the compacted
mat surface is smooth and flat and there is no danta utilities, buildings, or bridges.
Numerous tests have shown that oscillatory compaatan achieve higher densities with fewer
passes when compared to a vibratory roller. Pluspection is possible at lower temperatures
(down to 150°F).

Decker (2006) reported many agencies have spdaificaequirements which force the
contractor to discontinue paving operations at samhérary temperature or calendar date. Yet
pavements can be successfully placed at low tempes Public safety concerns often force
the owner-agency and contractor to complete pawp@gations at adverse climatic conditions.

Starry (2006) discussed three factors that inflegthe ability of a paving train to achieve
target density air void content on paving projecifiese factors are mix design, mix placement,
and the temperature of the hot mix asphalt durireg dompaction process. The temperature
factor is the one contractors are most likely t@sron paving jobs. The case of a contractor's
night paving job is highlighted to illustrate theaportance of temperature, mix delivery and
proper location of the compactors behind the paver.

El Halim et al. (2006) investigated the asphalt tiriategrated roller (AMIR), an
innovative compaction technology, offers a more@tfte alternative for overcoming problems
of steel drum rollers by reducing permeability amdturn, improving long-term performance of
flexible pavements. A multi-staged laboratory afield-testing program that measures
permeability in terms of hydraulic conductivity wasrformed on pavement sections constructed
using an AMIR side by side with a conventional kteer. Asphalt concrete layers compacted
by steel drum rollers were found, on average, tafpdo 20 times more permeable than those
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compacted by the AMIR immediately after constructiand as much as 10 times more
permeable after 1 year. The major steps leadirtgeainderstanding of how rolling affects the
permeability of asphalt layers and, consequerttly Jong-term performance of newly compacted
pavements are discussed and presented.

2.4 Density Models

Christensen and Bonaquist (2005) described a nfodektimating mixture rut resistance
using the concept of mixture resistivity, whichtle inverse of the permeability of the mixture
aggregate to the specific binder used in the maxatrthe temperature of interest. Laboratory
testing using the repeated shear at constant heghshowed very good correlations between
resistivity, compaction effort, and maximum permanshear strain as determined using the
repeated shear at constant height test. To vérdyusefulness of the proposed model field
rutting data from Mn/Road, WesTrack and the Nati@enter for Asphalt Technology (NCAT)
Test Track were modeled, using resistivity, N sebigin, and relative field density as predictor
variables. The resulting model predicted ruttinges for all three projects simultaneously with
an R-squared value of 89%. This model was useth#iyze the effects of changes in mixture
composition, binder grade, and compaction on rsistance, and also in a preliminary analysis
of the current Superpave mix design system. Thst mgportant factor affecting rut resistance
in HMA mixtures is binder grade, followed by aggaég fineness relative to voids in mineral
aggregates (VMA). This suggests that both VMA amgragate fineness should be tightly
controlled to ensure that a given mixture exhithts desired level of rut resistance.

Huh and Nam (2000) developed a closed formula entily density versus number of
roller passes (coverage). Variables considerede waympaction density, mix viscosity,
temperature, frequency, and amplitude, in additoothe number of roller passes. Their effects
are included in the proposed formula. The expantadedata found in the literature are used to
verify the equation. Excellent prediction of thaalaonfirms the success of the formulation. As
a result of this mathematical modeling, the minimaomber of passes required to finish a
certain compaction job and the maximum compacti@nsdy achievable by a certain
compaction operation are suggested. The equatidnta features will be an effective tool for
using rolling compaction in an effort to constrbetter roadway pavements.

Mahoney et al. (2000) researched a cyclic occugenic premature failure of open-
textured asphalt concrete (AC) pavement sectionsfabigue cracking, raveling, or both,
generally called "cyclic segregation” or "end-ohdbsegregation.” This resulted in an initial
study in which mat temperature differentials webseyved during laydown. In turn, this led to
the current study and the reported results. Panermmperature differentials result from
placement of a cooler portion of the hot-mix ma#® ithe mat. This cooler mass generally
constitutes the crust, which can develop duringrhiot transport from the mixing plant to the
job site. Placement of this cooler hot mix can gemvement areas near cessation temperature
that tend to resist proper compaction (they mag aldibit tearing or roughness or appear to be
open textured). These areas were observed todenreased densities and a higher percentage
of air voids (higher air voids). Four 1998 WSDQOavmg projects were examined to determine
the existence and extent of mat temperature diffexls and associated material characteristics.
An infrared camera was used to identify cooler ipog of the mat, which were then sampled
along with normal-temperature pavement sectionstad&@ion and asphalt content analysis
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showed no significant aggregate segregation withen cooler areas. However, these cooler
portions of the mat consistently showed highewaids than the surrounding pavement. On the
basis of numerous studies that have related AQidesgon and high air voids in a mix, it is
known that the areas of a mat with higher air vordsy experience premature failure compared
with the time to failure of the mat as a whole.

2.5 Washington DOT Studies (Variability in Mat Dersity)

Willoughby (2003) reported on research in Washingbtate to examine the systematic
occurrence and variability in pavement mat densitgmperature differentials of 25°F or greater
generally cannot be compacted to the same levétiodity as the surrounding mat and therefore
lead to significant density differentials (increaseair voids of 2% or more). A cyclic pattern
typically occurs, matching each delivered truckladdmix, although temperature differentials
can occur randomly or not at all, depending on rémixing device. The largest extent of
pavement is affected when no remixing occurs antpégature differentials develop for every
truckload of hot mix. These temperature differaistican cover the entire width and affect up to
50% of the mat. If the delivered hot mix is thagbly remixed before placement, temperature
differentials are minimal. Although density wildky in any paving operation, it was found that a
uniform temperature mat greatly increases thetgtii achieve a uniform density. Because of
this cyclic pattern of variable density, random pény for in-place density does not properly
identify or quantify this problem. It is recommeudthat temperature differential areas be
determined during construction and excluded froe tBindom sampling used for acceptance
testing. The issue of variable densities due toperature differences or aggregate segregation
should be identified and eliminated at the stathefproject.

Willoughby et al. (2002) examined temperature défeials in hot-mix asphalt paving
over four construction seasons. From those stutlwas found that low-density areas can be
caused by temperature differentials in the mat. e Budy summarized is based on an
examination of 17 projects during the 2000 Waslundbtate DOT paving season to determine
density differentials in the mat with a "densityofile.” A density profile is a series of density
readings taken in a longitudinal direction oversam (50-ft) section through a low-temperature
area. From this collection of density reading®g tlensity range (the difference between the
maximum and the minimum readings) and the densiyp ¢the difference between the average
and the minimum readings) are determined. Theityerage and drop are used to determine if
low-temperature areas result in inadequate conmpacfihe criteria set forth by the Washington
State DOT included temperature differentials gnedttan or equal to 14°C (25°F), a maximum
density range of 96 kg/cu m (6.0 Ib/cu ft), and axmmum density drop of 48 kg/cu m (3.0 Ib/cu
ft). Evaluation of the density profiles showedtthhdnen the temperature differential exceeded
14°C (25°F), 89% of the density profiles failedrieet the density criteria, but only 19% failed to
meet the density criteria when the temperatureewdfitial was less than 14°C (25°F). It was
found that pavements that experienced large termyerdifferentials during placement produced
substantial density differentials.

Willoughby et al. (2001) investigated what kind pfoblem the Washington State
Department of Transportation (WSDOT) experiences Wwot-mix paving, whether temperature
differentials or aggregate segregation or both,pbssible causes of those problems, and how
WSDOT can remedy the problem. The study found IW&DOT experiences temperature
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differentials on many projects and to some extggte@gate segregation (typically in longitudinal
streaks). The study also found that because matgrs are involved with paving operations,
no one single piece of equipment or operation gurantee that temperature differentials will
not occur, but that techniques can be utilizedfteed the effects of the temperature differentials.
The study utilized a density profile procedure fhiatvides a method of determining the effect of
the temperature differentials in the HMA mat onfpenance. It can locate potential areas of
low density, test those areas, and provide requits a nuclear asphalt content gauge) to
determine the extent of the problem. Density d#iféials are a primary concern in hot-mix
paving. If temperature differentials exist, bue thnished pavement has a uniform density of
93% or greater for dense-graded mixes, then themeant should attain acceptable performance
over its service life. The density profile procegldoes not guarantee a uniform mat density, but
it can be used as a quality control tool to hetpiata uniform density. This could be a major
step in achieving a higher quality hot-mix product.

2.6 Density and Permeability

Cooley et al. (2001) evaluated the density-perniigabelationship. Within the hot mix
asphalt (HMA) community, it is generally acceptbdttthe proper compaction of al for a stable
and durable pavement. Low in-place air voids Hasen shown to lead to rutting and shoving
while high in-place air voids have been shown tdupe a pavement's durability through
moisture damage and excessive oxidation of theadtspimder. Recent research has suggested
that coarse-graded Superpave designed mixes are pgomeable that conventionally designed
pavements at a given air void content. This higiegmeability can lead to durability problems.
The pavement density at which coarse-graded Superpaixes become permeable was
evaluated by using a using a field permeabilityicevOn the basis of the data collected, 9.5-
and 12.5-mm nominal maximum size (NMAS) mixturexdrae excessively permeable at
approximately 7.7% in-place air voids, which cop@sded to a field permeability value of 100 x
(10x-5) cm/sec. Mixtures having a 19.0-mm NMAS dree permeable at an in-place air void
content of 5.5% air voids which provided a fieldrrpeability value of 120 x (10x-5) cm/sec.
Coarse-graded mixes having an NMAS of 25.0-mm becpemmeable at 4.4% air voids, which
corresponded to a field permeability value of 1506x-5) cm/sec.

Cooley (2006) is conducting an on-going study foe tMississippi DOT (MDOT).
MDOT’s current lift thickness requirements for angle lift of HMA is based on nominal
maximum aggregate size (NMAS), with maximum lifickness limited to generally 4 times the
NMAS. Most current gravel sources in Mississipp a@roducing particle sizes that are in the
range of 37.5 to 50 mm. Once crushed to providendezled particle angularity for HMA, most
of the aggregate particles are less than 12.5-mmliameter. This means that the most rut
resistant mixes (mixtures containing the most amgagjgregates) have a relatively small NMAS.
Under the current Mississippi aggregate requiremetiie highest quality HMA mix used in
Mississippi, a 9.5-mm NMAS, cannot be used in 50-mithand fill overlay projects, and a high
quality 12.5-mm NMAS mix cannot be utilized in a.B7%r 75 mm upper binder layer. The
proposed research evaluates the use of 9.5-mm N&ABegate HMA in a 50-mm maximum
lift thickness and a 12.5-mm NMAS aggregate HMAair8-inch maximum lift thickness in a
total of 12 field projects. For each of these prtgehe compaction process will be monitored for
roller types and pavement temperature and pavemensity between roller passes. The
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collected data will be used to estimate the retat@bility to compact the lift and provide

information on whether the thicker lifts resultbetter density using a typical compactive effort.
Uniformity of compaction throughout the depth oétbompacted layer and the permeability of
the layer will also be addressed. Based upondkearch findings, MDOT would be provided
with the requisite information to modify the curtigrspecified lift thickness for for 9.5-mm and

12.5-mm NMAS HMA mixes.

2.7 Warm Mix Asphalt

A Virginia DOT study by Diefenderfer et al. (200&Yyaluated the installation of warm
mix asphalt (WMA) to compile experiences and offecommendations for future use. Three
trial sections were installed using warm mix tedbg@s between August and November of
2006. Two used the Sasobit technology, and thid #mployed the Evotherm technology. This
report discusses the material makeup of these ¢émiies and documents the production and
placement of the three trial sections. Trial seiwere initiated through cooperative efforts by
the Virginia Transportation Research Council; VDQdistricts, residencies, and area
headquarters; and participating contractors. QCocisbn used typical mixture designs and
practices so that performance under typical coostnu conditions could be evaluated. The
study showed that WMA can be successfully placedgusonventional HMA paving practices
and procedures with only minor modifications to@eout for the reduction in temperature. The
technologies evaluated affected mixture propertiesightly different ways such as changes in
tensile strength ratios and variability in air v@idAdditional monitoring of constructed sections
was recommended to evaluate long-term performaitcis. hypothesized that lower production
temperatures may increase mixture durability byicaty production aging of the mix. Benefits
to contractors may include the allowance for inseeh hauling distances, reduced plant
emissions, and cost savings due to reduced enesgy.cBecause of the experimental nature of
this study, no cost savings data are yet availdablgustify or refute the use of WMA
technologies.

Klaus (2003) described how asphalt flow improvershie form of Fischer-Tropsch wax
and Romontan wax have emerged successfully fromxtansive program of laboratory testing
and road trials to assess their suitability as fierdi for rolled asphalts and Guss asphalt. They
produce flow improvement effects in hot asphalt eésithat enable mixing temperatures to be
reduced by 20-40°C. Below the temperatures usddying and compaction, these materials
produce a stepwise increase in asphalt viscosity sdiffness. This results in a significant
improvement in the stability (resistance to defdiorg of the asphalt under operational
conditions of high ambient temperatures and heasffic. The data presented by Klaus
indicates low temperature properties are not agWeedfected. It is hypothesized that the higher
density achieved during compaction will greatly noye the performance of the asphalt over the
intended service life. The use of flow improvetsoashowed promise as a co-modifier with
polymer modified binders for German PMB 45 and PMB grades due to siginificant
improvements in mixture workability and compatityilbetween the polymer and asphalt. Based
on current practice, the recommended concentraifothese waxes is 3% by weight of the
binder. Until the end of 2002, about 3 million ageimeters of asphalt pavements would be laid
successfully in Germany.
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CHAPTER 3 DATA COLLECTION

3.1 Introduction

Six separate data sets were generated to meebjbetioes of the study, with four data
sets related to achieving field and lab compactsng two data sets for establishing long-term
density and permeability criteria.
Compaction Data

1. Field cores to adjust nuclear density readingsl&ta analysis.

2. Field density growth as roller passes are addedevthe temperature decreases and the
mat densifies.

3. Field permeability immediately after field compactiis completed and the mat has
cooled.

4. Lab loose mix compaction by controlling tradition@ld variables of pressure and
temperature.

Density and Permeability Criteria Data

1. As-built construction data that include Job Mix aifas, Running Average Calculation
Sheets, Density Reports, and permeability tesitsesu

2. Project referencing data that overlay constructiwoject stationing across Reference
Point / Sequence Number system.

3.2 Projects

During the summer 2007, field testing and loose-saxpling occurred on 22 unique
construction projects totaling 30 unique layerssasimarized in Table 3.1. On some projects,
only a single layer was tested, while on others bwahree layers were tested. Projects were
selected based on ESAL series, paving schedulecamperation with field staff. Effort was
made to collect data from E-3 and E-10 mixturegeioompaction is more difficult than E-1
mixtures. One E-30 mixture was tested, USH 41and=du Lac County.
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Table 3.1 Projects for Field Compaction Testing

Functional| Highway NMAS,  Design Coarse| Binder

Layer Class Number County mm ESAL Aggregate PG Grd Base
(€] 2 ®3) 4) ©)] (6) @) (8) )
1 USH 8 Oneida 125 E-3 Gravel 58-28 Milled AC
2 USH 18 lowa 125 E-3 Limestone 64-22 Pulverized AC
3 USH 18 lowa 19 E-3 Limestone 64-22 Pulverized A
4 USH 18 Milwaukee 125 E-3 Limestone 64-22 Milled AC
5 USH 18 Milwaukee 19 E-3 Limestone 64-22 Milled AC
6 STH 32 Racine 19 E-3 Limestone 64-22 CABC
7 STH 33 LaCrosse 19 E-1 Limestone 58-28 CABC
8 IH 39 Marquette 125 E-10 Gravel 58-28 Dowel PCC
9 IH 39 Portage 125 E-10 Gravel 58-28 Dowel PCC
10 USH 41 Fond du Lac 125 E-30 Limestone 64-22 Dowel PCC
11 STH a4 Fond du Lad 125 E-1 Limestone 58-28 Milled AC
12 USH 45 Langlade 125 E-3 Gravel 58-28 Milled AC
13 USH 53 Chippewa 125 E-10 Gravel 58-28 Rubb. PCC
14 USH 53 Chippewa 19 E-10 Gravel 58-28 Rubb. PCC
15 USH 53 Chippewa 25 E-10 Gravel 58-28 Rubb. PCC
16 USH 53 Trempealea 125 E-3 Limestone 64-22 Pulverized A
17 STH 32/57 Brown 125 E-3 Limestone 58-28 Milled AC
18 STH 59 Waukesha 19 E-3 Limestone 64-22 CABC
19 STH 60 Richland 125 E-1 Limestone 64-22 Pulverized AC
20 STH 60 Richland 19 E-1 Limestone 64-22 Pulverized A
21 STH 60 Washington 125 E-10 Gravel 64-28 Milled AC
22 STH 60 Washington 19 E-10 Gravel 64-28 Milled AC
23 STH 67 Waukesha 19 E-1 Limestone 58-28 CABC
24 STH 70 Vilas 125 E-1 Gravel 58-28 Milled AC
25 STH 77 Ashland 125 E-1 Gravel 58-28 Milled AC
26 STH 9 Waupaca 125 E-3 Limestone 58-28 Pulverized A
27 STH 153 Marathon 125 E-3 Gravel 58-28 Milled AC
28 STH 153 Marathon 19 E-3 Gravel 58-28 Milled AC
29 STH 181 Milwaukee 125 E-10 Limestone 64-22 CABC
30 STH 181 Milwaukee 19 E-10 Limestone 64-22 CABC

)

)

)




3.3 Density Testing

Twenty (20) test sites were randomly selected ah éayer for field compaction testing.
The reason for sampling 20 sites was to providealantce with statistical requirements and
available budget, while minimizing interference twdonstruction operations. Then, five (5) of
the 20 test sites were randomly selected for wated air permeability testing, and core
sampling. Figure 3.1 illustrates permeability itegtand nuclear density testing on the USH 41
project in Fond du Lac County.

Figure 3.1 Testing for Permeability and Density (3H 41 Fond du Lac County)

Nuclear readings of 15 seconds in duration werertddetween roller passes since there
was insufficient time to conduct a WisDOT standémhinute test. Effort was made to conduct
a minimum of 2 readings after each roller pass, ianghost cases this was possible. In a few
cases, only a single 15-second reading was possideto the roller reversing direction back
across the test site. Multiple readings takenr ateh roller pass were averaged. During the
final nuclear tests immediately prior to coringmanimum of three 15-second readings were
recorded and averaged. The 15-second readingugeorhore test error, however, with
approximately 2,100 unique tests after the rollasges across 30 layers, the test error can be
overcome by trends in the data.

Cores were tested at the UW-Madison lab using tbeelGk device. Contractor (&
values were collected to determine core densitgesisentage of theoretical maximum density.
Initially, 5 cores were planned per project, howetiee constraints of field testing under traffic
and other factors reduced the sample number tevas$ one. Cores were not sampled on STH
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60 in Richland County due to equipment failure, andSTH 60 in Washington County from a
decision by the WisDOT project staff to not alloariag in the surface layer.

Table 3.2 provides a comparison of core densiti#ls thre research nuclear density gauge
readings (CPN Model MC-3, Serial #M391105379) asrtde 30 layers. The difference in
average core densities and nuclear readings werktasadjust all nuclear readings for the data
analysis. Relative to cores, the nuclear gauggecifirom 4.4% higher density on the STH 70
project, and 3.0% lower on the STH 33 project. H 70 for example, all original nuclear
readings were reduced by 4.4% density. Compangas made with the project QC or QV
gauge; however, adjustments were only made todfresc

Table 3.2 Core and Nuclear Reading Comparison

Functiona] Hwy NMAS] Comparisgn Core Nuclea Medn  Std. Dev
Class |[Numbe| County mm Sites, n Density, % Density, po  Diff., po  of Dif¥6
€] 2 3 4 5 (6) @) 8 )
USH 8 [Oneida 12.5 1 91.7 90.6 1.1 0.00
USH 18 lowa 12.5 6 92.0 92.0 0.0 0.60
USH 18 lowa 19 5 92.7 93.3 -0.6 0.63
USH 18 Milwaukee 12.5 5 90.6 91.2 -0.6 0.81
USH 18 Milwaukee 19 1 90.3 87.7 2.6 0.00
STH 32 Racine 19 5 91.5 91.8 -0.2 0.42
STH 33 LaCrosse 19 4 91.5 88.6 3.0 1.172
IH 39 Marquette 12.5 5 87.9 91.0 -3.1 0.54
IH 39 Portage 12.5 5 90.1 89.8 0.3 0.65
USH 41 |Fonddulac| 12.5 5 91.5 91.7 -0.2 0.34
STH 44 | Fonddula¢ 12.5 4 90.8 91.3 -0.5 0.5
USH 45 Langlade 12.5 2 91.8 92.4 -0.6 0.47
USH 53 Chippewa 12.5 5 92.9 93.3 -0.3 1.2
USH 53 Chippewa 19 4 92.8 93.3 -0.4 1.68
USH 53 Chippewa 25 3 91.4 92.7 -1.3 1.70
USH 53 | Trempealealh 12.5 5 91.9 91.8 0.] 0.81
STH 32/57 Brown 12.5 4 90.9 91.1 -0.2 0.27
STH 59 Waukesha 19 5 91.2 92.3 -1.1 0.66
STH 60 Richland 12.5 0
STH 60 Richland 19 4 92.8 92.6 0.2 0.68
STH 60 Washington 12,5 0
STH 60 Washington 19 5 91.9 94.1 -2.2) 0.79
STH 67 Waukesha 19 5 94.0 95.7 -1.6 1.13
STH 70 Vilas 12.5 3 88.1 92.5 -4.4 0.88
STH 77 Ashland 12.5 2 89.7 92.4 -2.6 2.42
STH 96 Waupaca 12.5 5 91.3 91.2 0.1 0.44
STH 153 Marathon 12.5 3 93.1 91.8 1.3 0.09
STH 153 Marathon 19 2 93.4 91.9 1.5 0.43
STH 181 | Milwaukee 12.5 5 90.1 92.0 -1.8 2.11
STH 181 | Milwaukee 19 5 93.3 94.9 -1.7 0.65
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3.4 Water and Air Permeability Testing

After the pavement cooled, water and air permeghihsting occurred on five (5) of the
20 test site per layer. The reason for samplinly &nsites was the limited time to perform
testing under traffic and the available budgeegi bne layer per day.

The NCAT water permeameter was centered withirrebtangular base used for nuclear
density testing, sealant was applied to a rubbskejabetween the pavement and permeameter
base, and weights were added to prevent upliftefdrom the water head. The NCAT
permeameter was filled and the drop in water heigg recorded per unit time. Several trials
were conducted at each test site for repeatabilfiyrmation and to average the test results.
There were no leaks with the seal between the watemeameter and pavement, and all
mixtures were fine graded. Figure 3.2 illustrat@ger and air permeability testing on STH 60 in
Washington County.

Figure 3.2 Permeability Testing (STH 60 WashingtorCounty)

The ROMUS air permeameter was used to collect fteita comparative analysis with
the water permeameter on each of the 30 layers.pé&imeability testing was conducted after
water permeability testing, with test locationssetf 6 to 12 inches longitudinally to avoid the
wet pavement surface. The ROMUS device is basedhenfalling-head air permeameter
principle with one noted exception: a vacuum chanbesed to draw air through the pavement
as opposed to a pressurized chamber forcing airth pavement (Schmitt et al. 2007). While
fundamentally consistent with air flow measureseaflier devices, the vacuum chamber also
serves to enhance the seal between the devicédhammhvement surface. This is in contrast to a
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pressurized water permeameter chamber which mubalested to remain in contact with the
pavement surface.

The main components of the ROMUS air permeametdude a hand-operated grease
gun, base seal reservoir, vacuum chamber, autowedticum pump and valve, digital pressure
gauge, and digital display. To initiate testirigg bottom of the ROMUS device is first sealed to
the pavement surface by way of a grease seal. ddlarg grease is manually pumped through
the device or blotted into a recessed base ringtwivas sized to replicate the opening of the
NCAT water permeameter.

Once the device has been sealed to the pavemdateupressing of the start button
initiates a fully automated system that first cesat vacuum within the internal pressure
chamber. When the vacuum pressure reaches a whlapproximately 25 inches of water
(47mm Hg), effectively simulating the maximum hezdvater used with the NCAT device, a
valve automatically opens to allow air to be draWwough the pavement layer into the vacuum
chamber. For this research project, the ROMUS adewas programmed to record a single
timing increment, to the nearest millisecond, reprging a change in vacuum pressure
equivalent to 8 inches of water. This set-up satad a falling head water permeability test with
a head drop from 20 to 12 inches of water. Oneetdlst is complete, the timing increment is
displayed on a digital display for manual recorolati

3.5 Field Compaction Experimental Design

There are an abundance of variables that affecabiiggy to achieve density on a given
project. Many contractors and owners rely on pagterience to manage those variables
affecting field compaction, such as layer thickneggh difficultly orienting larger coarse
aggregate, lab air voids where lower values usuadid higher density, asphalt content where
higher concentration usually yields higher densdtyyount of fine aggregate, angularity of fine
aggregate, gyration design values, etc. Becaus® aohany variables, a roller test pattern is
established on a project-by-project basis by taatl error. However, the pattern becomes
quickly outdated when the variables change, mamylkaneously. The conditions on the given
day when establishing a roller pattern can paytiahhange later in the day, and/or on the
following days. The most straight-forward correetiaction is to re-establish a new rolling
pattern. Table 3.3 highlights some of the chanlgascan occur within a few project stations, or
among paving days.
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Table 3.3 Sample of Variable Changes during Fiel@ompaction

Variable Sample of Potential Changes
_ (1) 2)
Material Properties * Asphalt content% and viscosity

* Air voids
» Gradation, relative ratio of coarse to fine.
« FAA

Layer Thickness e Can change randomly throughout the paving day

« Uneven base profile when paving first layer.

» Wedging for slope correction

» Wedging for superelevation correction

» Horizontal curve runout

» Pavement structures — manholes, valve shutoffs, etc

* Any miscellaneous screed setting corrections, yibkhges, etc.
* Matching centerline joint — possibility of straddii fresh mat

» Joint type — Michigan or vertical

NMAS e 19mm lower layer and 12.5mm surface layer
»  Thickness-to-NMAS ratio
Base Type  PCC and associated k-value

* Rubblized PCC

» Milled or Pulverized HMA

« CABC

« Any combination of the above within a few stations
»  Soil Support Value

Mat Temperature e 275,223, 211, 188, 151 °F, etc.

» Varying by 20 °F just a few feet between test sites
* Ambient air temperature

* Wind speed

Roller Type » Breakdown - vibratory on or off, width, contact psare

* Pneumatic — tire width, inflation pressure, conf@etssure

»  Finish — vibratory on or off, width, contact pressu

»  Weight of steel rollers changing with water redoiati

» Vibratory setting, amplitude, frequency, oscillaties vertical
» Mat overlap with tandem breakdown rollers

Roller Operator »  Speed variability

e Passoverlap

» Preferred number of passes

» Adjoining traffic and ability to compact centerlijent
» V-pattern to change direction

The list in this table is not comprehensive asdlee many other variables that can be
added, along with changes in their individual cheeastics. It is hoped that research in
intelligent compaction will capture many of theswiables and measure their relative effect on
achieving density. Since the ability to accuratelgasure all variables can be a daunting task,
focus was placed upon those variables that can &ssuned and managed during a typical
paving operation in alignment with the study ohijezs.

A new approach was investigated by creating artthtgea key variable that measures the
relative increase in density during roller compacti Previous studies have used the traditional
density value in their investigations, such as 92.82.1%, etc., however, this new approach
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assesses the relative densification growth undegated roller passes as the pavement cools.
This variable, named “Density Delta”, measures thktive increase in density between
successive roller passes, as shown by Equation 3.1.

Density Delta = Density Roller PassDensity Roller Pass (3.1)

Where,
Density Roller Pags= Density after Roller Pass j, %;
Density Roller Pags= Density after Roller Pass i, %;
i <j;and
i and j are integer values.

Density Delta is a random variable that respondsmdependent variables presented in
Table 3.3, as well as others that have not beanatebr measured. It is treated as a dependent
variable, and simply reacts to forces and charsties of the HMA and paving operation, along
with their interactive effects. The goal is t@e®e as much “Density Delta” as possible from
the field effort, so that specified density thrdslsoare met, such as 91.0%, 91.5% or 92.0%.
The goal of the contactor is to maximize Densityt®so that the requisite density is met, while
minimizing the input effort and resources. Theseconsiderable effort and money resources
spent compacting the pavement, such as $80 to $ff)/la typical roller plus operator. This
unit cost multiplied by the number of hours speoimpacting (and associated job overhead,
traffic control, supervision, etc.) can lead toealrcost around $5/ton for the paving train (minus
trucks). It is equally the goal of the owner tovéghe contractor achieve density, so that a
durable, long-lasting pavement is constructedaddition, rapid construction reduces risk levels
of accidents and impediments to the traveling ubli

Table 3.4 presents the variables measured duriagfighd portion of the study and
supporting notes. Based on an evaluation of th& elaumerated in this table, only certain data
were retained for the analysis. Those data areritbesl in Table 3.5, along with rationale for
retaining or removing the variable from the anaysi
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Table 3.4 Variables Measured during Field Compactin of 30 Layers

Variable Sample Data Notes
) 2 3)

PG 58, 64 Three PG grades were identified: 58-28% and 64-28

Gyration 60, 75, 100 E-1, E-3, and E-10 mixes vtested, along with a single E-30
mix on USH-41, so gyrations ranged from 60 to 100.

Thickness 73mm, 66mm, etc. Layer thickness wasrdecbfrom cores and averaged.

NMAS 12.5mm, 19mm Only two stone sizes were encreat

ThkNMAS 3.1,4.3,4.8 Computed from the ratio ofdathickness and NMAS.

Mix Properties

Air Voids, VMA, VFA,
gradation, etc.

It was not possible to assign the specific mix peeperties to the
tested layer segment, due to the uncertainty ofrtiek/mix
sample location with respect to the field test kitations.
This data is currently being collected from WisD&&gional
Offices and incomplete for analysis.

Source

Granite, Limestone

Two coarse aggregatesswere encountered; No granite
sources tested.

Base

Rigid, Flexible

Rigid included undisturbed P@aels and rubblized PCC;
Flexible included milled, pulverized, CABC, and ypiausly
paved HMA layers.

Sites

10, 20

There were 20 randomly selected itest ger layer, with 15-
second nuclear readings taken after each or evbey mller
pass. Multiple readings were averaged. Time caims$ limited
testing on STH 153 Stratford to 10 sites per layer.

Temperature

278,222,174,135F

Readings werededdrom behind the screed until completig
of finish rolling with a heat gun. The contrac®heat gun
readings and research heat gun readings were almithia 5F.

Passes

2,4,3,1

A grouping of passes betweenarudénsity tests. In most
cases, readings were collected after 2 passessatest site.

TotalPasses

2,5,8,11, 14, 16

Total number ofutatie passes applied a specific test site.
This measure provides an indication of relativergpapplied to
a given location on the pavement.

Roller Breakdown, Pneumatic, | All projects had both a breakdown and finish roll&bout half
Finish of the projects had a pneumatic roller (generaiiher ESAL

pavements, such as E-3 and E-10).

Vibratory On or Off Only measured with steel druoliers — breakdown and finish.

Density 89.1%, 92% Random dependent variable iporese to several input
variables, such as roller type, temp, material prigs, etc.

DensDelta 2.3% (92.4% minus 90.1%) Density De@an also be referred to as density growth.
Random variable that responds to independent yasab

Dens96 4.2% (96.0% minus 91.6%) Difference betwasstnal density after successive roller passe

and 96% Gmm. This measure provides a relativeedegf
compaction to an upper threshold of 96% Gmm. Tded ghen
designing an asphalt mixture is to achieve 96% Gtuaring the
service life, where the addition of as-built depsind traffic
loading are estimated to achieve the target 96% Gémalue
of 4% air voids during the service life is thougtproduce a

long-lasting, durable pavement.
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Table 3.5 Variables Analyzed for Field Compaction

Variable Retained Rationale or Research Question
for
Analysis
1) 2) 3)

PG Yes Understand the effect of asphalt grade aoaifileation, leading to experimental
design for Warm Mix research.

Temp Yes How does mat temperature affect densificat

Passes Yes What is effect of a group of passegasitg growth?

TotalPasses Yes What is effect of total passesegbfd a given test site?

Roller Yes What is relative effect of BreakdowngeBmatic, and Finish rollers?

Vib Yes What is effect of vibratory setting (onaff) on densification?

DensDelta Yes Key dependent variable in this resear

Dens96 Yes What is ability to densify the pavenanit approaches 96% of the Gmm
value? Anecdotally speaking, it should be morédiift to increase density as
this value is approached.

Gyration No Cannot be controlled on a typical project.

Thick No This would have reduced the allowable data forymisby about 75% since
only 5 cores were sampled from 20 test sites. aMeeage core thickness could
be averaged for a layer, but applying one valubédayer during analysis
would have confounded whether the thickness haeffant, or whether the
project as a whole had an effect. Thus, it wasored.

NMAS No This variable cannot be controlled for a given faye a given day.

ThkNMAS No | This variable can be controlled for a given layeraogiven day; however, is
generally constant based on structural layer degagprmix formulas,
specifications, yield limits, etc.

Mix No It was not possible to assign the specific mix pgeperties (3 to 4 per day) to

Properties the tested layer segment,since properties charntheawvai day’s production.

Source No | This variable is seldom changed on a project.

Base No On several projects the base changed within a giroje

Sites No Sites were randomly located, so no assignmenti®@fHriable.

Density No Important measure, but Delta Density chosen asrabge variable in this

study. Also, the difference between actual deresity 96% Gmm is measured
as an alternative measure, and having both actela$iy and difference with
96% of Gmm would have created a 100% collineaticeiahip and invalidated
the statistical models.
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A sample of the data used during analysis aretiitesd Figure 3.3. This figure helps
understand how the data were managed, namely tha Density (designated ‘densdelta’ for
programming code) and density difference from 96%n& (‘dens96’). ‘Pass’ is a group of
passes between nuclear density tests, ‘Roller’ nsiralicator for roller type (O=paver;
1=breakdown steel drum; 2=pneumatic; 3=finish st#am), ‘Vib’ is vibratory setting (0=off;
1=o0n).

Project PG Gyration Site Temp Pass TotalPass Roller Vib Density DensDelta Dens96
8 58 7% 1 275 0 0 0 0 81.1. .
8 58 75 1 256 2 2 1 1 90.5 9.4 55
8 58 7% 1 134 2 4 3 0 91.3 0.8 4.7
8 58 7% 2 275 0 0 0 0 81.1. .
8 58 7 2 247 2 2 1 1 90.8 9.7 5.3
8 58 7% 2 137 2 4 3 0 91.4 0.6 4.6
8 58 7% 3 275 0 0 0 0 81.1. .
8 58 75 3 255 2 2 1 1 90.6 9.5 5.4
8 58 7% 3 137 2 4 3 0 90.2 -0.4 5.8
8 58 7% 4 275 0 0 0 0 81.1. .
8 58 75 4 253 2 2 1 1 92.2 11.1 3.8
8 58 7% 4 137 2 4 3 0 92.5 0.3 35
8 58 7% 5 275 0 0 0 0 81.1. .
8 58 75 5 260 2 2 1 1 89.7 8.6 6.3
8 58 75 5 131 1 3 3 0 90.7 1.0 5.3
8 58 75 5 130 1 4 3 0 90.9 0.2 5.1

Figure 3.3 Sample Data for Field Compaction Analyis

3.6 Lab Compaction Experimental Design

A total of 20 layers of loose mix were compactedhat UW-Madison Lab. Because of
time and budget constraints, it was not possibtedball 30 layers in the lab. By ESAL series, 4
layers tested were E-1, and 8 layers each werediést E-3 and E-10. Table 3.6 provides the
layers and associated attributes.

A factorial design was used to understand attribirtdab compaction. Initially, only E-3
and E-10 samples were considered for the analysisever, E-1 samples were added for future
Warm Mix Asphalt research. This created 3 levatsppposed to 2 levels, for total number of
design gyrations. Each of the loose mix sample® wested at three temperatures: 120°C, 90°C,
and 60°C (248°F, 194°F, and 140°F); two press6f$skPa and 300 kPa. During the analysis,
temperatures were analyzed in °F to normalize fstd compaction data. Binder viscosity data
were not readily available, so high-temperaturer®hgs were used as a surrogate measure for
viscosity. Table 3.7 provides the levels of eaghable for analysis of lab compaction data.
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Table 3.6 Lab Compaction Layers

Layer Project Design Coarse NMA'ﬁ, Bindr

Number Name | Project I.D County ESALS Aggregdte m Grade
(1) (2) 3) Q) () (6) () (8)
1 USH 8 1590-12-6Q Oneida E-3 Gravel 12.p 58-p8
5 USH 18 | 2200-10-7Q Milwauked E-3 Limestond 19 64-p2
6 STH 32 | 3240-05-71 Racine E-3 Limestong 14 64422
7 STH 33 | 5121-09-71 LaCrosse E-1 Limestong 19 58;28
8 IH 39 1166-04-80| Marquette E-10 Gravel 12.p 58-p8
9 IH 39 1166-04-76| Portage E-10 Gravel 12.p 5828
10 USH 41 | 2120-06-71 Fond du Lac E-30 Limestone 135 64-22
11 STH 44 | 6090-00-7¢ Fond du Uac E-1 Limestong 125 5828
12 USH 45 | 9847-03-6(0 Langlade E-3 Gravel 125 58128
13 USH 53 | 1191-09-74 Chippewal E-10 Gravel 1245 58128
14 USH 53 | 1191-09-74 Chippewal E-10 Gravel 14 58428
15 USH 53 | 1191-09-74 Chippewal E-10 Gravel 24 58428
18 STH59 | 2230-01-70 Waukesha E-3 Limestone 1p 6422
19 STH 60 | 5190-06-71 Richland E-1 Limestong 125 58128
21 STH 60 | 2310-02-6Q Washingtgn E-10 Gravel 1215 64122
25 STH 77 | 9260-03-71 Ashland E-1 Gravel 12.p 58-p8
26 STH 96 | 1510-01-73 Waupaca E-3 Limestonge 125 5828
27 STH 153 6370-01-60 Marathon E-3 Gravel 125 58128
28 STH 153 6370-01-6Q Marathon E-3 Gravel 19 588
30 STH 181] 2140-08-71 Milwaukeg E-10 Limestong 19 64422

Table 3.7 Lab Compaction Variables and Levels
Variable Nam Variable Level
) (2)

Binder Performance Grade, High Temperatur 58, 6¢
NMAS, mrr 125,19, 2
Coarse Aggregate Sou 1=Gravel, 2=Limestor
Gyrations to Nde 60, 75, 10
Gyratory Pressure, k 300, 60!
Compaction Temperature, °F (°F used for f 140, 194, 24
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3.7 Density and Permeability Criteria

During Phase | of this research (Schmitt et al.720@ was shown that pavements with
higher as-built densities tend to exhibit betterffqrenance as measured by the change in PDI per
year. Higher as-built densities result in lessnpmble pavements, and water permeability
increases in a non-linear fashion with increasiagement deterioration. However, based on
limited data, it was not possible to establishrmléfie criteria for permeability and density.

A work plan was proposed for Phase Il researchyuded as a component of this project,
to produce performance models that will establiplecdic criteria. The Phase | report
recommended that a long-term study be conducted fperiod of at least 5 years. As-built
construction data were to be collected on projéutsughout the state having varying density
requirements, then performance data are collected naonitored every other year until the
pavement reaches 4-5 years of age.

This project created the data set, as describeGhiapter 7, where a single database
system modeled after the Meta-Manager system wolileh pavement performance. It consists
of individual data sets for 29 construction pragepived in 2007. Air and water permeability
were measured on the surface layer of 15 of thetoaction projects, where initial air and water
permeability will begin. A stand-alone spreadshietis included with this report to be used in
performance modeling after several years from 0@/ Zonstruction season.
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Chapter 4 Field Compaction Data Analysis

4.1 Statistical Modeling Approach

Several statistical methods were used during thiglyais, with Density Delta the
dependent variable. Traditional statistical testse used as well, and the reader is encouraged
to consult statistical textbooks for descriptions.

Two primary modeling methods were used to expldre key relationship between
achieving gains in density with numerous projeataldes. The first method was traditional
multiple regression (REG) models, using both fodvaelection and backward elimination
techniques to test variables in the trial modelsp-value cutoff of 0.10 was specified since the
“noise” in construction data and nuclear densitgtitgy error may inadvertently drop a
marginally significant variable when the p-valugust beyond a traditional 0.05 cutoff value.

The second modeling method was generalized linealeta (GLM). The key distinction
between these approaches is that the GLM procdiastdinds the mean of the data, then the
function; while the REG procedure first finds thndtion, then the mean. During the analysis,
the advantages of using GLM were realized. Thedtggctive was to understand what variables
provide an increase in the mean Delta Density,thadsLM output naturally provides this mean
in the function. In addition, the GLM procedureshiae ability to test the significance of a
variable when entered last into the model usingeTilp Sum of Squares, while regression
computes the Sum of Squares in the specified nadek using Type Il SS. Both methods were
used at the start of the analysis, then only GLMmdyuthe latter portion of the analysis.

4.2 Project-by-Project Regression

Multiple regression models were computed for eaththe 30 layers, with model
coefficients provided in Table 4.1. All model chakEnts retained were significant at the 0.10
level. The R-squared value and Cp statistic ase aported. A high R-squared value indicates
the ability to assign variability to the model paters, while the Cp is an indicator of model
misspecification. When the Cp is much larger ttiennumber of model parameters, it is usually
a good indicator of model underspecification.sltecommended that a model be selected having
Cp less than the number of model parameters, éwamrgh the parameters meet a significance
level of 0.10, 0.05, or less.
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Table 4.1 Project-by-Project Multiple Regression Mdels

Layer #| Projec County Model [NMAS,| n | Intercep Temp| Total Roller] Vib |Dens9¢ Rsquafe Cp
Name Selection| mm Passe

(1) (2) (3) (4) (5) | (6) (7) (8) 9) [ o @anf @2 4] (a5

1 USH 8 | Oneida Both 12|15 17 -10.474  0.947 1/580 6.700 95 732

2 USH 18 | lowa Both 125 {7 -23.642 0.147 3.p20 799 4|88

3 USH 18 | lowa Both 9 g0 -32.3p3 0.166 -0.344 4)301 2026 0A.686.5 6.00

4 USH 18 | Milwaukee | BW 129 64 2.058 0.041 -0.8p3 -0.466 60 2.17
USH 18 | Milwaukee |FW 129 64 -8.43p  0.085 53.7 9.68

5 USH 18 | Milwaukee | SAME 19 10 -13.22 0.0p9 1.ds6 1.449 47145.55

6 STH 32 | Racine SAME 19 7B -8.399 0.0p1 50. 1.06

7 STH 33 | LaCrosse back 19 |65 -9.981 0)078 -0}697 1.553 H0.043 4.
STH 33 | LaCrosse forward L9 b5 -6.456  0.p62 446 7{14

8 IH 39 Marquette Both 12.5 91 -13.978 0.095 0.6B7 65.( 0.45

9 IH 39 Portage Both 12|15 8 -7.480 0.059 73|7 0.p3

10 |USH 41| Fond du Lag Both 126 12 5.907 -0.715 3.017 -0.4233.8 2.49

11 |STH 44 | Fond du La¢ Both 125 |46 12.813 0J038 -11481 0.62.094 -0.75p 91.4 6.00

12 |USH 45| Langlade Both 145 @B1  -7464 0.p93 -0|628 93.8 3.04

13 |USH 53| Chippewa | Both 145 B9 14.406 -0832 -3]441 4.11159D 92.5 4.08

14 |USH 53| Chippewa | Both | 9 B6  -3.343  0.p41 -1{732 2,868 6B.1.49 4

15 |USH 53| Chippewa | Both 13 /5  -0.433 0.p39 -0{663 4669 8).281.6 6.09

16 |USH 53| Trempealeau Both 1p5 |83 -23B318 0{106 -(.767 0p.42.734 -0.26[L 56.7 6.00

17 |STH Brown Both 125 10 -10.185 0.063 -0.341 1..97 1|069 699 944

18 |STH 59 | Waukesha | Both P g2 1894 0.061 -1.907 1.B82 -0{5281..6 4.13

19 |STH 60 | Richland Both 125 b5 -32.426  0.[141 3]709 5H.266 0 6pB. 6.31

20 |STH 60 | Richland Both 19 b7 -44.498 0.p37 -1[824 6587 54.177.3 5.00

21 |STH 60 | Washington| Both 12p g9 -17.711 0.116 -0.193 1592.1284 -0.67L 81.6 6.00

22 |STH 60 | Washington| Both 19 8p -7.9¢8 0.0p9 54.9 0.20

23 |STH 67 | Waukesha | Both 19 101  -4.623 0J046 -0.758 3p.7 4.75

24 |STH 70 | Vilas Both 125 49 0.7p6  0.466 -2.945 820 2)03

25 |STH 77 | Ashland Both 125 b5 -7.27 0.959 -1J075 3469 8.10.961 81.4 6.00

26 |STH 96 | Waupaca Both 12.5 56 -23.044 0J142 -11.759 $.571 0541. 90.5 5.00

27 |STH 153 Marathon Both 145 P8 4954 0.p49 0]709 -4.023 699). 96.6 4.05

28 |STH 153 Marathon Both | 9 b6 30./07 -0.p51 -1{004 -3.494 979 97.2 4.00

29 |STH 181 Milwaukee | Both 126 6P -3.212 0.0p1 -0.474 -0.1783.1 5.59

30 |STH 181 Milwaukee | Both 19 10B -12.343 0.1j13 -0.839 75)9 70

Bold indicates PG64 asphalt binder
Both indicates both Forward Selection and Backvinaination selected the same model
BW = Backward Elimination model
FW = Forward Selection model

Models from each project provide valuable insigitthose factors thought to influence

increases in density. First, the positive tempeeatoefficients in Column 8 indicate that higher
temperatures yield greater increases in densigco®lly, total passes has a negative coefficient,
indicating that the ability to achieve more densligninishes as the number of passes is added.
Another interesting finding is that a third of thejects did not successfully model total passes.
Roller type (1=Breakdown, 2=Pneumatic, 3=Finishyeh@ computed blend of positive and
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negative coefficients, suggesting inconsistenagansity gains by roller type on a given project.
Vibratory setting (0=OFF, 1=0ON) have positive caaénts, indicating that an ON setting yields
greater Density Delta. As the density approaché® ¥&mm, the density gain decreases,
depicted by the negative coefficient. Finally, ReSquared values are fairly high, with several
layers having 90% values. However, Cp statistigggest that the models may be misspecified
since many are at or above the number of modelnpaeteas. No diagnostic checks were
performed on the models to validate their accurdlgy simply provide a representation of
potential factors and their relative effects.

Based on the models above, the following prelimyranclusions can be reached:

» Higher temperatures yield greater increases initfens

* Roller type has an inconsistent effect across geaf projects.

» Vibratory ON setting yields greater density incesas

* As the density approaches 96% Gmm, the densitydgireases.

* No discernible trend could be found for PG grade

4.3 GLM Full Model

The next phase of analysis involves GLM, where rtfean density gain is calculated,
then Sum of Squares assigned to the variablesptaiaxvariation in the mean. As discussed
earlier, Type Il SS were used to determine sigaiice. All layers were placed in the model to
strengthen the analysis. Indicator variables weeated for PG grade (58 or 64), Roller (1,2, or
3), and vibratory (ON or OFF). Figure 4.1 providles GLM output for 2,125 tests.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 8 18953.92528 23 69.24066 407.80 <.0001
Error 2116 12293.70482 5.80988
Corrected Total 2124 31247.63010
R-Square Coeff Var Root MSE densdelta M ean
0.606572  75.71150 2.410369 3.183 624
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 81.148462 8 1.148462 13.97 0.0002
roller 2 822546597 41 1.273298 70.79 <.0001
vib 1 152.231060 15 2.231060 26.20 <.0001
temp 1 2347.334350 234 7.334350 404.02 <.0001
passes 1 1138.305670 113 8.305670 195.93 <.0001
totalpasses 1 917.943837 91 7.943837 158.00 <.0001
dens96 1 232.966723 23 2.966723 40.10 <.0001

Figure 4.1 GLM Output for Full Model

The interesting finding is that all variables wergnificant in explaining a portion of the
density change. Temperature and number of passesnalated the greatest sum of squares.
The model R-square = 60.6%, leaving 40% of theadity unexplained (from testing error, lab
air voids, AC%, base rigidity, etc.).

The average density gain was 3.2% density, howekes,is not representative of successive
roller passes. The growth from screed to the fiests of the breakdown roller was about 8% (for
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example, 80% after the screed then to 88% aftexrs2qs). When all tests are taken into account,
including latter breakdown rolling, intermediatebber-tired rolling, and finish rollers, the
average was computed at 3.2%.

The greatest factors affecting density gain in grds measured by the Type Il SS, were
mat temperature, number of passes, roller typeakioieevn, rubber-tired, and finish), density
approaching 96% Gmm, vibratory setting, and PGerad

Interactions were then investigated. Three-way langer interactions are difficult to
interpret, so only the 2-way interactions were ukeld in the model. Figure 4.2 provides the
output. Insignificant interactions are italicizexoffset from those that are significant. Dens96
main effect is insignificant, but is retained sinbe interactions are significant.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 35 26104.63025 7 45.84658 302.95 <.0001
Error 2089 5142.99985 2.46194
Corrected Total 2124 31247.63010
R-Square Coeff Var Root MSE densdelta M ean
0.835412  49.28529  1.569058 3.183 624
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 13.4112126 13 4112126  5.45 0.0197
roller 2 120.0494735 60 .0247367 24.38 <.0001
pg*roller 2 27.1895488 13 5947744 552 0.0041
vib 1 7.2652358 7 .2652358 2.95 0.0860
pg*vib 1 5. 2392802 5. 2392802 2.13 0. 1448
roller*vib 2 10. 2213789 5. 1106895 2.08 0. 1257
temp 1 127.8608258 127 .8608258 51.93 <.0001
temp*pg 1 39.4057922 39 4057922 16.01 <.0001
temp*roller 2 17.9055302 8 9527651  3.64 0.0265
tenp*vi b 1 4.9748363 4.9748363 2.02 0. 1553
passes 1 323647214 32 .3647214 13.15 0.0003
passes*pg 1 7.2601587 7 .2601587  2.95 0.0861
passes*roller 2 380.6719757 190 .3359879 77.31 <.0001
passes*vib 1 3. 3099040 3. 3099040 1.34 0.2464
temp*passes 1 185.3055978 185 3055978  75.27 <.0001
totalpasses 1 4446241385 444 .6241385 180.60 <.0001
totalpasses*pg 1 15.9233319 15 9233319 6.47 0.0111
totalpasses*roller 2 771.6062200 385 .8031100 156.71 <.0001
t ot al passes*vi b 1 1. 6079617 1. 6079617 0. 65 0.4191
temp*totalpasses 1 735.0260667 735 .0260667 298.56 <.0001
passes*totalpasses 1 11.8518588 11 .8518588 4.81 0.0283
dens96 1 27640680 2 .7640680 1.12 0.2895
dens96*pg 1 8.9914674 8 .9914674  3.65 0.0561
dens96*roller 2 151.9147797 75 9573899 30.85 <.0001
dens96*vi b 1 0. 2759935 0. 2759935 0.11 0.7378
temp*dens96 1 8.0521375 8 .0521375  3.27 0.0707
passes*dens96 1 6.8580093 6 .8580093 2.79 0.0953
totalpasses*dens96 1 121.5884229 121 5884229 49.39 <.0001

Figure 4.2 GLM Output for Full Model including 2-w ay Interactions

Aside from the main effects identified earlier, sl interactions collected a relatively
high sum of squares. Passes*Roller and Totalpdeksr were most likely significant since
the finish roller records a higher number of curtiuka passes. Totalpasses*Temperature
indicates that as total passes increases, tempemégreases. From the top of the model list,
there is a relationship between PG and roller {fpis will be investigated later on a roller-by-
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roller basis). Temp*PG is difficult to interprets measured binder viscosity from the projects
was not available. Dens96*Roller would be the kdeavn roller compacting at levels further
from 96% Gmm, and the finish roller compacting a&vels closer to 96% Gmm.
Totalpasses*Dens96 is simply a total cumulative peinof passes are recorded as the density
approaches 96% Gmm.

To help further understand the main effects andrautions, plots were prepared in
Figures 4.3 through 4.8, and mean differences vested in Figure 4.9 through 4.11.

The test of mean differences in Figures 4.9 throdigli used least squares means, or
what are called adjusted means. They are diffdient the pure arithmetic mean found at the
top of the output. The least squares mean tespames the means of the subsets, and in this
application, the means of the independent variables

Based on the GLM output, plots, and tests for medierences, the following were
observed:

* Breakdown roller had the greatest density increéSiggires 4.3 and 4.4), however, the
test of least squares means (Figure 4.9) foundtatcstical difference at the 5% level
with the pneumatic roller. This is because, orrage, the breakdown had an increase of
approximately 6% per measurable pass, but the atdrdeviation was equally high at
4%. This was caused from high initial compactiontbe first passes, and less on the
subsequent passes. The pneumatic roller had a smaher mean increase of 1%, but
the standard deviation was also much smaller atidéicating more consistent growth.
Thus, when considering the covariate of the meanttfe breakdown and pneumatic
rollers, no mean difference was detected.

* Negative values for Delta Density in the figuresswviae result of testing error with the
nuclear gauge, or the reduction in density fronpldisement during final rolling (or a
combination of both).

» Temperature has an effect on density with the gstatensity gains made above 170°F
with the breakdown roller. Density gains are ploleswith temperatures as low as 120°F,
but there was negative scatter as well (from tgstimor and/or shoving).
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Figure 4.3 Delta Density and Temperature by RolleType
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Plot of densdelta*roller. Legend: A= 1 ob s, B =2 aobs, etc.
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Figure 4.4 Delta Density and Roller Type
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Plot of densdelta*temp. Symbol is v

densdelta |

I
16 +

[N

-
- O ~—— >
+ +

R R - S N S S - Y - 2
+ + + + + + I

_ 4
+

o Ul

aagga

5 6
6 56
556556
6 6656
6 565656 66
55 666655666
5 56556665555
6 5555656655655
5 556565555665555
5 55555556665555
55 55655555656555
5 55565555555665555
655665555555556
556655555665555
5 555555655665566
55 566 5
655 65
56

+

o

+ + +.
t t 1

50 100 150

temp

alue of pg.

5
565
55
565
5556 5555
66 555 5
5555655 65
5 55555 565655 5
5 66 5656555556
5 5555555556
555555 5555555
56 65555555555555 6
5 556565565 56
55 55566555556
6 5 55 66556565556
6 5556555555 6
6 56666556 5
56 565555665
5 55565665666666
555 666 656 6

65 5665666
6 5 555666
65 56566 6
5 55665556 6
5 6 565556
55 5 65
55 56556 656
666 5 566

66 5 566 56555
6 6 5666555 65
65565655665665
55556566656555 5
555555555565 5
6556556555555
556566655556
6555655665665
65566565655
655 6566 55

65 666

55 6

6 66

200 250 300

Figure 4.5 Delta Density and Temperature by PG Grde




Plot of densdelta*dens96. Legend: A =1 ob
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Figure 4.6 Delta Density and range to 96% Gmm
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Plot of densdelta*dens96. Symbol is va
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Level of --------- densdelta--------- temp
pg N Mean Std Dev Mean Std Dev

58 1393 3.36389088 3.99282885 1 82.692904 42.4691585
64 732 2.84057377 3.49398642 1 81.815574  39.4673167
Level of passes - e totalpasses--------

Pg N Mean Std Dev Mean Std Dev

58 1393 1.74084709 1.05640010 4 .09978464 2.74975573
64 732 1.67486339 0.89122296 4 .63251366 2.81245670
Level of ----moomeee- dens96-----------

pg N Mean Std Dev

58 1393 5.34989232 2.24349675
64 732 5.46762295 2.30267871

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

HO:LSMeanl=
densdelta LSMean2
pg LSMEAN Pr > |t
58 2.38068276 0.0287
64  2.16401237

Figure 4.9 Comparison of Means by PG Grade

Level of densdelta: temp

roller N Mean Std Dev Mean Std Dev

1 955 595193717 4.14267608 21 6.845251 28.2577986
2 317 1.07539432 1.25351162 17 9.214511  27.2331363
3 853 0.86776084 1.12395148 14 4996483 19.4971705
Level of passes e ----totalpasses--------
roller N Mean Std Dev Mean Std Dev

1 955 1.47015707 0.56625908 2. 26910995 1.29902348
2 317 2.68138801 1.67711720 5. 54258675 2.25626770
3 853 1.63774912 0.82725327 6. 07033998 2.68095780
Level of dens96

roller N Mean Std Dev

1 955 6.48816754 2.17066305
2 317 4.92807571 1.74012596
3 853  4.33329426 1.95766654

Least Squares Means for effect roller
Pr > |t| for HO: LSMean(i)=LSMean(j)

Dependent Variable: densdelta

i 1 2 3
1 0.2375  0.6746
2 0.2375 0.0207
3 06746  0.0207

Figure 4.10 Comparison of Means by Roller Type

47




Level of --------- densdelta---------  --- temp

vib N Mean Std Dev Mean Std Dev

0 650 0.78384615 1.13698191 1 60.450769 30.1277436
1 1475 4.24115254 411962837 1 92.059129 42.0782006
Level of passes — e totalpasses--------

vib N Mean Std Dev Mean Std Dev

0 650 2.10000000 1.40793481 5 .67384615 2.48597154
1 1475 1.54983051 0.69554087 3 .67050847 2.68442757
Level of -—----mem- dens96-----------

vib N Mean Std Dev

0 650 4.53830769 1.85639948

1 1475 5.76596610 2.32565648

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

HO:LSMeanl=
densdelta LSMean2
vib LSMEAN Pr> |t

0 1.94753907 0.0005
1 2.59715606

Figure 4.11 Comparison of Least Squares Means byibfatory Setting

4.4 Breakdown Roller

The ability of the breakdown roller to achieve aerease in density was investigated
separately from the pneumatic roller and finishersl This data reduction allowed an isolation
on those variables within the breakdown rollingragien where the contractor can make rolling
pattern adjustments. Specifically, how many paskesid be applied to the mat, what should be
known about the temperature effect, and shoulditbratory setting be ON or OFF.

The GLM procedure was used once again to understhadges in mean density gain
after a measurable series of breakdown roller gasa¢her than the REG procedure that first
determines the function, then overall mean. Figu® provides summary output from the
GLM procedure.

There are very interesting features to glean froendutput. First, from a sample size of
955 tests, the average density gain after a mdalsusaries of roller passes (1 pass or 2 passes)
was about 6% density. This relatively large gaitoibe expected since initial density behind the
screed is about 80%. Subsequent passes have asmadler Delta Density, of say 2% or 4%,
after an additional 2 passes, reducing the overadn.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 6 11286.74908 18 81.12485 350.66 <.0001
Error 948 5085.57484 5.36453
Corrected Total 954 16372.32392
R-Square Coeff Var Root MSE densdelta M ean
0.689380 38.91415 2.316146 5.951 937
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 2.004780 2.004780 0.37 0.5411
vib 1 30.447872 3 0.447872 5.68 0.0174
temp 1 356.639373 35 6.639373 66.48 <.0001
passes 1 3139.275669 313 9.275669 585.19 <.0001
totalpasses 1 3973.431438 397 3.431438 740.69 <.0001
dens96 1 995.759395 99 5.759395 185.62 <.0001

Figure 4.12 Breakdown Roller GLM Results
Important additional observations from the outmaiude:

* 68.9% of the variation in breakdown density groughexplained by vibratory setting,
temperature, successive passes, cumulative passkapproaching 96% density.

PG grade does not have an effect on density gédim tiwve breakdown roller. The very
small sum of squared of 2.00478 densdeftatélded an insignificant p-value of 0.54.
This finding suggests that a similar density gaan be expected from PG58-series and
PG64-series asphalt binders with the breakdoweroll

» Vibratory setting is important, with the ON settipgpviding added density gain.

* Temperature is equally important, and in fact, mgue of squares are assigned to this
variable than vibratory setting.

» Passes are very important. The sum of squaregnasisio the successive passes after the
roller and the total cumulative passes have a greaagnitude of impact than the other
variables combined. About two-thirds of the valiliap is allocated to combined
successive passes and cumulative passes.

* The greater the mat density (relative to 96% of Gnthe more difficult it is to achieve
density gains. This finding is intuitive, sincdeaf2 initial passes the resultant density
may be around 88%, while after 2 more passes.ehdtant density may be 90%, which
is closer to 96% of Gmm.

The findings in the initial GLM warranted furthervestigation, so 2-way interactions were
added to the model, and output is provided in FHgui 3.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 21 13585.28372 6 46.91827 216.56 <.0001
Error 933 2787.04020 2.98718
Corrected Total 954 16372.32392
R-Square Coeff Var Root MSE densdelta M ean
0.829771  29.03838  1.728346 5.951 937
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 46.8342093 46 .8342093 15.68 <.0001
vib 1 10.4516190 10 4516190 3.50 0.0617
pg*vib 1 3.4680024 3 4680024 1.16 0.2815
temp 1 123.5343380 123 .5343380 41.35 <.0001
temp*pg 1 24949835 2 4949835 0.84 0.3610
temp*vib 1 0.7588120 O .7588120 0.25 0.6144
passes 1 7.0842324 7 .0842324  2.37 0.1239
passes*pg 1 6.0456713 6 .0456713  2.02 0.1552
passes*vib 1 33.6046253 33 .6046253 11.25 0.0008
temp*passes 1 20.9392957 20 .9392957  7.01 0.0082
totalpasses 1 552.7922582 552 7922582 185.05 <.0001
totalpasses*pg 1 223.7787042 223 7787042 7491 <.0001
totalpasses*vib 1 57.7978079 57 7978079 19.35 <.0001
temp*totalpasses 1 602.1136373 602 1136373 201.57 <.0001
passes*totalpasses 1 114.0685824 114 .0685824 38.19 <.0001
dens96 1 743670497 74 .3670497 24.90 <.0001
dens96*pg 1 97.0019224 97 .0019224 32.47 <.0001
dens96*vib 1 20.7255288 20 .7255288 6.94 0.0086
temp*dens96 1 59.7282561 59 7282561 19.99 <.0001
passes*dens96 1 6.2630514 6 .2630514  2.10 0.1480
totalpasses*dens96 1 157.2362366 157 .2362366 52.64 <.0001

Figure 4.13 Breakdown Roller GLM Results with MainEffects and Interactions

With both main effects and interactions in the nmipgieme new insight was provided into
breakdown compaction. The same n=955 sample heduaal increase in the R-squared from
69% to 83% with additional parameters, but theatity setting became marginally significant,
andindividual passes became insignificanthis is an alarming finding, given that passes a
needed to densify the pavement. But, this findsdetter understood when evaluating all
interactions with Total Passes. A majority of swen of squares were assigned to Total Passes
and its interactive effects with PG grade, vibratsetting, temperature, number of successive
passes, and density approaching 96% Gmm. Thusgetiyemportant finding here is that more
cumulative passes are the most significant factéecting the mean density gain with a
breakdown roller. For example, 4 passes are mop®ritant that 2 passes during breakdown
compaction. However, vibratory ON, high temperasyrand approaching 96% Gmm are
important as well. Means and standard deviation$fG and vibratory setting are provided in
Figures 4.14 and 4.15, respectively.
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Level of  -------—- densdelta--------- - e temp-----------

pg N Mean Std Dev Mean Std Dev

58 611 6.46497545 4.17858131 21 7.823592  28.0231012
64 344 5.04069767 3.92158199 21 5.107558 28.6284645
Level of passes ----totalpasses--------

pg N Mean Std Dev Mean Std Dev

58 611 144189853 0.54123023 2. 03109656 1.10617430
64 344 152034884 0.60574884 2. 69186047 1.49570543
Level of dens96

pg N Mean Std Dev

58 611 6.45319149 2.12639203

64 344  6.55029070 2.24895179

Figure 4.14 Breakdown Roller Comparison of MeanspPG Grade

Level of  ----mme- densdelta--------- --- e temp-----------

vib N Mean Std Dev Mean Std Dev

0 20 0.53500000 1.25416149 19 7.200000 29.0110687
1 935 6.06780749 4.10554295 21 7.265471 28.1076436
Level of passes ----totalpasses--------

vib N Mean Std Dev Mean Std Dev

0 20 1.20000000 0.41039134 3. 85000000 1.69441808
1 935 1.47593583 0.56788476 2. 23529412 1.26906670
Level of dens96

vib N Mean Std Dev

0 20 4.93500000 2.45384231

1 935 6.52139037 2.15346745

Figure 4.15 Breakdown Roller Comparison of Means ¥ Vibratory Setting

Densdelta means for 58-series and 64-series bimdaes similar, with a slight difference
of 1.4%, however, the standard deviations weretivelg high (as discussed earlier). The
sample size for testing the difference betweenatdry ON and OFF was very unbalanced, with
only 20 of 955 tests with vibratory OFF. Plots evgarepared to visualize the findings from
GLM and means output, and are shown in Appendix A.
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4.5 Pneumatic Roller

Next, the pneumatic roller was evaluated. About dathe projects in the field study
used a pneumatic rubber-tired roller, and on althose projects, it was sequenced behind the
breakdown steel-drum roller. Total sample size wa820 tests. On a few projects, it was
positioned within the same roller zone as the leak roller, while on other projects, it would
follow about 10 to 15 minutes behind the breakdosller. Thus, the analysis was limited to the
job conditions presented. Figure 4.16 providesmsam output from the GLM procedure.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 5 92.8413353 18 5682671 13.32 <.0001
Error 314 437.6573834 1 .3938133
Corrected Total 319 530.4987188
R-Square Coeff Var Root MSE densdelta M ean
0.175008  107.9096  1.180599 1.094 063
Source DF TypelllSS Mea n Square F Value Pr>F
pg 1 1.34282541 1. 34282541 0.96 0.3271
temp 1 40.13057386 40. 13057386 28.79 <.0001
passes 1 25.47985604 25. 47985604 18.28 <.0001
totalpasses 1 9.06149865 9. 06149865 6.50 0.0113
dens96 1 6.76323131 6. 76323131 4.85 0.0283
Standard
Parameter Estimate Error tValue Pr> |t
Intercept -1.346452175B  0.68231086 -1.97  0.0493
pg 58 0.156181970B  0.15911951 0.98 0.3271
pg 64  0.000000000 B . . .
temp 0.015545170 0.00289708 5.37 <.0001
passes 0.208713324 0.04881508 428 <.0001
totalpasses -0.106227575 0.04166195 -2.55 0.0113
dens96 -0.087405189 0.03967915 -2.20  0.0283

Figure 4.16 Pneumatic Roller GLM Results

An immediate observation is the weakness of theeh@d measured by the R-squared =
17.5 %. Unexplained variability in the mean DdéMansity outweighs explained variability by a
factor of greater than 4-to-1. For what variapiliemains, PG is insignificant, temperature and
passes are highly significant, and both total passed differences with 96% Gmm are
moderately significant. The greatest allocatiorsain of squares is to temperature and passes.
Average density gain per successive roller passasaut 1%.

To further support the findings, at the bottom lué butput is a statistical model created
with parameter estimates and statistical t te$te key parameter estimates for temperature and
passes have stronger estimates than the other g@ramas indicated by the t statistics. The
coefficients estimate a 0.15% increase in densityefich additional 10°F, and 0.21% density for
each initial roller pass. Total passes were madbraignificant. From a practical perspective,
the greatest density gain is achieved from th&indt passes, and not repeated passes. Two-way
interactions are also computed, with resulting ouip Figure 4.17.
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Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 15 149.0215557 9 9347704  7.92 <.0001
Error 304 381.4771631 1 .2548591

Corrected Total 319 530.4987188

R-Square Coeff Var Root MSE densdelta M ean

0.280908  102.3895  1.120205 1.094 063

Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 10.06626364 10. 06626364  8.02 0.0049
temp 1 6.60937813 6. 60937813  5.27 0.0224
temp*pg 1 14.22074810 1A4. 22074810 11.33 0.0009
passes 1 0.39504795 O. 39504795 0.31 0.5752
passes*pg 1 1.64578241 1. 64578241 1.31 0.2530
temp*passes 1 290946674 2. 90946674  2.32 0.1289
totalpasses 1 21.12141833 21. 12141833 16.83 <.0001
totalpasses*pg 1 291791269 2. 91791269  2.33 0.1283
temp*totalpasses 1 30.11022216 30. 11022216 23.99 <.0001
passes*totalpasses 1 0.38769666 O. 38769666 0.31 0.5787
dens96 1 0.00586179 O. 00586179  0.00 0.9456
dens96*pg 1 0.00065206 O. 00065206  0.00 0.9818
temp*dens96 1 0.02478034 O. 02478034 0.02 0.8883
passes*dens96 1 0.33391921 O. 33391921 0.27 0.6063
totalpasses*dens96 1 2.86538579 2. 86538579 2.28 0.1318

Figure 4.17 Pneumatic Roller GLM Results for MainEffects and Interactions

The R-squared value naturally increases with thditiad of interactions to the main
effects, from 17.5% to 28.1%. With a larger mod®ital passes and the interaction of
totalpasses*temperature accumulate the greatesto$wauares. The adjusted model indicates
total passes are a function of temperature, whido be expected (more passes, more cooling).
So, it is more beneficial for a contactor to use ribber-tired roller at a higher temperature, and
with a greater number of initial passes. PG gradd PG*Temperature interaction also
accumulate a greater sum of squares, indicatirtdthder dynamic viscosity and its relationship
to temperature are influential in density gains.

Plots in Appendix B were prepared to illustrate thkationships. A majority of Density
Delta readings ranged from -1% (15-second testimngrleto +4% below 200°F, with greater
gains on PG 58-series binders or temperaturesegrébatn 200F. A trend was observed where
higher temperatures yield greater density gainass€s up to n=4 provide the greatest initial
densification, and a greater number of passes ¢eogliminishing return on effort investment.
Based on the data collected in the presence daavedy large amount of error (gauge seating,
etc.) or unexplained variability, it is recommendbdt a rubber-tired roller be applied to the mat
at higher temperatures and with a minimum of 4ahpasses. Again, multiple coverage is key,
as is temperature.
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4.6 Finish Roller

Lastly, the finish (or cold) steel-drum roller isadyzed. A typical observation on all
projects was the finish roller operating in eitrervibratory or static setting at lower mat
temperatures, generally in the range of 170°F dowi20°F. Total sample size was n=853 tests.
Figure 4.18 provides summary output from the GLNMgedure.

Sum of
Source DF Squares Mea n Square FValue Pr>F
Model 6 250.898428 4 1.816405 42.86 <.0001
Error 846  825.404995 0.975656
Corrected Total 852 1076.303423
R-Square Coeff Var Root MSE densdelta M ean
0.233111  113.8278  0.987753 0.867 761
Source DF TypelllSS Mea n Square F Value Pr>F
pg 1 8.32753230 8. 32753230 8.54 0.0036
vib 1 6217838724 62. 17838724 63.73 <.0001
temp 1 7.14707089 7. 14707089  7.33 0.0069
passes 1 51.92626891 51. 92626891 53.22 <.0001
totalpasses 1 95.01983316 95. 01983316 97.39 <.0001
dens96 1 60.86265455 60. 86265455 62.38 <.0001

Figure 4.18 Finish Roller GLM Results

The average density gain from successive finiskergasses (typically 1 or 2) is about
0.9%. Similar to the intermediate pneumatic roltee R-squared = 23.3% is relatively small.
Unexplained variability in the mean Delta Densityweighs explained variability by a factor of
about 3-to-1. All main effects were significantdensity gain, including PG grade, vibratory
setting, temperature, passes, cumulative passes,dansity approaching 96% Gmm. The
greatest sum of squares was found with total cutimelgasses, followed by vibratory setting
and difference with 96% Gmm.

Note that temperature had the lowest sum of squatggesting that passes a greater
factor, and temperature has little effect at adhgdensity gains with the cold roller. Passes are
key. Two-way interactions were also investigatedhwésulting output in Figure 4.19.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 21 292.631457 1 3.934831 14.78 <.0001
Error 831 783.671966 0.943047
Corrected Total 852 1076.303423
R-Square Coeff Var Root MSE densdelta M ean
0.271886  111.9094 0.971106 0.867 761
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 0.33996734 O. 33996734 0.36 0.5484
vib 1 150858191 1. 50858191 1.60 0.2063
pg*vib 1 553061964 5. 53061964 5.86 0.0157
temp 1 9.22431129 9. 22431129 9.78 0.0018
temp*pg 1 0.96521189 0. 96521189 1.02 0.3120
temp*vib 1 0.00806937 O. 00806937 0.01 0.9263
passes 1 2.38325426 2. 38325426 2.53 0.1123
passes*pg 1 230795854 2. 30795854 245 0.1181
passes*vib 1 0.12446396 O. 12446396 0.13 0.7165
temp*passes 1 0.44114470 O. 44114470 0.47 0.4942
totalpasses 1 9.50331535 9. 50331535 10.08 0.0016
totalpasses*pg 1 0.81896096 O. 81896096 0.87 0.3517
totalpasses*vib 1 153338272 1. 53338272 1.63 0.2026
temp*totalpasses 1 13.13904264 13. 13904264 13.93 0.0002
passes*totalpasses 1 10.62847319 10. 62847319 11.27 0.0008
dens96 1 0.49102424 O. 49102424 0.52 0.4708
dens96*pg 1 0.46188741 O. 46188741 0.49 0.4842
dens96*vib 1 1.60404489 1. 60404489 1.70 0.1925
temp*dens96 1 1.45682148 1. 45682148 1.54 0.2143
passes*dens96 1 5.77146499 5. 77146499 6.12 0.0136
totalpasses*dens96 1 0.00887966 O. 00887966  0.01 0.9227

Figure 4.19 Finish Roller GLM Results for Main Effects and Interactions

There was an expected increase in the R-squardd,the resulting value of 27.2%.
Again, there is still a great deal of unexplainediability from such sources as testing error,
base type, layer thickness, thickness-to-NMAS ratiovoids, etc. With more parameters in the
model, it became difficult for the previous mairieets to maintain significance, including PG
grade, passes, and difference with 96% Gmm.

The greatest assignment in mean Vvariability is witimteractions of
temperature*totalpasses (decrease in temp with passes) and passes*totalpasses, along with
the main effect of temperature. Moderate signifegais found with the interactions of PG*vib
and passes*dens96. This suggests that in ordachi@ve gains in density, it is necessary to
increase the cumulative number of passes at arighgerature, setting the vibratory amplitude
and frequency with respect to binder grade (wita kelp of IC research), and number of
successive passes as 96% Gmm is approached.

To further investigate these effects, arithmeticange and least squares means (that
incorporate the covariate) are assessed in Figlu2® and 4.21. Commentary follows the
figures.
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Level of  ------mmv densdelta--------- - e temp-----------

pg N Mean Std Dev Mean Std Dev

58 545 0.84605505 1.09137159 14 3.673394 21.5225542
64 308 0.90616883 1.18023666 14 7.337662 15.0184342
Level of passes ----totalpasses--------

pg N Mean Std Dev Mean Std Dev

58 545 1.65871560 0.79811485 5. 74678899 2.65167015
64 308 1.60064935 0.87654911 6. 64285714 2.64064589
Level of dens96

pg N Mean Std Dev

58 545  4.22990826 1.93056039
64 308 4.51623377 1.99478051

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

HO:LSMeanl=
densdelta  LSMean2
pg LSMEAN Pr> |t
58  0.75802700 0.0148
64  0.94961143

Figure 4.20 Finish Roller Means Comparison by PG @de

Level of  ----mme- densdelta--------- - e temp-----------

vib N Mean Std Dev Mean Std Dev

0 342 0.56315789 0.96309586 14 1.450292 16.6058901
1 511 1.07162427 1.17743369 14 7.369863 20.8950269
Level of passes ----totalpasses--------

vib N Mean Std Dev Mean Std Dev

0 342 1.61988304 0.83294481 5. 84210526 2.62822135
1 511 1.64970646 0.82402343 6. 22309198 2.70749414
Level of dens96

vib N Mean Std Dev

0 342 4.14385965 1.81822164
1 511 4.46007828 2.03760990

Least Squares Means
Adjustment for Multiple Comparisons: Tukey-Kramer

HO:LSMeanl=
densdelta  LSMean2
vib LSMEAN  Pr> |t

0 0.57157722 <.0001
1 1.13606121

Figure 4.21 Finish Roller Means Comparison by Vibatory Setting

From Figure 4.20, the PG 64-series binders havelatly larger density gain than PG
58-28, with a near equal number of successive pgdse) and density from 96% Gmm (~ 4%).
The least squares test for PG means found that thaes a moderate difference. Note that the

64-series binders were compacted with 4°F great®peérature (147°F minus 143°F).

finding is interesting, given the fact that a 64®&264-28 binder has a greater shear resistance

during compaction.

From Figure 4.21, vibratory setting is an importdtor in achieving density gain with
the finish roller. A comparison of both arithmetieeans and least-squares means finds that a
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vibratory setting ON vyields 0.5% more density géirl% minus 0.6%) after successive roller
passes. A key finding is how much total density ba gained with the finish roller. If the
average density gain is about 0.86% after an aeetaf) successive roller passes, and the total
passes is about 6 for the layer, the total caledlawverage density gain for a full 6-pass coverage
is a multiplier of 3.75 (6 / 1.6 = 3.75), yieldiregtotal of about 3.2%. This a pure averaging
estimate, however, it provides a relative senseosf much density can be gained with a finish
roller. Many contractors can expect a finish notteachieve at least 1.5% to 2% added density,
and a total number of passes = 6 will provide appnately 3%. This relationship is the average
across 30 layers of pavement. Figures in Appefdhelp illustrate the relationships in finish
rolling.

Figure 4.22 provides the GLM parameter model. ddefficients generally support the
earlier findings, however, with multiple parameteonpeting to explain the increase in density
gain, some parameter estimates may seem countevietuEven though these model parameters
help predict future finish roller compaction, thedel is only 23.3% accurate, primarily because
of testing error and other key variables that aféetd rolling, such as layer thickness, thickness-
to-NMAS ratio, base rigidity, roller size, weighhange with water loss, and different contact
pressures.

Standard
Parameter Estimate Error tValue Pr> |t
Intercept 1510702424 B 0.35313262 428 <.0001
pg 58 -0.212996547 B  0.07290591 -2.92  0.0036
Py 64  0.000000000B . . .
vib 0 -0.565368744B  0.07082074 -7.98  <.0001
vib 1 0.000000000B . . .
temp 0.005007094  0.00184999 271 0.0069
passes 0.306894180  0.04206719 7.30  <.0001
totalpasses ~ -0.140381591  0.01422497 -9.87  <.0001
dens96 -0.151533341  0.01918585 -7.90 <.0001
NOTE: The X'X matrix has been found to be singular, and a generalized inverse

Figure 4.22 Finish Roller Model

An assessment of model parameters is as follows:

» PG grade An indicator variable for 58-series and 64-sehbaders where a 58-series reduces
the mean gain by 0.21% density, and a zero foretibs

» Vibratory setting Indicator variable where OFF has -0.56% dergsty, and ON has 0%
density gain.

e Temperature A multiplier of 0.005 is applied for every 1°Bo, a mat temp that is 10F warmer,
will yield a 0.05% density increase, a negligibfenge. This is an important finding, when
comparing with the breakdown roller and pneumatiler, that are more temperature dependent.

» Passes This is where the greatest gains are made withish roller. More successive passes,
more density gain. A multiplier of 0.3 is appliedeach successive pass. An application of 2
successive passes would achieve a 0.6% density gain

» Total PassesMore cumulative passes provides diminishingrretn density gain. This is
counter to what would be expected, but with theatigg coefficient in the model, a large
number of cumulative passes will not provide enkdraensity gain (Figure 6.10 supports this).
The figures generally indicate a total of 6 to 8g®s should be sufficient. But, this brings in the
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guestion of trying to achieve density gains witl told roller at lower temperatures, when the
breakdown (and pneumatic) have the greatest impact.

» Density approaching 96% GmnWith the negative coefficient, it is increasingifficult to
densify the mat when approaching 96% of Gmm.

4.7 Limiting Field Temperature

A primary objective in this study is to investigdatee minimum limiting temperatures at
which required density of HMA can be achieved wetimmonly used compaction effort. To
achieve this objective, field data were stratifiigdESAL series, then the data were compared to
a target density of 92% Gmm, a common density requent. From the 20 test sites per layer,
the average number of roller passes and averagenisg and ending temperature to achieve
92% density were computed. Then, a visual assegswes made to aid in determining the
limiting temperature. There are variations of thensity requirement, namely lower ESAL
pavements, or those layers paved directly on codisdiggregate base course; however, the
threshold of 92% Gmm was established for this itigagon since it is the baseline standard
requisite field density.

Figures 4.23 through 4.25 for E-1, E-3, and E-1Rea®%j respectively, plot the number of
roller passes against the beginning and ending pasperatures when 92% density was
achieved. Only one of the 30 layers tested inghidy did not achieve 92% density — STH 33 in
LaCrosse County. On the day of paving, a rapidiyvimg cold front cooled the surface
temperature to around 110°F, and the averagederadity was approximately 91.3% density.

200 y =-2.5446x + 246.23
. 250 :;_F\L, R1=0.0287
g 200 . .
2 e W
@ 150 | T —
a 100 ) # Beginning Temp
£ y=-18.709x+23938 ©
A 50 | RI=0.3526 B Ending Temp
0
0 2 4 6 8

Total Roller Passes, n

Figure 4.23 Roller Passes to Achieve 92% Gmm (E-1)
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E-3 mixes: Temperature and Passes to achieve

92% Gmm
200 y =0.0938x + 245.52
o 250 ﬁ%.zfﬁ._&u.unm
@
z s g
@ 150 B
%’_ + Beginning Temp
s 100 yEagexE
2 =
] 50 R?=0.3081 B Ending Temp
0
0 2 4 6 8 10
Total Roller Passes, n
Figure 4.24 Roller Passes to Achieve 92% Gmm (E-3)
E-10 mixes: Temperature and Passes to achieve
92% Gmm
300

Temperature, °F

y=-3.0744x + 272.11

250 F‘ﬁ—oﬁq._’—n’i 0.4397

200 0
150 r’l:!l.\.
100 = '?Tfl_47x_+?__ﬂ'5.._9— + Beginning Temp
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0
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Figure 4.25 Roller Passes to Achieve 92% Gmm (E-10
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An important finding was 29 of 30 layers met th&®#8ensity requirement, requiring a
range of 4 to 10 cumulative roller passes. A csipsi result across all ESAL mixtures was
higher ending compaction temperature yielding 926fstty with a lesser number of roller
passes. In general, beginning mat temperaturesréd\around 250°F, and no strong trend was
observed with number of roller passes. A slighhdr was also observed on E-10 mixes where
higher beginning compaction temperatures reducedhtimber of total roller passes to achieve
92% density.

In conclusion, there is no limiting temperaturendtich 92% density can be achieved,
based on the random data collected in this stullya sufficient number of roller passes are
applied to the pavement, the 92% density requirémaih be met. It is recommended that
compaction occur at higher temperatures to minirtheetotal number of roller passes; however,
this must be balanced with the ability to achiewdace smoothness.
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Chapter 5 Data Analysis for Lab Compaction

5.1 Statistical Modeling Approach

The analysis of field compaction data used a kepapse variable, known as “Density
Delta”, to measure the relative increase in denbijween successive roller passes. Lab
compaction data were analyzed in a different marusng the traditional density measure, % of
Gmm, as the response variable to understand thtveetegree of compaction. The incremental
approach using Density Delta was not used sincefitta resultant density after gyratory
compaction is of key interest. Initial compacti{Mini) and final compaction (Nmax) were
considered, but Ndes was chosen to better aligmagnsification at traditional field compaction
levels.

Several statistical methods were used during thayais, Traditional statistical tests
were used as well, and the reader should refetatstscal textbooks for further background on
their methods and assumptions.

Because the analysis was largely the evaluatiofactbrs at stated levels (factorial),
ANOVA methods were used. ANOVA is a statisticathteique used to compare the means of
two or more groups of observations or treatmer@gneral Linear Models (GLM) was used to
perform the ANOVA analysis, where the mean of treadare first computed, then the
contribution of each independent variable in expiay deviations of the mean. The key
objective was to understand what variables haveff@aet on changes in density. Type Ill Sum
of Squares were used to determine relative sigmfie in the independent variables by
measuring the reduction in unexplained variabiktyen the variable is entered last into a model.
This measurement technique provides a measureriabla robustness, and relative ability to
accumulate sum of squares against the other prayiemtered, competing variables.

5.2 ANOVA for Ndes

Ndes was designated as the dependent variablerhoahpe the data to the number of
gyrations to Ndes across different mix classesuiog E-1 (Ndes=60), E-3 (Ndes=75), and E-
10 (Ndes=100). Basic statistics for the primargialdes by class levels are provided in Figure
5.1. The mean density generally ranged from abaeét to 94%, with a standard deviation of
about 1.4% to 2.1%.
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Level of

P9 N
58 84
64 36
Level of
nmas N
12 72
19 42
25 6
Level of
source N
1 72
2 48
Level of
specgyr N
60 24
75 48
100 48
Level of
pressure N
300 60
600 60
Level of
temp N
140 40
194 40
248 40

ndes
Mean Std Dev
94.1476190 1.81184165
93.7958333 1.92744149
ndes
Mean Std Dev
94.1837500 1.76030362
94.0619048 1.85237651
92.2033333 2.15305984
ndes
Mean Std Dev
94.1554167 1.95475364
93.8720833 1.67590681
ndes
Mean Std Dev
93.8679167 1.35881975
94.3410417 1.77471633
93.8302083 2.10340503
ndes
Mean Std Dev
93.1590000 1.72676900
94.9251667 1.51887614
ndes
Mean Std Dev
92.5817500 1.79215654
94.5882500 1.39676345
94.9562500 1.37377953

Figure 5.1 Basic Statistics for Lab Compaction Vaables by Classification

There was a single E-10 25-mm NMAS mixture (theydB-mm mix of the 30 layers)
that significantly skewed the model, so it was reetb This reduced the total layers for analysis
Figure 5.2 provides the ANOWutput for the independent variables
thought to affect the Ndes value. An importantliing was that the six primary variables are
able to explain about 62% of the change in deraitydes, with pressure and temperature highly
significant, while PG was marginally significanfhe remaining variability was test error and
other project-specific variables thought to havsigmificant effect on compaction, such as air
voids, asphalt content, VFB, coarse-to-fine aggeegatio, etc. These variables are obviously
important, but would have confounded the ability tbé analysis to investigate the stated

from 20 to 19 layers.

62




variables in question. Another important findingsasthat pressure and temperature had the
largest Mean Square values and effect on lab camepaavhile PG grade had a lesser Mean
Square value.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 8 2245662076 28 .0707759 21.59 <.0001
Error 105 136.5163442 1 .3001557
Corrected Total 113 361.0825518

R-Square Coeff Var Root MSE ndes Mean
0.621925 1.211236  1.140244  94.13886

Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 3.7992812 3 7992812  2.92 0.0903
nmas 1 0.0668118 O .0668118 0.05 0.8211
source 1 1.0477042 1 .0477042 0.81 0.3714
specgyr 2 55471400 2 7735700 2.13 0.1236
pressure 1 91.1021763 091 .1021763 70.07 <.0001
temp 2 118.4648228 59 2324114 45,56 <.0001

Figure 5.2 ANOVA results for Lab Compaction Variabes

Two-way interactions were added to the model, a&sdlting ANOVA output is provided
in Figure 5.3. The R-squared naturally increasethf62% to 76% with more model parameters.
As measured by the Mean Square, the most influemtiain effects were pressure and
temperature. PG grade became insignificant singejarity of the variability had previously
been assigned to the preceeding variables in thdeinoThere were only one significant
interaction, the interaction of NMAS*specified gyoms. The NMAS*specified gyrations is the
result of higher densities with 12.5mm aggregatesE3 mix class.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 27 276.0734441 10 2249424  10.34 <.0001
Error 86 85.0091076 O .9884780
Corrected Total 113 361.0825518
R-Square Coeff Var Root MSE ndes Mean
0.764572  1.056123  0.994222  94.13886
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1.5870000 1 .5870000 1.61 0.2085
nmas 1 1.4966173 1 4966173  1.51 0.2219
source 1 0.1818359 O .1818359 0.18 0.6691
nmas*source 1 0.0503467 O .0503467 0.05 0.8220
specgyr 2 25887909 1 2943954  1.31 0.2753
nmas*specgyr 2 219487522 10 9743761 11.10 <.0001
source*specgyr 2 95207391 4 .7603696 4.82 0.0104
pressure 1 76.0746061 76 .0746061 76.96 <.0001
nmas*pressure 1 05975852 O 5975852  0.60 0.4390
source*pressure 1 0.2338546 O .2338546  0.24 0.6279
specgyr*pressure 2 16880076 O .8440038 0.85 0.4294
temp 2 106.6584333 53 .3292167 53.95 <.0001
nmas*temp 2 18140794 O 9070397 0.92 0.4033
source*temp 2 0.6263543 O 3131771 0.32 0.7293
specgyr*temp 4 0.4689268 O 1172317  0.12 0.9756
pressure*temp 2 15006368 O 7503184 0.76 0.4712

Figure 5.3 ANOVA results for Lab Compaction Variales

Based on the preliminary ANOVA findings, the models reduced to the three
significant effects, including PG grade, tempemtand pressure. The ANOVA and estimated
model parameters are provided in Appendix D (Figore). The model R-square = 60% with
the pressure and temperature highly significanty B& grade marginally signficant. The
estimated model parameters are presented in Equatio

Lab Density = 95.6

+0.5*PG [1 if PG58; 0 if PG64]

-1.8*Pressure [1 if 300kPa; O if 600kPa]

-2.4*Temp [1 if Temp=140°F; 0 otherwise]

-0.4*Temp [1 if Temp=194°F; 0 otherwise] (5.1)

Plant-produced mixtures yielded a 95.6% densitydss, within 0.4% density of the lab-
designed density of 96.0%. A softer PG-58 gradweldyi results in a mix compacted to an
additional 0.5% density at Ndes. Using a basetompaction temperature of 248°F, the
compacted density was 0.4% lower density at 19438,2.4% lower density at 140°F. Clearly,
pressure and temperature have a pronounced effée.model was further reduced to pressure
and temperature, with resulting output in ApperidixFigure D.2). The model R-square = 55%
with the two variables; estimated model paramedergzed in Equation 5.2.

Lab Density = 95.9
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-1.8*Pressure [1 if 300kPa; 0O if 600kPa]
-2.3*Temp [1 if Temp=140°F; 0 otherwise]
-0.4*Temp [1 if Temp=194°F; 0 otherwise] (5.2)

The model and supporting ANOVA indicate that whiea pressure is reduced from 600
kPa to 300 kPa, there is a corresponding 1.8% tjethsop in Ndes lab compaction from 95.9%
to 94.1%. There is also a density reduction frobaseline temperature in 248°F, with a 0.4%
density drop at 194°F and 2.3% at 140°F.

5.3 Ndes=60 Gyrations

The data were stratified by number of gyrationdlttes for ESAL mixtures for E-1, E-3,
and E-10 mixtures. The E-30 USH-41 project waslgobavith the E-10 mixtures since the
Ndes=100 were equivalent. This approach allowedafo individual investigation by total
number of Ndes gyrations, as opposed to the patdea from the earlier analysis. The GLM
procedure was again used to understand changesam wensity gain after the mixture is
compacted to a specified number of gyrations.

E-1 series mixtures use 60 gyrations to desigrafiphalt mixture to 4% air voids. The
theory is that 1 million ESALs applied to the pawsthwill compact the pavement to 96%
density, or 4% in-place air voids. Figure 5.4 pdeg the analysis of variables thought to affect
the density at 60 gyrations. PG grade was omittad the analysis since all E-1 series projects
had 58-28 binder grade.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 5 36.20182500 7. 24036500 20.80 <.0001
Error 18 6.26517083 O. 34806505
Corrected Total 23 42.46699583

R-Square Coeff Var Root MSE ndes Mean
0.852470 0.628511 0.589970  93.86792

Source DF Typelll SS Mea n Square F Value Pr>F
nmas 1 0.02151111 O. 02151111 0.06 0.8065
source 1 1.07467778 1. 07467778  3.09 0.0959
pressure 1 11.88633750 11. 88633750 34.15 <.0001
temp 2 23.19630833 11. 59815417 33.32 <.0001

Figure 5.4 Ndes=60 Gyrations ANOVA Results for Mai Effects

Both temperature and pressure had a significaatedin the final lab-compacted density,
while aggregate source had a marginal effect. |18imalues for Mean Square were computed
for both pressure and temperature. The measursgLRe=85.2% was very high, indicating the
pressure and temperature have a large influentieeottensity after 60 gyrations.

Interactions were tested, with ANOVA results in tiig 5.5. Only 2-way interactions
were modeled to simplify the interpretation, andve sensitivity in the F-test computation
with greater degrees of freedom assigned to therdemator. The ANOVA table indicates that
no interactions were significant, and that only flrevious main effects of temperature and
pressure were again significant. The R-Squareasad slightly to 89.0%.
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Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 13 37.81402083 2. 90877083 6.25 0.0032
Error 10 4.65297500 O. 46529750

Corrected Total 23  42.46699583

R-Square Coeff Var Root MSE ndes Mean
0.890433 0.726688 0.682127 93.86792

Source DF Typelll SS Mea n Square F Value Pr>F
nmas 1 0.02151111 O. 02151111 0.05 0.8341
source 1 1.07467778 1. 07467778 2.31 0.1595
nmas*source 0 0.00000000 .

pressure 1 447740833 4. 47740833 9.62 0.0112
nmas*pressure 1 0.00000000 O. 00000000 0.00 1.0000
source*pressure 1 0.55254444 0. 55254444  1.19 0.3014
temp 2 11.37631667 5. 68815833 12.22 0.0021
nmas*temp 2 0.03943889 O. 01971944  0.04 0.9587
source*temp 2 0.01507222 O. 00753611 0.02 0.9840
pressure*temp 2 0.91097500 O. 45548750 0.98 0.4090

Figure 5.5 Ndes=60 Gyrations Main Effects and Int&ctions

With the strong relationship of Ndes lab densitythwiemperature and pressure, a
statistical model was created to formally quantifg relationship, and provide a prediction tool
for achieving a specified level of density. Insttmodel, only the significant main effects were
retained, and both NMAS and aggregate source wesppdd. Appendix D (Figure D.3)
provides the ANOVA table and estimated model patamse Model diagnostic checks,
including residuals versus predicted values ananabty plot of residuals, concluded that the
model is valid. Equation 5.3 provides the model.

Lab Density = 96.0

-1.8*Pressure [1 if 300kPa; 0 if 600kPa]

-2.3*Temp [1 if Temp=140°F; O otherwise]

-0.2*Temp [1 if Temp=194°F; 0 otherwise] (5.3)

The indicator variable for Temp=194°F is insigrafit, suggesting no statistical
difference in the final compacted density betwe48°E and 194°F. This is the result of a
standard of error nearly double the parameter estincreating a t-test value half their ratio.

When the pressure is reduced from 600 kPa to 3@0 &fere is a corresponding 1.8%
density drop in lab compaction from 96.0% to 94.2%here is also a density reduction from a
baseline temperature in 248°F, with a 0.2% derdiiop at 194°F and 2.3% at 140°F. This
change is similar to the pooled data model showireea

5.4 Ndes=75 Gyrations
Data for E-3 mixtures having an Ndes=75 were amalyin a similar manner to the

Ndes=60. The E-3 series mixtures use 75 gyrationdesign the asphalt mixture to 4% air
voids. Figure 5.6 provides the analysis of vagalihought to affect the density at 75 gyrations.

66



Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 6 118.0576097 19 .6762683 26.91 <.0001
Error 41 29.9744382 O .7310839

Corrected Total 47 148.0320479

R-Square Coeff Var Root MSE ndes Mean
0.797514 0.906323 0.855034 94.34104

Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 0.89460069 O. 89460069 1.22 0.2751
nmas 1 3.15005000 3. 15005000 4.31 0.0442
source 1 0.25561250 O. 25561250 0.35 0.5576
pressure 1 37.64791875 37. 64791875 51.50 <.0001
temp 2 52.26080417 26. 13040208 35.74 <.0001

Figure 5.6 Ndes=75 Gyrations ANOVA Results

Both temperature and pressure had a significaatedin the final lab-compacted density,
while aggregate source had a marginal effect. R aggregate source were not significant.
The measured R-square=80% was very high, indicdtiegpressure and temperature have a
great influence on the density after 75 gyrations.

Two-way interactions were tested, with ANOVA resuih Figure 5.7. The ANOVA
table indicates that only the NMAS*temperature riatéion was significant. The R-Square
increased slightly to 86%. NMAS and temperatureewsotted in Figure 5.8 to understand the
relationship.

Figure 5.8 illustrates that NMAS has a more sigalfit effect with lower compaction
temperatures, yielding lower density with 19mm &rgher density with 12.5mm mixtures. The
practical result is that larger 19mm aggregatese hgkeater difficulty re-orienting in the
compactor mold at lower temperatures.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 17 126.7718938 7 4571702 10.52 <.0001
Error 30 21.2601542 O .7086718
Corrected Total 47 148.0320479
R-Square Coeff Var Root MSE ndes Mean
0.856381  0.892323  0.841826  94.34104
Source DF Typelll SS Mea n Square F Value Pr>F
pg 0 0.00000000 .
nmas 1 3.15005000 3. 15005000 4.45 0.0435
pg*nmas 0 0.00000000 . .
source 1 0.25561250 O. 25561250 0.36 0.5526
pg*source 0 0.00000000
nmas*source 0 0.00000000 . . .
pressure 1 28.94440000 28. 94440000 40.84 <.0001
pg*pressure 1 0.01755625 O. 01755625 0.02 0.8760
nmas*pressure 1 0.09245000 O. 09245000 0.13 0.7205
source*pressure 1 0.05951250 O. 05951250 0.08 0.7740
temp 2 35.18357222 17. 59178611 24.82 <.0001
pg*temp 2 1.65581806 O. 82790903 1.17 0.3247
nmas*temp 2  4.79500833 2. 39750417 3.38 0.0473
source*temp 2 051413333 0. 25706667 0.36 0.6988
pressure*temp 2 1.62251250 O. 81125625 1.14 0.3318

Figure 5.7 Ndes=75 Gyrations ANOVA Results with M Effects and Interactions

E-3 interaction of NMAS and Temperature
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Figure 5.8 Interaction of NMAS and Temperature (Nas=75 Gyrations)

A model was created with three significant maineef§: NMAS, pressure and
temperature. Figure D.4 in Appendix provides thetaded ANOVA output and model
parameters, and Equation 5.4 the resulting model.
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Lab Density = 95.4

+1.4*NMAS [1 if 12.5mm; 0 otherwise]

-1.8*Pressure [1 if 300kPa; 0 if 600kPa]

-2.3*Temp [1 if Temp=140°F; 0 otherwise]

-0.2*Temp [1 if Temp=194°F; 0 otherwise] (5.4)

Similar to the E-1 modeled relationship, the inthcavariable for Temp=194°F is
insignificant, suggesting no statistical differenoethe final compacted density between 248°F
and 194°F. NMAS of 12.5mm provides 1.4% more dgnsiVhen the pressure is reduced from
600 kPa to 300 kPa, there is a 1.8% density digarly identical to the E-1 mixes, there is also
a density reduction from a baseline temperatu4BfF, with a 0.2% density drop at 194°F and
2.3% at 140°F.

A statistical model having an R-squared = 61% waated having only temperature and
pressure as independent variables. Figure D.5dAgig D) provides the ANOVA table and
estimated model parameters, and Equation 5.5nhérfiodel.

Lab Density = 96.1

-1.8*Pressure [1 if 300kPa; 0 if 600kPa]

-2.3*Temp [1 if Temp=140°F; 0 otherwise]

-0.2*Temp [1 if Temp=194°F; 0 otherwise] (5.5)

The model parameters are nearly identical to the raixtures, where a reduction in
pressure from 600 kPa to 300 kPa reduces 1.8%tgenAi density reduction from a baseline
temperature in 248°F has a 0.2% density drop &tFl8dd 2.3% drop at 140°F.

5.5 Ndes=100 Gyrations

E-10 mixtures having an Ndes=100 were analyzed &malar manner. There was a
single E-10 25-mm NMAS mixture (the only 25-mm et30 layers) that significantly skewed
the model, so it was removed from the analysisis Téduced the total layers for analysis from 8
to 7 layers. Figure 5.9 provides the ANOVA tabfgpamary independent variables explaining
change is lab compaction to Ndes.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 6 112.1132119 18 .6855353 12.00 <.0001
Error 35 54.5022000 1 .5572057
Corrected Total 41 166.6154119

R-Square Coeff Var Root MSE ndes Mean
0.672886  1.326649  1.247880 94.06262

Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 1.58700000 1. 58700000 1.02 0.3197
nmas 1 23.36418750 23. 36418750 15.00 0.0004
source 1 8.66274510 8. 66274510 5.56 0.0241
pressure 1 43.02619286 43. 02619286 27.63 <.0001
temp 2 43.39989048 21. 69994524  13.94 <.0001

Figure 5.9 Ndes=100 Gyrations ANOVA Results

69



Four variables were significant, including NMAS, gaggate source, pressure, and
temperature. PG grade was not significant. Theaswmed R-square=67%. Two-way
interactions were tested, with ANOVA results in g 5.10.

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 18 123.1632508 6 .8424028 3.62 0.0022
Error 23 43.4521611 1 .8892244
Corrected Total 41 166.6154119
R-Square Coeff Var Root MSE ndes Mean
0.739207 1.461251  1.374491 94.06262
Source DF Typelll SS Mea n Square F Value Pr>F
pg 1 0.67222222 0. 67222222 0.36 0.5567
nmas 1 26.52672222 26. 52672222 14.04 0.0011
pg*nmas 1 4.29355556 4. 29355556  2.27 0.1453
source 1 12.36270000 12. 36270000 6.54 0.0176
pg*source 0 0.00000000
nmas*source 0 0.00000000 . . .
pressure 1 19.62410824 19. 62410824 10.39 0.0038
pg*pressure 1 0.14145333 0. 14145333 0.07 0.7868
nmas*pressure 1 0.67050750 O. 67050750 0.35 0.5572
source*pressure 1 0.23920039 O. 23920039 0.13 0.7252
temp 2 30.76879471 15. 38439735 8.14 0.0021
pg*temp 2 188275500 O. 94137750 0.50 0.6140
nmas*temp 2 1.28250500 O. 64125250 0.34 0.7157
source*temp 2 485636725 2. 42818363  1.29 0.2957
pressure*temp 2 0.02170000 O. 01085000 0.01 0.9943

Figure 5.10 Ndes=100 Gyrations ANOVA with Main Efécts and Interactions

The ANOVA table indicates no significant interactsy and only the three main effects
being significant. The R-Square increased from &3 %4 %.

A model having R-squared = 69% was developed ttudecthe three main effects
(NMAS pressure and temperature), with output inufeégD.6 (Appendix D), and illustrated
model shown by Equation 5.6. Source was dropped the model since it inflated the intercept
to 98.2%, and the data were unbalanced with ondyafrseven layers having limestone source.

Lab Density = 97.0

+1.4*NMAS [1 if 12.5mm; 0 otherwise]

-2.0*Pressure [1 if 300kPa; O if 600kPa]

-2.4*Temp [1 if Temp=140°F; 0 otherwise]

-0.5*Temp [1 if Temp=194°F; 0 otherwise] (5.6)

The 12.5-mm mixes have 1.4% greater density thanni9 Pressure yields 2% less
density with 300kPa, similar finding with the E-bhdaE-3 mixes. Temperature also had a
consistent effect, with greater density reductiori40°F (2.4% less density than at 248°F) and
lesser density reduction at 194°F (0.5% less detisain at 248°F).

70



5.6 Summary of Lab Compaction Models

Table 5.1 summarizes the developed statistical fmotte pooled layer data, and
individual ESAL series. The plant-proudced mixentept value was within 1% density of the
lab-designed 96% density. For higher-ESAL mixesmaller NMAS of 12.5mm will yield an
increase of 1.4% density. Pressure demonstrateshsistent relationship across all E-series
mixes, in which the 300 kPa pressure yields a tersbout 1.8% less than 600 kPa.
Temperature had an equally consistent relationsiiygre a baseline temperature of 248°F has
density reduced by about 0.4% when compacting 48HF,%nd 2.4% at 140°F.

Table 5.1 Summary of Lab Compaction Analysis

Model Inter- NMAS Pressure Temperature Temperature
cept 19mm default, 600kPa default, 248°F default, 248°F default,
If 12.5mm then If 300kPa then If 194°F then If 194°F then
1) (2) 3 4) ©) (6)
Pooled, 95.6 ns -1.8% -0.4% -2.3%
19 layers
E-1, 96.0 ns -1.8% -0.2% -2.3%
4 layers
E-3, 95.4 +1.4% -1.8%7 -0.2% -2.3%?
8 layers
E-10, 97.0 +1.4% -2.0% -0.5% -2.4%
7 layers

5.7 Compaction Densification Index

To put the previous compaction analysis in contyd,Construction Densification Index
(CDI) was computed to assess the relative compaetiovarying temperatures and pressures.
The CDI counts the number of gyrations to complaetibose mix from 88% to 92% density in
the SGC, as shown by Equation 5.8.

CDI = [Gyrations at 92% Gmm, n] — [Gyrations at 8&¥nm, n| (5.8)

The data were stratified by ESAL series, since féerdint level of compaction is
necessary to reach 4% air voids for E-1, E-3, afikD Enixtures. The CDI plots for varying

levels of temperature and pressure for E-1, E-8, B0 mixes are shown in Figures 5.11
through 5.13.

71



CDI for E-1 Series Mixiures
= s
E By [ ]
e o .
B
l!?‘f.l Pl o °
fay o
(@]
:.: An = L ] A boey
4 U L - & * SUUKFa
(=9} -, s, T z
oo il e b
v ) e = LNNn L0
C n - 5 | = UUUJU R a
s ev , T—— B TTTm
— | — W
= = s g
m _ -
e [1]
o
~ 0 50 100 150 200 250 300

Temperature, °F
Figure 5.11 CDI for E-1 Mixtures
CDI for E-3 Series Mixtures
100
E a0 .
o 80 :
},ﬁg 70 ¥
o 060
S 50
% 40 !\ . 3 +300 kPa
2 30 * \‘\ - =600 kp
=l = q - ‘
‘é 10 I \I==—:Ii
-
& 0
0 50 100 150 200 250 300
Temperature, °F

Figure 5.12 CDI for E-3 Mixtures

72



Ml ke O 1M Cneioe fusd e
LA T LAY O IES IVIIALUL S
140
= a
o BT al
[ A [ 3
] 4
p *
= 100 =
o AU -
- 2
] - -
o Hu = i
L e -
o0 I
o0 £n _
- U [ ] S & 200 LPa
Ln _ T T
= b4 e
~ aM) - B = L L
— = Y T =M
= "~ R .
w ST = - »
= v g i S 3
S a o |
G = =
n
i Sl Ty i50 T Y]] =T
S it AT A LT o WF T e AF N AT
Temno tur “F

Figure 5.13 CDI for E-10 Mixtures

For all mixtures, temperature had a more pronoureféect at 300kPa than 600kPa,
where it became increasingly more difficult to c@upat lower temperatures. Higher pressure
at 600 kPa had a lesser effect, where compactitort edit 194°F and 248°F were nearly
equivalent, and more compaction needed at 140°F.

The E-10 mixture had a more dramatic effect, paldity at 140°F, where the 600 kPa
pressure had a significantly higher level of conmipaceffort than the E-1 and E-3 mixtures. The
number of gyrations for E-10 included observaticarsging from 20 to 90, while the number of
gyrations for E-1 and E-3 had a lower range ofd85.

Aggregate source was identified as having a malrgiffact on compactive effort (p-
value= 0.02), where gravels yielded a lower density @4d.when compared with limestone.
This important factor was further investigated ipp&ndix E, by evaluating the JMF for specific
aggregate properties, such as quarry/pit locatinrshed face counts, percent thin and elongated
pieces (by weight), and fine aggregate angulaR&yA).
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5.8 Field and Lab Correlation

The relationship between lab and field compactidn ptant-produced mix was
investigated. Differences can occur when plantedixiab and field compacted specimens are
subject to different temperatures and compacti@sgures. These differences produce sources
of variability in volumetric and mechanical testirgnd can create barriers in the design and
constructing an asphalt mixture. For this reasba,lab and field data sets were merged and
then analyzed.

5.8.1 Merging Process

A single data set was created by merging all laijgacted data with the field-compacted
data. The merging process began by sorting theldad by project, temperature, compaction
temperature, and density, with a partial represemtaf the lab data set is provided in Figure
5.14.

Obs project temp pressure gyrno density
1 8 140 300 1 79.7
2 8 140 300 2 80.9
3 8 140 300 3 81.8
4 8 140 300 4 82.6
5 8 140 300 5 83.2
6 8 140 300 6 83.7
7 8 140 300 7 84.2
8 8 140 300 8 84.6
53 8 140 300 53 90.0
54 8 140 300 54 90.0
55 8 140 300 55 90.1
56 8 140 300 56 90.1
57 8 140 300 57 90.2
58 8 140 300 58 90.2
59 8 140 300 59 90.2
60 8 140 300 60 90.2
61 8 140 300 61 90.3
62 8 140 300 62 90.3
63 8 140 300 63 90.4
64 8 140 300 64 90.4
65 8 140 300 65 90.5
66 8 140 300 66 90.5

Figure 5.14 Lab Compaction Data sorted by Projectfemperature, and Density

The number of gyrations at a specific density wareraged to create a single density
value. The purpose was to create a sole lab gerdiie for subsequent merging with the field
data. Use of the median value was consideredaberaging provides an estimate of central
tendency in the data. Figure 5.15 illustrates igladisplay of gyration averaging by density.
For illustration purposes, density of about 909905% at 140°F and 300kPa are shown. An
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example calculation for the four gyration value®9@i2% lab density (57, 58, 59, 60) yielded an
average number of 58.5 gyrations.

Obs project pressure temp density _T YPE_ _FREQ_ gyrno

1 8 300 140 79.7 0 1 1.0
2 8 300 140 80.9 0 1 2.0
3 8 300 140 818 0 1 3.0

43 8 300 140 90.0 0 2 53.5

44 8 300 140 90.1 0 2 55.5

45 8 300 140 90.2 0 4 58.5

46 8 300 140 90.3 0 2 61.5

47 8 300 140 904 0 2 63.5

48 8 300 140 905 0 2 65.5

Figure 5.15 Lab Compaction Averaging by Density ath Gyration

Next, the field data were sorted by project andsdgnwith a partial illustration shown in
Figure 5.16. Temperature and total passes apfiite test section were also retained for later
analysis. Note that multiple measurements at 90aB& 90.5% density were recorded on the
USH 8 project.

Obs project temp totalpass density
1 8 243 1 88.9
2 8 220 1 89.3
3 8 246 1 89.6
4 8 260 2 89.7
5 8 137 4 90.2
6 8 250 2 90.3
7 8 202 2 90.3
8 8 234 1 90.3
9 8 235 2 90.3

10 8 204 3 90.3
11 8 132 3 90.4
12 8 256 2 90.5
13 8 246 2 90.5
14 8 222 1 90.5
15 8 255 2 90.6
16 8 222 2 90.6

Figure 5.16 Field Compaction Data sorted by Proje@and Density

As illustrated in Figure 5.16, there are multipnsdity readings of equal value, many at
different test sites, posing a potential problem rfterging data sets. In an effort to merge
multiple field densities with a unique lab densmlue, a single stand-alone value was needed.
Thus, all temperature and passes for a particuédd fdensity value were averaged. This
approach lost the ability to evaluate each denmgfding; however, this was the only feasible
method to yield a single field density measurenfentmerging with lab density. Figure 5.17
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illustrates this averaging. For example, the 8@e3% density readings averaged a temperature
of 225°F and 2 passes.

Obs project density _TYPE_ _FREQ_ temp totalpass
1 8 88.9 0 1 2 43.000 1.0000
2 8 89.3 0 1 2 20.000 1.0000
3 8 89.6 0 1 2 46.000 1.0000
4 8 89.7 0 1 2 60.000 2.0000
5 8 90.2 0 1 1 37.000 4.0000
6 8 90.3 0 5 2 25.000 2.0000
7 8 90.4 0 1 1 32.000 3.0000
8 8 90.5 0 3 2 41.333 1.6667
9 8 90.6 0 2 2 38.500 2.0000

Figure 5.17 Lab Compaction Averaging by Density ath Gyration

The final step in the merging process was to dignmodified lab and field data sets by
density, as shown partially in Figure 5.18. Faortaia lab density values, there may have been
no field density values (and vice versa), so thaisservations were deleted. After merging, a
total of 2,786 observations were created for aiglys

Obs project density labtemp pressure gyrno fieldtemp totalpass
1 8 89.3 140 300 40 .0 220.000 1.00000
2 8 89.3 194 300 8 .0 220.000 1.00000
3 8 89.3 248 300 7 .0 220.000 1.00000
4 8 89.3 140 600 7 .0 220.000 1.00000
5 8 89.3 194 600 5 .0 220.000 1.00000
6 8 89.6 140 300 45 .5 246.000 1.00000
7 8 89.6 248 600 5 .0 246.000 1.00000
8 8 89.7 140 300 47 .0 260.000 2.00000
9 8 89.7 194 300 9 .0 260.000 2.00000

10 8 89.7 248 300 8 .0 260.000 2.00000
11 8 89.7 140 600 8 .0 260.000 2.00000
12 8 90.2 140 300 58 .5 137.000 4.00000
13 8 90.3 140 300 61 .5 225.000 2.00000
14 8 90.3 194 300 11 .0 225.000 2.00000
15 8 90.3 194 600 7 .0 225.000 2.00000
16 8 90.4 140 300 63 .5 132.000 3.00000
17 8 90.4 248 300 10 .0 132.000 3.00000
18 8 90.4 140 600 10 .0 132.000 3.00000
19 8 90.5 140 300 65 .5 241.333 1.66667
20 8 90.5 194 300 12 .0 241333 1.66667
8 .0

90.5 248 600 7 241.333 1.66667

Figure 5.18 Merged Lab and Field Compaction Data

To develop a perspective on the merged data, sistptestics were computed, and are
shown in Figure 5.19. These fundamental statisii®s provided an assessment of any potential
outliers created in the data, which none were found
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Variable N Mean Std Dev Minimum Maximum
density 2786  90.90345 2.05064 80.9 96.8
pressure 2786 437.50897 149.50584 300.0 600.0
labtemp 2786 191.22828  44.03133 140.0 248.0
gyrno 2786  41.26813  31.30342 1.0 160.0
fieldtemp 2786 179.69484  38.52305 105.0 261.0
totalpass 2786 4.65188 2.72468 1.0 17.0

Figure 5.19 Simple Statistics of Merged Data

5.8.2 Data Analysis - Correlations

The merged data set created a unique opportunitpderstand any relationship between
lab and field compaction, along with any associategiables. A correlation matrix was
prepared for each combination of variables, withipat in Figure 5.20. The correlation
coefficient is a numerical measure that quantities strength of linear relationships, where
coefficients near 1.000 indicate a strong relatigms

Pearson Correlation Coefficients, N = 2786
Prob > |r| under HO: Rho=0
density pressure labtemp  gyr no fieldtemp totalpass
density  1.00000 0.15597 0.18461 0.474 56 -0.42715 0.50846
<.0001 <.0001 <.00 01 <.0001 <.0001
pressure  0.15597 1.00000 -0.06756 -0.185 15 -0.04026 0.07179
<.0001 0.0004 <.00 01 0.0336 0.0001
labtemp  0.18461 -0.06756 1.00000 -0.244 73 -0.07992 0.10775
<.0001 0.0004 <.00 01 <.0001 <.0001
gyrno 0.47456 -0.18515 -0.24473 1.000 00 -0.19832 0.39555
<.0001 <.0001 <.0001 <.0001 <.0001
fieldtemp -0.42715 -0.04026 -0.07992 -0.198 32 1.00000 -0.65117
<.0001 0.0336 <.0001 <.00 01 <.0001
totalpass 0.50846 0.07179 0.10775 0.395 55 -0.65117 1.00000
<.0001 0.0001 <.0001 <.00 01 <.0001

Figure 5.20 Correlation Matrix of Merged Data

Correlations between the lab measures (pressueetraperature, gyrations) and field
measures (field mat temperature, total passeghargrincipal focus of the analysis. Two of the
higher correlations between the lab and field wgkglab gyrations vs. total field passes, and (2)
lab gyrations vs. field temperature. First, alyastrong correlation of 39.6% was measured
between lab gyrations and total field passes teeaelthe same mutual density value. This is an
expected finding since it suggests that lab mixgweguiring more compaction will require more
field passes, for the same density level. A sinpitg in Figure 5.21 was prepared to help
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illustrate the relationship between number of ggret and total passes to achieve equivalent
density.

18
. o o0 3
16
y=0.0344x+3.2311
14 R?=0.1565
. . oo . . .
“won o “w e .o
c 12 VR SIS & e e e - -~ -
@< 60 4 0 e “w e o ’e0 ” - - o 3
¢ o se0e . o -
% 10 - e e e - P
© ooonmomsoommoho“no.o.mwoo?oon0000’000 *
a $ 00 S0, o (3 FOIN PRI X3
?3 8 GRS e ' Gload 38, e e % e . K3 . we
- o 0w o“gommowo ¢ » . e
2 LA *o'e AR LS .
6 e 90 %8 SR8 oo 0qee'd  F g3 ¢ * 0 *e o we
00 00070000 £0%a0R0c o @0 e G0 o ¢ o coe
"'"’ 8 B3 0 e o * . o,
4 :;"Mﬂ o3 0 P ot o o o4 o ° . .
xf" .300»0 GO WD 0B 0000 o @ o eo0e .
.03 21000) , *0 o0 03 * 3 *
2 Pagoe™ oooo.p X3 .
0w o sewme moo .0 .o
0
0 20 40 60 80 100 120 140 160 180
Gyrations, n

Figure 5.21 Correlation of Lab Gyrations with Roller Passes

No strong trend can be observed with the conceatraluster at lower gyrations and
passes, so the data were truncated. Figure 3ua®rdltes the correlation with the reduced data
sets. The plot of gyrations 40 was selected to identify any trend. A sligdiationship was
measured with the linear model, where each 10 igymtrequire an additional roller pass;
however, this model is very weak.
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Figure 5.22 Correlation of Lab Gyrations with Roller Passes

To further understand the relationship of field ggssand lab gyrations, the data were
stratified by gyratory pressure at 300 kPa andld®®.  Figure 5.23 illustrates the upward trend
between gyrations and passes, where greater peests800 kPa requires less gyrations for total
cumulative roller passes.

18
16 o=
14
12
10

L 3

@ 300kPa

Total Passes, n

= 600 kPa

o N M OO

0 50 100 150 200

Gyrations, n

Figure 5.23 Effect of Pressure on Lab Gyrations wh Roller Passes
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Since the 600 kPa pressure is used for lab desidplant-produced mix production, the
data were reduced to 600 kPa pressure only. Fly@rkillustrates the 600 kPa data only, where
a strong upward trend existed between the gyratmdspasses. It must be noted that the linear
model for the relationship does not meet the assompof normally and independently
distributed residuals.
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Figure 5.24 600 kPa Pressure for Lab Gyrations anRoller Passes

The 600 kPa pressure data were stratified by tesmyrer, as shown in Figure
5.25. The fanning appearance in the data ardraiiesl by the temperature readings to
achieve the mutual density values between lab i@iitldompaction.

18
A °
16 *
14
[
o 12
2
S 10 p
(¢ il Lo I A
% g ,‘X%;_.ﬁ * 140F
19
2 A 194F
6
L2
4 = 248F
2
0
0 50 100 150 200
Gyrations, n

Figure 5.25 Temperature at 600 kPa Pressure for lmGyrations and Roller Passes
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Second, a lower correlation of 19.8% was measuetdden lab gyrations and field
temperature. Figure 5.26 plots the number of gymatand field mat temperature. As the
number of gyrations increases, the mat temperataceeases. This relationship may suggest
that higher Ndes mixes required additional compacteffort, in some cases compaction
occurring at lower temperatures.
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Figure 5.26 Correlation of Lab Gyrations with Fied Mat Temperature
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CHAPTER 6 WARM MIX ASPHALT

6.1 Introduction

Recently, there have been significant laboratorgt &ald research efforts related to
assessment of the impact of Warm Mix Asphalt (WMAgchnologies in terms of
constructability, performance, and energy demandcdnstruct roads. The focus of these
research efforts was to determine if applicationVMA is feasible and to quantify its
environmental impacts. In September 2008 an oppityt arose to supplement the research
study to include an initial evaluation of Warm Miksphalt using the previously defined
laboratory and field compaction parameters. THiapter will present the results of the
laboratory and field analysis, and how the findifrgsn the warm mix field demonstration relate
to the objectives of this study.

6.2 Lab Investigation

6.2.1 Data Collection and Comparison to QC Data

The aim of the field project was to evaluate thditgbof a surfactant-based WMA
additive to allow a conventional HMA mix to be pdacat lower compaction temperatures, and
allow for use of higher amounts of Recycled Asplraizement (RAP) in the mix design. It is
expected that these changes in compaction temperata mix design components will achieve
the same in-place density as a conventional HMA niike laboratory component of the WMA
evaluation is focused on comparison of the WMA mixe the HMA in terms of mixture
workability. Mixture workability and temperaturerssgtivity are evaluated using %Air Voids at
the design level of gyrations and the previouslingel Construction Densification Index (CDI).
The HMA mix design was a 12.5-mm E1 mix using 20%PRsamples of the HMA mix were
collected from the site. The mix design was maedifto include the WMA additive and
incorporate RAP Percentages of 30%, 35%, and 4Wfortunately, the QC technician was
only able to collect mix samples of the WMA 30% RARd WMA 40% RAP mixes during
production. A summary of the mix proportions aidF properties are provided in Tables 6.1
and 6.2.

Table 6.1 Summary of Mix Proportions

200 WMA-
Aggregate HMA WMA - 30% 40%
3/4" Crushed Gravel 50% 35% 35%
5/8" Screened Sand 30% 35% 25%
RAP 20% 30% 40%
Opt AC 0.5% 4.7% 4.7%
% Gmm Design 2.53 2.543 2.545
% Gmm Measure 2.54¢ 2.54( 2.54¢
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Table 6.2 Summary of Job Mix Properties

Summary of Mix Properties
3/4" Crushed | 5/8" Screened JMF WMA | IMF WMA -
Source Gravel Sand RAP | IMFHMA 1 30% 40%
Percent Passing

3/4" 100.09 100.09%  100.0po 100.0% 100)0% 100.0%
1/2" 90.09 100.0% 95.0%6 94.0% 95.0% 9455%
3/8" 70.09 97.0% 90.0%0 82.1% 85.5% 84.8%
#4 42.09 87.0% 74.0% 61.9% 67.4% 66J1%
#8 28.09 81.0% 64.0% 51.1% 57.4% 5517%
#16 21.09 77.0% 57.0p6 45.0% 51.4% 49|4%
#30 16.09 59.0% 47.006 35.1% 40.4% 39|2%
#50 12.09 18.0% 28.0P6 17.0% 18.9% 19]9%
#100 8.09 3.0% 13.0% 7.5% 7.8% 8.B%
#20( 5.8% 1.5% 8.0% 5.0% 5.0% 5.6%
Crushed 1 Face 100.0% 32.0% 82|0% 90.6%
Crushed 2 Face 99.4% 30.0% 80J0% 89.3%
Flat and Elongated 1.4% 1.0% 0.Y% 12%
FAA 41.3(
Water Ab: 1.4% 0.5% 1.0% 1.1%

One item of note in the previously provided infotioa is the difference in maximum
specific gravity (Gmm) between the HMA Mix Designopided on the project and the value
measured using the field sample collected. Ineagixsnt analysis, the Gmm measured for the
UW laboratory sample was used.

Table 6.3 provides design data for the HMA mix aqpdlity control data from the
WMA-30% and WMA 40% mixes. Table 6.3 also providesomparison of the HMA design
data to the field sample collected.

Table 6.3 Summary of Field QC Data

- 0

Aggregate HMA - Design HMA - UW WMA(‘)CSOA) WMA-40%
Compaction Temp (F) 275 275 215 221
Nini - 7 91.2% 90.4% 92.0% 93.8%
Ndes - 60 96.1% 95.4% 97.0% 98.3%
Nmax- 75 96.6% 95.8% N/A* N/A*
VMA 14.1( 12.8¢ 12.3( 11.0C
*WMA QC samples were compacted to Ndes.
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Comparison of the HMA data from the field samplélemied to the mix design show
variations in air voids of approximately 0.7% beéwehe densification data provided in the mix
design and laboratory compacted values. Furtherptbe QC data from the WMA samples
show that even with a ~8P reduction in temperature and 10-20% additionalPRthe
densification of the mix exceeds that of the HMArdesign used on the project. The laboratory
portion of the study will investigate the densifioa characteristics of the WMA and HMA
mixes and their dependence on compaction temperahd pressure further.

6.2.3 Experimental Design

The focus of the laboratory study was to assessntpacts of the WMA additives and
mix design changes on densification behavior asdl@pendence on compaction temperature
and pressure. Mixes were compacted at three teypes ranging from 198 to 275F and
compaction pressures of 300 kPa and 600 kPa. Xperimental design and summary of
compactions is provided in Table 6.4.

Table 6.4 Experimental Design — Evaluation of WMA

] Compaction Pressure
. Compaction
Mix
Temperature (F)
300 600
194 X X
HMA 230 X X
275 X XX
194 XX XX
0,
WMA 30% RAP 230 XX XX
275 X XX
194 XX XX
WMA 40% RAP 230 XX XX
275 X XX
Total Samples 13 16
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The letter “X” denotes a compacted sample; dueatk bf materials, two replicates for
each temperature/pressure combination could ngirbépared. The total mixes compacted at
each level of pressure are also provided in thietablixes were compacted using the Pressure
Distribution Analyzer (PDA) plate developed by UWalson (Faheem and Bahia 2004) to
measure the resistive forces of the mix during caectipn. Previous research defined an index to
asses workability, the Construction Force IndexIJCWwhich measures the force required to
densify the mix from 88% Gmm to 92% Gmm. The ragshsification of the E1 mix did not
allow for an adequate number of data points todileacted to calculate the workability index.
Therefore, the CFl was eliminated as a potentialuation criteria for mixture workability in
this particular study. Instead, comparison of mm&t behavior was conducted using the
previously defined evaluation parameters of aidsat the design number of gyrations (N=60)
and the construction densification index (CDI), @vhis defined in Equation 5.8. Consistent
with the procedures previously detailed in thisorgpthe significance of these parameters will be
evaluated using general linear models to perfornOANX analysis.

6.2.4 Results and Analysis
Comparison of the air voids at 60 gyrations, theigie compactive effort for E-1 level

mixes for compaction pressures of 300kPa and 60@kfa the range of previously defined
compaction temperatures are provided in Figuresdl6.2, respectively.
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Figure 6.1 Air Voids vs. Temperature — Ndes = 60ygations at 300kPa
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Figure 6.2 Air Voids vs. Temperature — Ndes = 60ygations at 600kPa

At both compaction pressures, the three mixes kehaimilarly in terms of ranking.
The HMA mix is defined as “Control” in these andbsaquent figures. For both compaction
pressures, the HMA mix and the WMA 30% RAP mixesyMay no more than approximately
1% air voids with the 40% WMA mix at lower air voilkvels across all compactions
temperatures. Both the HMA and 30% WMA mix agmto the specification limit of 4% air
voids at Ndes. The deviation of the 40% WMA migrfr the target air void level is consistent
with the previously presented QC results and iobiygsized to be caused by the added amount
of P200 in the mix caused by increasing RAP peegad. In-place quantities were insufficient
to modify the JMF to achieve design density wite #0% RAP mix. Furthermore, the mixes
show little temperature sensitivity across the apjpnately 80F temperature range tested. This
finding is consistent with Equation 5.3, which dfies a 0.2% adjustment to predicted Air
Voids for a compaction temperature of 194 ANOVA analysis at a 95% confidence level was
used to determine if the performance of these maxestatistically different and the significance
of pressure and temperature. Results of this aisadye provided in Table 6.5.
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Table 6.5 ANOVA Analysis — Air Voids at Ndes

Source DF SeqSY AdjS$ AdjMS F P
Mix Type 2 15.327 13.800 6.899 76093 0}00
Pressure il 3.263 2.9p3 2.953 34.92 D.00
Temperature P 0.188 0.0p1 0.011 d.12 0.89
Mix Type*Pres 2 0.10P 0.072 0.0B6 040 068
Mix * Temp 4 0.954 0.90[L 0.245 2.51 0f10
Pres*Temp ? 0.199 0.173 0.086 0]96 Q.41
Mix*Pres*Temp 4 0.31p 0.312 0.078 0.87 0|51
Error 11 0.987Y 0.987 0.090
Total 2§ 21.338
R -Squarec 95.38%

Results of the ANOVA analysis indicate that mixdyand compaction pressure are the
only two factors that significantly affect the Iéwd air voids in the mix at Ndes. These results
confirm the previously stated observation that thixes did not appear to be sensitive to
temperature changes at either compaction pressasensitivity to temperature could be due to
a combination of two factors: the E-1 mix designnberelatively easy to compact since it is
intended for lower traffic, and the range of contmactemperatures evaluated in the lab being
too narrow to see significant changes in densibcat The Tukey Pairwise Comparison test was
used to evaluate if the behavior of the three nmesighs was statistically different at a 95%
confidence level. Based on data presented in tlewiqus figures, it could be assumed
gualitatively that the WMA-40% mix behaved diffetjnthan the HMA and WMA-30%,
however, differences between the HMA and WMA-30%eaweot easily observed. The Tukey
Test provides a quantitative method to further eat these differences. Results are provided in
Table 6.6.

Table 6.6 Results of Tukey Pairwise Comparison Tes

Mix Difference Adj P-

of Means SE | T-Valugl Value
WMA - 30% - HMA -0.5610[  0.1497| -3.7500 0.0083
WMA - 40% - HMA -1.7440]  0.1497| -11.6500 0.0000
WMA - 30% - WMA-40% -1.1830[ 0.1321| -8.9610 0.0000

Results of the pairwise comparison show quantistithat the HMA and WMA-30%
mixes are statistically different. However, difeces between these two mixes are considerably
smaller than differences observed in comparisonis the WMA-40% mix. The differences are
negative for the comparisons of WMA minus HMA, icaling the WMA mixes are undergoing
significantly more compaction for a given temperatand level of compactive effort.

The second evaluation parameter was the Construbtensification Index (CDI). The
CDI was used to indicate the level of compactiferefequired for the mix to densify from 12%
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to 8% air voids. In the field, this parameter tetato the densification experienced by the mix
during compaction by the breakdown and finish relleThe CDI for the 300 kPa and 600 kPa
compaction pressures are provided in Figures &1%ah respectively.
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Figure 6.3 CDI vs. Temperature at 300kPa
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Figure 6.4 CDI vs. Temperature at 600kPa

As expected, the results for CDI are very simitatitose provided in the comparison of
Air Voids at Ndes with the HMA and WMA-30% mixeslekiting similar behavior with the
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WMA-40% mix showing significantly lower CDI valueross all compaction temperatures. At
300 kPa, all three mixes show very little sendyivhaving consistent rank for all three
compaction temperatures. This trend is also shovthe WMA mixes compacted at 600 kPa,
however the HMA mix shows more fluctuation in CRRfass the compaction temperatures with
a range of approximately 3 gyrations. This genbedavior was also demonstrated to a lesser
extent in the air voids at Ndes for the HMA samipl&igure 6.2. Tenderness could partly be the
cause, however further investigation is neededdemtify the reason for this behavior. The
ANOVA results and Tukey pairwise comparisons arevigled in Tables 6.7 and 6.8,
respectively.

Table 6.7 ANOVA Analysis — CDI

Source DF SeqSY AdjS$ AdjMS F P
Mix Type 2l 15.327 13.800 6.899 7693 0}00
Pressure il 3.263 2.9p3 2.953 34.92 D.00
Temperature P 0.188 0.0p1 0.q11 d.12 (.89
Mix Type*Pres y 0.10p 0.042 0.0B6 0}40 068
Mix * Temp 4 0.954 0.90L 0.245 2.51 010
Pres*Temp ? 0.199 0.173 0.086 0]96 Q.41
Mix*Pres*Temp 4 0.31p 0.312 0.078 0.B7 0}51
Error 11 0.987 0.987 0.090
Total 24 21.338
R -Squarec 95.38%
Table 6.8 Results of Tukey Pairwise Comparison Tes CDI
Mi Difference Adj P-
X of Means SE T-Value| Value
WMA - 30% - HMA -1.8330|  0.4667 -3.92 0.01
WMA - 40% - HMA -4.7500]  0.4667| -10.16 0.00
WMA - 30% - WMA-40% -2.9170|  0.4125 -7.07 0.00

Results for CDI using ANOVA and pairwise comparigondentify differences between
mixture behavior are similar to those provided &ir voids at Ndes. The ANOVA analysis
identified mix type and compaction pressure asottlg two significant factors, confirming that
these mixes are not sensitive to change in temperat The pairwise comparison showed
significant differences between all mixes, the aliéihce between WMA-30% and HMA was
smaller relative to the other combinations. Furtiere, CDI was significantly reduced for both
WMA mixes relative to the HMA, indicating that thuse of the WMA additive results in more
workability, even with the addition of higher pentages RAP.

In conclusion, the results of the laboratory evatumademonstrate that the use of the
WMA additive allowed for an increased amount of RAPthe mix without a significant
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detriment to mixture workability as shown using @@l. Both the HMA and WMA 30% mixes
approached the Superpave criteria of 4% air vaidédas over all compaction temperatures, the
air void levels in the WMA 40% were considerablyvir than the 4% target, this result was
consistent with the field QC data collected and @@ to increased P200 in the mix. Although
these results are promising, one project is ndicserit to draw any firm conclusions. A more
rigorous evaluation of the impacts of a variety veirm mix additives and processes on
workability and relationships between the labonatand field is recommended. Evaluation of
workability should also include mixes designed lagher traffic levels, varying in gradation,
and using modified binders. A control mix is nedde subsequent field sections in which the
only change in the mix design is the addition 9¥®IA additive. If possible, this section should
also be compacted at warm mix temperatures to @eosi means of comparison for in-place
density and field performance. Field sections &halso be of adequate size to allow for
measurement of emissions and energy consumpticuaatify the environmental benefits of
WMA relative to HMA.

6.3 Field Investigation

A field evaluation of WMA was conducted on the sa@ mixture, paved in Adams
County, County Highway E, on September 5, 2008. tli project, both a traditional hot-mix
asphalt (HMA) and WMA with varying levels of RAP veepaved within the same day.

6.3.1 Data Collection

A field evaluation of WMA was conducted on an E-ixture, County Highway E in
Adams County, paved on September 5, 2008. WMAnugthree different levels of RAP and a
traditional hot-mix asphalt (HMA) were paved withilre same day. Density data were collected
from a total of 39 test sites, with a breakdownvjded in Table 6.9.

Table 6.9 Test Site Summary

Number of Test
Mixture Type Sites Gmm

1) 2) 3)
WMA with 30% RAP 12 2.540
WMA with 35% RAP 3 2.543
WMA with 40% RAP 6 2.545
HMA with 20% RAP 18 2.549
Total 39

Nuclear readings of 15 seconds in duration werenaketween roller passes with the
contractor's QC gauge. A minimum of 2 readings eveaken after each roller pass, then
averaged to yield a single density value for eashsite. No cores were sampled and actual QC
density values were adjusted to the owner/consu{@A) gauge for analysis. A comparison
was made with a QA gauge, and it was determinedhleaQC gauge was reading an average of
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2.5% lower density than the QA gauge due to cditmao a different set of blocks. Based on
this calibration offset, all QC nuclear density diegys had 2.5% density added to the raw
readings. Maximum specific gravity (Gmm) changegdntixture type, and the appropriate lab
values were used to compute density.

Figure 6.5 shows the heat gun reading of 235°FhasWarm Mix Asphalt exits the
mixing drum, and Figure 6.6 measures the mat teatyer of 195°F behind the paver. A single
breakdown roller in the vibratory mode (Ingersodsfl DD110), and a single cold roller
operating primarily in the vibratory mode (SvedBignapac CC422), were used to compact the
mat.

Figure 6.5 Warm Mix Temperature Reading at Drum Dscharge
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Figure 6.6 Warm Mix Temperature Reading behind Paer

6.3.2 Data Analysis — WMA versus HMA during Cortipac

Data analysis methods were similar to the 30 laymesented earlier. Both the
traditional density value and the new ‘Density Reiheasure were designated as the dependent
variable, and independent variables were mixtupe tff/MA or HMA), temperature, passes
between density readings, total passes, and differbetween actual density and 96% Gmm
(‘dens96’).

A fundamental question was whether a similar raofggensity can be measured behind
the rollers for both WMA and HMA mixtures. To foally test if a difference exists, an
Analysis of Variance (ANOVA) using the Generalizethear Model (GLM) approach was
conducted among all density values behind rolleses. Figure 6.7 provides the output, where
there was no statistical difference between WMA &iMdA (p-value = 0.776). The average
density readings behind the roller were nearly tidahwith 91.2% and 91.3% for WMA and
HMA, respectively. The standard deviation of WMAsvhigher because of decreasing density
values as the amount of RAP increased (analyzedifathis section).

92



Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 1 0.2967837 O .2967837 0.08 0.7760
Error 97 353.5428122 3 .6447713
Corrected Total 98 353.8395960
R-Square Coeff Var Root MSE density Mea n
0.000839  2.151853  1.909128 88.7202 0
Level e density-----------
N Mean Std Dev

1 WMA 50 91.1666000 2.13021126
2 HMA 49 91.2755102 1.65322042

Figure 6.7 GLM for Density Readings between WMA ad HMA

Next, the mean density gain between passes, ‘BebDsita’, was used to compare WMA
and HMA. Figure 6.8 provides the GLM output, where statistical difference was found
between density gains among the two mixture tyg@s.average, the density gain in WMA was
3.2% density, while HMA was 2.8% density. Stand#egliation measures were very similar.

Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 1 3.2123657 3 .2123657  0.37 0.5441
Error 97 840.8442000 8 .6684969
Corrected Total 98 844.0565657
R-Square Coeff Var Root MSE densdelta M ean
0.003806  99.20997  2.944231 2.967 677
Level - densdelta----------

N Mean Std Dev

1 WMA 50 3.14600000 2.88388981
2 HMA 49 2.78571429 3.00457984

Figure 6.8 GLM for Delta Density between WMA and HVMA

The other independent variables and 2-way interastiwere added to the model to
assess their relative effect on density gainsurei®.9 illustrates the output for Type Il Sum of
Squares, where the variable is entered last irdontbdel; this is a more robust assessment of

variables than Type | Sum of Squares where thellris entered first.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 10 460.4778000 46 .0477800 10.56 <.0001
Error 88 383.5787656 4 .3588496
Corrected Total 98 844.0565657
R-Square Coeff Var Root MSE densdelta M ean
0.545553  70.35085 2.087786 2.967 677
Source DF Typelll SS Mea n Square F Value Pr>F
wmahma 1 0.21519059 O. 21519059 0.05 0.8247
temp 1 18.06255534 18. 06255534  4.14 0.0448
temp*wmahma 1 4.03043887 4. 03043887 0.92 0.3389
totalpasses 1 3.20546498 3. 20546498 0.74 0.3935
totalpasses*wmahma 1 1.90722847 1. 90722847 0.44 0.5100
temp*totalpasses 1 39.45910643 39. 45910643 9.05 0.0034
dens96 1 3.15865791 3. 15865791 0.72 0.3969
dens96*wmahma 1 9.26100023 9. 26100023 2.12 0.1485
temp*dens96 1 0.01502829 O. 01502829 0.00 0.9533
totalpasses*dens96 1 5.77096748 5. 77096748 1.32 0.2530

Figure 6.9 GLM for Delta Density Main Effects andinteractions

No main effect or interaction involving WMA versb$/A were significant, and only the
temperature main effect and temperature*totalpaisgéesaction were significant. As concluded
earlier, temperature has a significant impact om ability to achieve density gains, and a
declining temperature interacts with the increasinmber of passes.

6.3.3 Data Analysis — WMA versus HMA Final Density

A fundamental question concerning Warm Mix Asphaltwhether a final resultant
density can be achieved similar to traditional INox Asphalt, given the compaction effort is
nearly equal. To address this question, the fiiesisity readings among WMA and HMA were
compared using a formal statistical analysis, vidtiM output in Figure 6.10.

Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 1 0.05863248 0. 05863248 0.03 0.8709
Error 37 81.01111111 2. 18948949
Corrected Total 38 81.06974359
R-Square Coeff Var Root MSE density Mea n
0.000723  1.608316  1.479692 92.0025 6
Level e density-----------

N Mean Std Dev
1 WMA 21 91.9666667 1.90613046
2 HMA 18 92.0444444 0.70060665

Figure 6.10 GLM for Final Density between WMA andHMA
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The total degrees of freedom were 38, one less tti@isample size of 39 test sites. A
total of 21 WMA test sites were compared with 18 Alidst sites. The result of the hypothesis
test for mean final density between WMA and HMAacluded no statistical difference. Means
for WMA and HMA were nearly identical, when round&d92.0%. Variability in WMA final
density was larger by a factor of 2.5 for the staddleviation, which was the result of different
RAP levels in the mix (analyzed in the next seqgtion

Figure 6.11 plots the final density versus numlepasses for both mix types. Warm
Mix had much more variability, ranging from 89%96%, while the Hot Mix was much more
consistent between 90.5% and 93.5% density. Taimbility may be attributed to changes in
the job mix proportions (i.e., bin percentages,hafipmetering, etc.). It is recommended that
additional controlled experiments be conductedsseas whether this feature can be found on
other projects.
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Figure 6.11 Final Density Comparison for WMA and HVA

6.3.4 Data Analysis — WMA at Varying RAP

The final portion of the analysis compared theywvay RAP percentages with final
density. Test sites and corresponding sample $aethe three RAP levels (30%, 35%, and
40%) were unbalanced, with n = 12, 3, and 6, résm#g. During plant production, the mix
was transitioned from 30% to 40% RAP within a feuckloads, primarily corresponding to the
35% RAP test sections. Because of this short itrangeriod and small sample size, the 35%
RAP data was removed from the dataset. A formalyais of variance for 30% and 40% RAP
was conducted with output in Figure 6.12.
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Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 1 26.35111111 26. 35111111 10.33 0.0054
Error 16 40.80666667 2. 55041667
Corrected Total 17 67.15777778
R-Square Coeff Var Root MSE density Mea n
0.392376  1.733778  1.597002 92.1111 1
Level of - density-----------
rap N Mean Std Dev
30 12 92.9666667 1.87438879
40 6 90.4000000 0.65726707

Figure 6.12 GLM for Varying RAP Levels in WMA

The means of the 12 30% RAP test sites were compaith six 40% RAP test sites.
The mean at 30% RAP was 93.0%, while the 40% RAB @@4%, and strong statistical
difference was determined (p-value < 0.006). \Mality in 30% RAP was much higher by a
factor of 3.

Figure 6.13 plots the final density versus numidepasses for both RAP contents. For
similar compaction levels of 3 and 4 passes, th# FDAP mixture achieved a consistently
higher density. Several explanations for thisudel more traditional asphalt binder to heat at a
lower WMA mixing temperature, gradation charactasss of the different RAPs, and
compactibilty characteristics of the RAP portiontbbé mixture. Based on this analysis, lower
RAP levels are recommended for WMA mixtures to actihigher density levels. However,
this recommendation is based upon a single progeltitional research is needed to investigate
this relationship.
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Figure 6.13 Final Density Comparison for RAP Contets
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CHAPTER 7 Development of Permeability and Densitriteria

7.1 Introduction

A primary objective in this study is to measure hasvbuilt density and permeability
affect asphalt pavement performance in Wisconsifo achieve this objective, an as-built
construction database must be created to providganson with actual performance after a
period of several years. Since it will require @ years to measure actual performance, this
study is limited to creating the as-built constrmictdatabase. This effort largely required the
integration of several databases. The integrgtimcess involved an understanding of several
elements including data types and formats to beeaded and managed, location referencing,
database structures and relationships, and soft@gterements.

7.2 Location Referencing Based on Reference Poiystem

A single database system modeled after the Metaaljlamsystem was created. It
consists of individual spreadsheets in Microsofc&X" format for each of the 29 construction
projects paved in 2007, where all project data vieneished by WisDOT and/or the contractor.
Approximately 80 projects having 10,000 tons or enaere paved in 2007; however, data were
only provided for 29 of these projects.

The basic location reference database is foundeth@WisDOT reference point (RP)
system. This involved the conversion of constarcyprojects termini, as well as the start and
end locations of all test lots/sublots in termgtef WisDOT reference point system. Once this
was accomplished, construction data measures fbuitsdensity, JMF, and material properties
associated with particular lots/sublots for giveference point interval were aligned with future
performance data.

Figure 7.1 provides a schematic of overlaying dagab for the purpose of assigning data
attributes to pavement segments based on the Re&erPoint System. In this figure,
performance data are identified by sequence numbanite design, traffic, and environmental
data are continuous across the given constructpdesg. Construction data for the contractor’s
Job Mix Formula (JMF) and IRI ride data overlay #mire project. Where there was a JMF
change during construction, the date and subldh@fchange were recorded and applied to the
RP. Construction mix properties and density regflithe actual as-built test values, where mix
properties were in the individual sublot test resahd density was the average of 7 nuclear
density tests per 750-ton lot. Because of theivelg large standard deviation associated with
determining density, at this time it is recommendiedt the average for the lot be used in
assigning an as-built density to the appropriateaR& sequence number. Further research is
recommended to determine the appropriate assignoiesd-built construction data to a given
location reference.
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Figure 7.1 Overlay of Databases using Reference iRbSystem

7.3 Conversion of Construction Stationing to Refeance Point

At the present time, WisDOT does not have a defprededure for relating construction
stationing to the reference point system. In otdecomplete the alignment and integration of
applicable HMA databases to model pavement perfoceaver time, construction plan sets and
field data were necessarily obtained. Plan sete&éch pavement project, formatted as PDF
files, were obtained via email or an ftp website:(/ftp.dot.state.wi.us/publised by WisDOT,
depending upon the method preferred by each relgodinee.

Using the existing reference point system, an ayedf the project stationing with the
pre-existing reference point system was completedséveral sample projects. In order to
measure the PDI, an automated performance surtaies continuously from an intersection or
some other distinguishable feature, such as ad@madgounty line. The recorded length begins
0.3 miles from a reference point for a length df tiles; therefore, as depicted by the shaded
areas in Figure 7.2, the performance is recordéaesn 0.3 to 0.4 miles after a pre-determined
point.

1 3nu ] 0

Prertortnangs I 1.0 miles I 0.9 mules I 1.2 miles

Figure 7.2 Ride Quality Measurement Methodology.
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A sample overlay is displayed in Table 7.1 for U%8l in lowa County. Here, the
sequence number, depicted as the name for the &Pimghe PDI measurement, was matched
up with the stationing of the project. Thength column is the length between sequence
numbers. Th&8eg STAcolumn is the beginning project stationing frore gilan sets. Th8tart
0.3 — 0.4column is theBeg STAcolumn with 1,584 feet added (number of feet sche0.3-mile
starting point). Thé&nd 0.3 — 0.£0lumn is théBeg STAcolumn with 2,112 feet added (number
of feet to reach 0.4 miles). In this example, aaya obtained between station 1040+02 and
1045+30 can be correlated with the PDI sequencebeunof 20820 to determine the
performance of the HMA pavement over time.

Table 7.1 Sequence Number/Project Stationing Ovexry (USH 18, Project I.D. 1660-04-73)

Start 0.3 - End 0.3 -
Sequence Length, Intersection Beg STA, 0.4, 0.4,
Number mile ft. ft. ft.
1) 2) 3) 4) ®) (6)
20820 1.47 | GRANT-IOWA CO LN 102418.0 104002.0 104530.0
20830 151 | CTHXXINTR 110188.3 111772.3 1123003
20840 1.02 | ANDERSON LA INT 118170.1 119754.1 1202821
20850 1.00 | VICKERMAN RD INT 123523.8 125107.8 1256358
20860 1.01 | STHB8ON&CTHGL 128831.4 130415.6 130943.6
20870 0.72 | CTHJINTR 134135.7 135719.7 136247.7
20880 1.26 | WHITSON RD INT R 137927.5 139511.% 140039.5
20890 1.01 | STH39EINTR 144617.9 146201.9 146729.9
20900 0.94 | SUNNY SLOPE RD R 149949.9 1515339 15206[1.9
20910 1.09 | BETHLEHEM RD INT 154922.5 156506.5 1570345
20920 1.00 | CTHQ (BERGRD)R 160658.7 1622427 162770.7
20930 0.90 | TN OF DODGEVILLE 165938.7 167522.7 16805Q.7
20940 1.26 | CTH Q (SURVEY RD) 171084.3 172668.8 173196.3
20950 0.78 | USH 18W INT L 177737.1 179321.1 179849.1

7.4 Assignment of Construction Data to Sequence Wibers

The alignment of construction data measures with $€Quence numbers is necessary to
determine the effects each asphaltic concrete propas on the durability of road sections over
time. Construction data measures included in ligaraent were aggregate gradation, aggregate
blend, bitumen data, mixture data, optimum asptw@itent properties, and JMF properties. For
each of the properties, field and design data walsided if available.

7.4.1 Job Mix Formulas

JMF data were obtained from the contractor forptugect. An example of a portion of
the JMF data overlay table is displayed in Tabk 7.
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Table 7.2 Sequence Number/JMF Data Overlay (USH 4®roject 1.D. 9847-03-60)

Sequence Date Daily Daily Daily JMF, | JMF, | JMF | JMF JMF JMF
Number | Placed | Average,| Average,| Average | 1/2” 3/8" | AC | Pbe | Pyo7dPbe| Plant

1/2” 3/8” AC Calc Calc Mix
Temp.
1) (2) 3) (4) (5) (6) 7 1® |9 (10) (11)
61760 8/9/07 93.4 82.5 5.07 91.8 8119 510 4.64 0.87 280-320
61770 8/9/07 93.4 82.5 5.07 91.8 8119 510 4.64 0.87 280-320
8/9/07 & )
61780 8/6/07 92.8 82.0 513 91.3 81.9| 5.10 4.64 0.87 280-320
8/6/07 & J
61790 8/2/07 91.6 81.3 520 90.7 80.9| 5.20 4.70 0.81 280-320
61800 8/2/07 91.3 81.2 5.19 90.[7 80|19 520 4.70 0.81 280-320
61810 8/2/07 91.3 81.2 5.19 90.[7 80|19 520 4.70 0.81 280-320
61820 8/2/07 91.3 81.2 5.19 90.[7 80|19 5,20 4.70 0.81 280-320
61830 8/2/07 91.3 81.2 5.19 90.[7 80|19 5,20 4.70 0.$1 280-320

The data displayed under the heading column heallfgare the optimum values for
each of the sieve sizes as designed; these valaes abtained directly from the documents
provided by the contractor, B.R. Amons & Sons, Indowever, theDaily Averagevalues that
are displayed were calculated. Each day, anywfrera two to five different samples was
taken, and a moving average calculated for the foost recent test results. In order to obtain
the Daily Averagefor these cells, a weighted average was takerziagjithe daily average from
each day. This weighted average was then inpliatie 7.2. TheDaily Averagecalculation
methodology for the %2” sieve for Sequence Numbeéf86lis as follows: four samples were
taken on 8/9/07, which had a daily average of 98 three samples were taken on 8/6/07,
which had a daily average of 91.9. These averages then weighted, as shown by Equation
7.1, to provide th®aily Averagevalue that was entered into Table 7.2.

Daily Average,,. = 4[93'4;3[91'9 =928 (7.2)

7.4.2 Density

Density data was also obtained from the documentsiged by the contractor. A
sample of this data is provided in Table 7.3.
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Table 7.3 Sequence Number and Density Data OverlgySH 45, Project I.D. 9847-03-60)

Sequence| Date Placed Density Density

Number Lower Lift Upper Lift
1) (2) 3 4)

61760 8/9/07 - 93.2
61770 8/9/07 - 92.9
61780 8/9/07 & 8/6/07 - 93.1
61790 8/6/07 & 8/2/07 - 93.3
61800 8/2/07 - 93.4
61810 8/2/07 - 92.6
61820 8/2/07 - 93.5
61830 8/2/07 - 93.7

Determining the density for the upper and lowetslifollows the same calculation
procedure as thPaily Averagedescribed earlier, depending upon whether thevef$ placed in
one or two days. For this project, only a wedge single surface layer were paved.

7.4.3 Mix Properties

Multiple mix properties were given in the documeptevided by the contractor. A
sample of the data provided is given in Table 7.4.

Table 7.4 Sequence Number and Mix Properties Ovay (USH 45, I.D. 9847-03-60)

Sequence Date Placed Daily Daily Daily Daily Opt. Opt. | Opt. Opt.
Number Average| Average| Average| Average| Gmm | Gmb | Voids | VMA
Gmm Gmb Voids VMA

(€] (2) (3) 4) ©)] (6) ) (8) (9) (10)
61760 8/9/07 2.509 2.420 3.5 14.7 2516 2416 4.0 14.8
61770 8/9/07 2.509 2.420 3.5 14.7 2516 2416 4.0 14.8
61780 8/9/07 & 8/6/07  2.509 2.416 3.7 14.9 2516 2416 4.0 14.8
61790 8/6/07 & 8/2/07)  2.510 2.41( 4.0 15.1 2513 2413 4.0 15.0
61800 8/2/07 2.510 2.410 4.0 15.] 2513 2413 4.0 15.0
61810 8/2/07 2.510 2.410 4.0 15.] 2513 2413 4.0 15.0
61820 8/2/07 2.510 2.410 4.0 15.] 2513 2413 4.0 15.0
61830 8/2/07 2.510 2.410 4.0 15.] 2513 2413 4.0 15.0

Data that are not displayed in Table 7.4, but acuded in the spreadsheet, were design
aggregate blend, bitumen data, mixture data, agdeggte data. ThBaily Averagecolumns
were again calculated as described earlier, an@gienumvalues were recorded directly from
the documents provided by the contractor.
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7.5 Assignment of Permeability Data to Sequence Nbers

Air and water permeability were measured on 30rk&giring the 2007 paving season;
15 of the construction projects had testing pertmron the surface layer. After the pavement
cooled, water and air permeability testing occuwadive (5) of the 20 test sites per layer. The
NCAT permeameter was filled and the drop in wateight was recorded per unit time. The
ROMUS air permeameter was used to collect data fmmparative analysis, with test locations
offset 6 to 12 inches longitudinally to avoid thetypavement surface. A complete discussion of
the test procedures and data collection is providéchapter 3.

Figure 7.3 provides an aggregate test site congran$ equivalent water permeabilities
measured by the ROMUS device versus NCAT devicesacall projects. Air permeameter
values had a higher order of magnitude than thenymrmeameter, by a factor of approximately
5. Except for a few outliers, the water permegbivas generally less than 300 x 10-5 cm/sec,
and air permeability was generally less than 16Q0-5 cm/sec.
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Figure 7.3 Comparison of Permeability Methods

Figures 7.4 and 7.5 provides an aggregate testaitgarison for core density and both
air and water permeability, respectively. In gahehere was a slight downward trend, where
an increase in density caused a decrease in peilityealBy comparison, the 2002 WHRP
permeability-density study found that no trend ®ddor fine-graded gravel-source mixes, but a
trend was observed for fine-graded limestone-saurogxes (Russell et al. 2004). Also by
comparison, NCHRP 9-27, a comprehensive densityipability study that evaluated 37
mixtures, found that variability of permeability ang mixtures was very high with some more
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permeable at 90 to 92% density and others not (Bretal. 2004). Both studies concluded that
the permeability-density relationship is mixturesific with respect to as-constructed pavement
density, say in the range of 90% to 93%.
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Figure 7.4 Comparison of Air Permeability and CoreDensity
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Air and water permeability measures from the tediegbrs were assigned to the
performance data set. Only 15 of the construgbiamjects had testing performed on the surface
layer. Since it was not feasible to conduct pefiga testing within each Sequence Number
segment, a modeling approach was developed to astipermeability based on core densities.
This process included developing a regression egudbietween permeability and cores,
estimating permeability for a range of density ealwsing the equation, then assigning the
permeability to specific density values within e&gguence Number. There is variability in this
process, especially with only 5 cores per projéoiyvever, this approach provides the most
scientifically defensible approach for determinitige relationship between permeability and
density. The statistical models are provided endteated performance data set.

7.6 Performance-Construction Data Set

A stand-alone spreadsheet file merging constructata with Sequence Number is
included as a separate attachment to this repahble 7.5 summarizes the 31 project segments
paved in 2007 where plan sets and as-built contgirudata were collected. Unfortunately, it
was not possible to collect data from each prgyeeed in 2007 having more than 10,000 tons of
HMA, which totaled about 80 projects. A combinatiof donated time from WisDOT and
contractors to compile data, along with warrantadement projects having no formal QC/QA
testing, were major factors impacting data colttti On a majority of projects, no surface
permeability tests were conducted; these projeee veither not included in the 30 layers or
where permeability testing occurred on the loweyeta. Beginning around 2011, this
spreadsheet is to be used to develop performandelsmo
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Table 7.5 Sequence Number and Mix Properties Ovey

Beginning Ending  Sequence
Route Route Sequence Sequence Sections Permeability

Project ID 1D No. Termini County Region  Number Number  with Data Measurements
1610-40-60 STH 13 FIFIELD - PARK FALLS PRICE NC 14500 14501 2 None
1146-22-71  STH 15 APPLETON - NEW LONDON OUTAGAMIE NE 60960 60990 3 None
2200-10-70 USH 18 WEST BLUE MOUND ROAD MILWAUKEE SE 21860 21870 2 Surface layer
1660-04-73 USH 18 MONTFORT - DODGEVILLE ROAD IOWA SwW 20820 20950 13 Surface layer
4085-22-71  STH 32 GREENLEAF - DEPERE BROWN NE 39220 39290 6 Surface layer
9130-08-71  STH 32 TOWNSEND - NCL OCONTO NE 39980 40020 5 None
3240-05-72  STH 32 SHERIDAN ROAD KENOSHA SE 38070 38080 1 Lower layer, 19mm
5121-09-71  STH 33 LA CROSSE-CASHTON/CT F-KIRSCHNE LA CROSSE SwW 40980 41040 7 Lower layer, 19mm
1160-00-74 IH 39 STEVENS POINT - MOSINEE PORTAGE NC 49160 49180 3 None
1160-00-75 IH 39 STEVENS POINT - MOSINEE PORTAGE NC 49200 49260 7 None
1166-04-76 IH 39 PLAINFIELD - STEVENS POINT PORTAGE NC 49740 49860 12 Lower layer, 12.5mm
1166-04-79 IH 39 WESTFIELD - PLAINFIELD WAUSHARA NC 48820 48920 11 None
1166-04-80 IH 39 COLUMBIA COUNTY LINE - WESTFIELD MARQUETTE NC 48670 48760 10 Lower layer, 12.5mm
9847-03-60 USH 45 SUMMIT LAKE - ONEIDA COUNTY LINE LANGLADE NC 61760 61830 8 None
4110-15-71  USH S CNTY LINE - OSHKOSH WINNEBAGO NE 60620 60670 6 None
4660-07-71  STH 47 APPLETON RD, CITY MENASHA WINNEBAGO NE 63170 63190 2 None
6990-04-60  STH 54 PLOVER - WAUPACA PORTAGE NC 75080 75240 16 None
5730-05-65 STH 56 GENOA-VIROQUA VERNON SwW 77860 77950 10 None
1381-02-70 STH 57 MEQUON ROAD (STH 57/STH 167) OZAUKEE SE 78500 78520 3 None
2230-01-70  STH 59 GREENFIELD AVE MILWAUKEE SE 81330 81340 2 Lower layer, 19mm
2310-02-60 STH 60 Commerce Blvd WASHINGTON  SE 82950 82970 3 None
9000-10-71  STH OREGON ST - FOSTER ST LINCOLN NC 87160 87170 1 None
9160-12-71  STH VILLAGE OF POUND MARINETTE NE 87940 87940 1 None
6280-03-73  STH 66 POLONIATO ROSHOLT PORTAGE NC 88800 88860 None
9090-03-60  STH 70 EAGLE RIVER - ALVIN VILAS NC 92330 92430 11 Surface layer
6517-08-71  STH 76 STEPHENSVILLE - SHIOCTON OUTAGAMIE NE 96040 96070 4 None
9260-03-71  STH 77 MELLEN - HURLEY ROAD ASHLAND NwW 97130 97160 4 Surface layer
1510-01-73  STH 96 FREMONT - OUTAGAMIE CO LINE WAUPACA NC 6100 6100 1 Surface layer
4075-14-71  STH 96 APPLETON - LITTLE CHUTE OUTAGAMIE NE 112870 112870 1 None
6190-12-71 STH 116 WINNECONNE - USH 45 WINNEBAGO NE 117760 117760 1 None
2140-08-71 STH 181 NORTH 76TH STREET MILWAUKEE SE 132690 132700 1 Surface layer
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

Field testing and loose-mix sampling occurred on W2que construction projects,
totaling 30 unique layers of HMA during the 2007vipg season, and a single Warm Mix
project during the 2008 paving season. Loose-rammes from the construction projects were
compacted in the Superpave Gyratory compactor afpi@ssure settings, 300 kPa and 600 kPa;
and at three temperatures of 248, 194, and 140f following sections describe conclusions
and recommendations from the field and lab work.

8.1 Conclusions from Field Compaction
Multiple regression models for each of the 30 laygelded the following project-specific conclusson

1) Higher temperatures yield greater increases inigens

2) Roller type has an inconsistent effect across gaaf projects.
3) Vibratory ON setting yields greater density incesas

4) As the density approaches 96% Gmm, the densitydgireases.

When all projects are pooled together:

1) 60% of the change in density during compactionlmaexplained by PG grade, vibratory
setting (ON or OFF), mat temperature, successigsgzsabetween QC tests, cumulative
passes, and density approaching 96% Gmm.

2) The factors affecting density gain in rank orderevamat temperature, number of passes,
roller type, density approaching 96% Gmm, vibrateeiting, and PG grade.

3) The remaining 40% of variability would be explainagtesting error, changes in lab air
voids, AC%, base rigidity, aggregate angularitymewous other variables presented
earlier in this report, and other project speddictors.

4) Density growth from screed to the first succesguasses of the breakdown roller was
about 8%, typically increasing from 80% after tbeeed to 88% after 2 passes.

5) When all QC tests are taken into account, includingakdown rolling, intermediate
rubber-tired rolling, and finish rolling, the avgedensity gain between QC tests was
computed at 3.2%.

6) Breakdown roller had the greatest density increasewever, the test of least squares
means (Figure 6.10) found no statistical differeatéhe 5% level with the pneumatic
roller. This is because, on average, the breakdwdhan increase of approximately 6%
per measurable pass, but the standard deviatioreguesdly high at 4%. This was caused
from high initial compaction on the first passesd déess on the subsequent passes. The
pneumatic roller had a much smaller mean increa4@o but the standard deviation was
also much smaller at 1%, indicating more consisgemivth. Thus, when considering the
covariate of the mean for the breakdown and pnaamalters, no mean difference was
detected.

7) Negative density increases after roller passes thvasresult of testing error with the
nuclear gauge, or the reduction in density fronpldisement during final rolling, or a
combination of both.
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8) Temperature had an effect on density with the getadensity gains made above 170F
with the breakdown roller. Density gains with thieish roller are possible with
temperatures as low as *2Qbut there was negative scatter as well (frortingserror
and/or shoving).

9) PG grade has an effect on density gain at lowepéeatures with both the intermediate
rubber-tired roller and finish roller.

10)Interactions occurred for Passes*Roller and Totdps*Roller, primarily since the finish
roller recorded a higher number of cumulative passe

11)The interaction Totalpasses*Temperature indicatest tas total passes increases,
temperature decreases.

12)An interaction for density from 96% Gmm * rollerpty would be the breakdown roller
compacting at levels further from 96% Gmm, andfthish roller compacting at levels
closer to 96% Gmm.

13)The interaction of total passes and density appingc96% Gmm is simply a total
cumulative number of passes are recorded as tlstgl@approaches 96% Gmm.

Breakdown roller findings include:

1) 68% of the variation in breakdown density growthedplained by vibratory setting,
temperature, successive passes, cumulative passkapproaching 96% density.

2) Vibratory setting is important, with the ON settipgviding added density gain.

3) Temperature is equally important, and in fact, mdensity gain is explained by
temperature than vibratory setting.

4) Passes are veiynportant. The cumulative number of passes withtireakdown roller
outweighs the effects of all other factors combined

5) The greater the mat density (relative to 96% of Gnthe more difficult it is to achieve
density gains.

6) PG grade does not have an effect on density gainthe breakdown roller. This finding
suggests that a similar density gain can be exgdoten PG58-series and PG64-series
unmodified asphalt binders with breakdown rolling.

Pneumatic intermediate roller findings include:

1) 17% of the density gain is found with the main ef§eof PG grade, vibratory setting, mat
temperature, successive passes between QC testsjlative passes, and density
approaching 96% Gmm. Adding interactive effectslike to capture 28% of variation.

2) Average density gain per successive roller passasaut 1%.

3) Unexplained gains and error in density growth aotéor about 70% to 80% in the data.

4) Total passes and the interaction of totalpassegeature have the greatest influence in
density gain. It is more beneficial for a contadtmuse the rubber-tired roller at a higher
temperature, and with a greater number of initeges.

5) PG*Temperature interaction indicates that binderaayic viscosity and its relationship
to temperature are influential in density gaindwiittermediate rolling.

6) Higher temperatures yield greater density gains.

7) Passes up to n=4 provide the greatest initial fieag8on, and a greater number of passes
provide diminishing return on effort investment.
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Finish “cold” roller findings include:

1) The collected data were only able to explain 23%hefvariation in density growth with
these variables in rank order of significance: clative passes, vibratory setting, density
approaching 96% Gmm, successive passes betweenef€ PG grade, and mat
temperature.

2) A typical observation on all projects was the fmi®ller operating in either a vibratory
or static setting at lower mat temperatures, géiyarathe range of 174 down to 12¢F.

3) Average density gain from successive finish rghasses (typically 1 or 2) is about 0.9%.

4) All main effects were significant in density gaincluding PG grade, vibratory setting,
temperature, passes, cumulative passes, and dappityaching 96% Gmm.

5) The largest accounting of the growth is found wattal cumulative passes.

6) Temperature has minimal effect on achieving denitly the cold roller.

7) Interactions occur for temperature*totalpassesrébdse in temp with more passes) and
passes*totalpasses,

8) Moderate significance is found with the interacti@i PG*vib and passes*dens96. This
suggests that in order to achieve gains in denditys necessary to increase the
cumulative number of passes at a higher temperatateng the vibratory amplitude and
frequency with respect to binder grade, and nurobsuccessive passes as 96% Gmm is
approached.

9) Intelligent Compaction research should be capabheauleling these effects.

10)A vibratory setting ON yields 0.5% more densityrgafter successive roller passes.

11)A mat temp that is 10F warmer, will yield a 0.05%ndity increase - a negligible change.

12)Passes are where the greatest gains are made fivitbharoller. More successive passes,
more density gain. A multiplier of 0.3 is multiptl by each successive pass to predict
density gain. For example, an application of 2cegsive passes would achieve a 0.6%
density gain.

13)More cumulative passes provides diminishing retamndensity gain. A total of 6 to 8
passes should be sufficient. But, this bringshimm question of trying to achieve density
gains with the cold roller at lower temperaturefiew the breakdown (and pneumatic)
have the greatest impact.

Warm Mix Asphalt

1) A lab and field evaluation of a single Warm Mix Asft (WMA) E-1 mixture
determined that the average final density for WM#l @radition Hot Mix Asphalt were
nearly identical, at 92.0% density.

2) The results of the laboratory evaluation demonstthat the use of the WMA additive
allowed for an increased amount of RAP in the mitheaut a significant detriment to
mixture workability as shown using the CDI. BotietHMA and WMA 30% mixes
approached the Superpave criteria of 4% air voitlsNdes over all compaction
temperatures, the air void levels in the WMA 40%eveonsiderably lower than the 4%
target, this result was consistent with the field @ata collected.

3) Variability in WMA field density was larger by adeor of 2.5 for the standard deviation,
which was the result of different RAP levels in thi.
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4) For a similar number of roller passes, 30% RAP @oinaveraged 2.6% greater density
values than 40% RAP content. Variability (standadegiation) in 30% RAP was much
higher by a factor of 3.

8.2 Conclusions from Lab Compaction

Pooled data findings from 19 layers, [4] E-1, [8BH7] E-10:
* Lab compacted density at Ndes averages 95.6% at. Nde
* 600 kPa pressure has 1.8% higher density than B0 k

» 248°F has the highest compacted density at Ndés.aveduction of 0.4% for 194°F, and
2.3% lower for 140°F.

E-1 mixes, 4 layers:
* R-squared = 58% with temperature and pressure temo
» Lab compacted density averages 96.0% at Ndes.
» Pressure has an effect with 600kPa having 1.8%ehidénsity.
* 248°F has the highest density at Ndes, 0.2% loaret34°F, and 2.3% lower for 140°F.

E-3 mixes, 8 layers:
* R-squared = 77% with NMAS, temperature, and pressumodel.
* Lab compacted density averages 95.4% at Ndes.
» Pressure has an effect with 600kPa having 1.8%ehidénsity.
» 248°F has the highest density at Ndes, 0.2% loaret94°F, and 2.3% lower for 140°F.

E-10 mixes, 7 layers:
* R-squared = 62% with NMAS, temperature, and pressumodel.
* Asingle 25-mm NMAS mix was removed from the model.
» Lab compacted density averages 97.0% at Ndes.
» Pressure has an effect with 600kPa having 1.9%ehidénsity
* 248°F has the highest density at Ndes, 0.5% loaret34°F, and 2.4% lower for 140°F.
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8.3 Recommendations for Achieving Field Density
Based on the data analyzed in this project, tHeviahg roller setup is recommended:

Breakdown Roller
* More cumulative passes are the most effectivettowicrease density. For example,
4 passes are more important than 2 passes dueagdown compaction.
* A minimum of 4 passes across all areas of the neateeommended.
* Vibratory setting ON.
* Compact at highest temperatures possible.

Pneumatic Roller
* Roll the mat at the highest possible temperature.
e Minimum of 4 initial passes. Multiple coveragekesy. Excessive rolling (say, n=8
passes) has diminished returns. So, at a minimalhagll areas with at least 4 passes
with the warmest temperatures, then move on toéxe rolling zone.

Finish Roller
* More cumulative passes are the most effectivettowicrease density, but there will
be minimal gain with the cold roller. If densig/meeded, 2 passes should provide
0.6% density gain. Four passes should yield Jd2#sity gain.
* Vibratory setting ON.

Warm Mix Asphalt

*  WMA final density is nearly equivalent to HMA findensity for similar number of roller
passes.

* Based on a single project, lower RAP levels ar@mauended for WMA mixtures to
achieve higher density levels. In this project¥@3BAP content averaged 2.6% greater
density values than 40% RAP content.
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8.4 Recommendations for Continued Research — Evaltion of Warm Mix Asphalt

A more rigorous evaluation of the impacts of a efgriof warm mix additives and processes
on workability and relationships between the labmsaand field is recommended. Evaluation
of workability should also include mixes designed liigher traffic levels, varying in gradation,
and using modified binders. A control mix is nedde subsequent field sections in which the
only change in the mix design is the addition 9¥&A additive. If possible, this section should
also be compacted at warm mix temperatures to geosi means of comparison for in-place
density and field performance. Field sections &halso be of adequate size to allow for
measurement of emissions and energy consumpticuaatify the environmental benefits of
WMA relative to HMA.

8.4.1 Warm Mix Asphalt Field Experiment

Findings from the field investigation provide impant considerations for evaluating
Warm Mix Asphalt technology. From this study, diedlata are pointing to those controllable
factors affecting density gain. Specifically, folowing considerations are put forth:

1. Temperature Temperature has an effect on the ability to dgrthe mat at higher
temperatures, say above 170°F. Lower temperafiit#@’k and below) have minimal
effect on densification. Since WMA is mixed at Emtemperatures, it is critical that the
mat be densified as quickly as possible. It is kwbwn whether the temperature
threshold where density can no longer be achiesdower for WMA. In the lab, there
are significant differences between WMA and HMA98PC for E-10 mixes, but it is
unclear how that translates to field. The dat#hia study strongly indicate that initial
breakdown rolling and intermediate rubber-tire ingl density gains are temperature
dependent. Finish rolling density gains are teshperature dependent. Temperature
band cutoffs should be investigated (240°F, 22Q%0O°F, 180°F, 160°F) in increments
within the available study resources.

2. Passes This is the most important factor affecting dgngrowth. More passes, more
density. Thus, the densification profiles mustnbeasured in the WMA experiment as
more compaction energy is applied. Specifically, the lab, use the usual height
measures from successive SGC gyrations, ConstruBtemsification Index (area of the
under the densification curve), and/or the resistdnergy measured by the PDA to
develop SGC compaction profiles. Compact and coenffee profiles of a standard PG-
series binder and a WMA-additive binder. Try 2dations if resources allow; this
would yield 4 combinations, 2 binders x 2 gradagiend. Perform hypothesis testing for
profile differences for non-linear and/or lineao@s, and other model parameters. This
will anticipate what may happen in the field.

3. PG Grade PG grade does not have an affect on achievingityeat higher temperatures
with the breakdown roller, however, it begins todnan effect with the intermediate and
finish rollers at lower temperatures. Thus, thiea$ of PG grade vs WMA must be
investigated at the lower temperatures. Contraé field data, lab compaction results
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from this study show PG grade does not have afgignt affect. This investigation
needs to be extended to PG70-series or other P@egithat require use of modified
asphalts. Use at least one modified and unmodifieder to get a more clear idea of PG-
densification profile. This will increase the nuenbof test combinations, but provide
important data for consideration in actual fieldngaction. Balance data with available
resources.

4. Temperature vs Passes Interactio®bviously, as the number of passes is added, the
temperature drops. Therefore, incorporate thisraution into the lab experimental
design. This will be captured by the temperatunexion profiles when compacting the
standard PG and WMA-addtive mixes at the tempegaharements specified above.

5. Field Experiment Before conducting a field evaluation, a congdlexperiment in the
lab will simulate field compaction by varying theimber of gyrations, simulating
number of passes, simulating temperature bands,aftedng PG grade. Since all
combinations of these lab variables will not begide in the field, several should be
investigated. Vary the initial breakdown passed aomulative passes within 20°F
increment temperature bands and develop densitgarature profiles. This study has
found more cumulative passes are beneficial, sp thase in the field (2, 4, 6, etc) to see
if WMA-additive mixes are consistent with typicabRyrades used in this study Evaluate
vibratory ON and OFF settings in the field to comgpagainst findings in this study.

6. Validate Once the initial investigation occurs this summa a handful of projects,
assess the data and develop a strategy for validdte models next summer. Use older
data to predict newer data and beyond. Also, parf@ mini validation by developing a
model with half the data (randomly chosen) and timeasuring the ability to predict the
remaining data.

8.4.2 Warm Mix Asphalt Lab Experiment

Based upon the data and findings in this studyfalewing recommendations are put forth

for WMA lab-related research:

» Test higher Ndes mixes, such as E-3 and E-10.

* Do not use 25mm NMAS aggregate. Use either 12.5mrm9mm NMAS aggregate.
Suggest only one size to eliminate multiple lewel&ctorial design.

* Pressure has a significant effect, with about 2%emdensity from 600kPa. It is
recommended that WMA additives be investigated u2devels of pressure loading to
understand if this effect is similar for traditidtenders and those with WMA additives.

 Temperature has a more pronounced effect belowF1990°C). Test whether this
relationship applies to WMA. If resources allowglude new midpoints 105°C (221°F)
75°C (167°F) to understand whether the temperakemsity relationship is linear or non-
linear.
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8.4.3 Density and Permeability Criteria

If criteria are to be established, the data seiteckin this study will truly relate as-built
construction properties with performance. The dagtashould also have the capability to be
stratified by unique indigenous materials and propharacteristics within various regions of the
state, and yield consistent results for desigrecat For example, the data may find that a
minimum as-built density of 93% is needed duringstouction to ensure a certain performance
level at 10 years of pavement age (say, a targetRID). This relationship would better predict
maintenance intervention during the life of thegraent, and aid in more accurate life-cycle cost
analysis. Contractors may want to consider thdirfigs in this study to assist in achieving the
compaction. Current Ndes levels could be caliloraigainst the in-service density at 4, 7, or 10
years of age (data currently suggest that the e sufficient).

An example was illustrated in the Phase | reporemghas-built density of 91.5% is
triggered for the target PDl/year of 4.0 with aregponding expected water permeability of
0.60x10E-5 cm/s (Schmitt et al. 2007). A density9@.8% is also required to achieve the
desired PDl/year of 4.0. Hence, the controllinghgiy to satisfy permeability and PDI
requirements is the latter value (91.8%), whictnesgreater of the two.

It is recommended that the conceptual frameworkeldped in the Phase | study
(Schmitt et al. 2007) be used to develop permdwlaihd denstiy criteria. A database has been
created with the potential capability of producperformance models robust to a broad range of
projects, that in turn will establish specific eria to be published in construction and materials
specifications. The framework presented in thigorewill assist in determining the specific
thresholds. This effort will require a long-tertady of about 5 years in duration.

The following specific components are recommendmdtlie experimental design and
work plan approach, by year:

2009 (time=2 years)

1. Collect performance data from PIF database andnbagiformance monitoring. A
request would be made more frequent performantiedess necessary.

2. Collect MetaManager traffic data.

3. By 2009, WisDOT may have a full-integrated HMA dzae relating design,
construction, environmental, traffic, and perforrm@anlata. The conceptual database,
now named the Pavement Performance Analysis SYR@AS), has been developed
by UW-Platteville in cooperation with WisDOT thrdugthe Midwest Regional
University Transportation Center (Schmitt et al02p

2011 (time=4 years)

1. Measure in-service density on each project segm&ng nuclear density gauge, and
offset nuclear readings with 5 cores. (Patched botes from 2007 will help confirm
test segment location). Also, conduct a manudbpmance distress survey. Water
permeability tests will not be conducted since thisdy has confirmed there in
minimal permeability after pavement is placed imvEe. These activities will
require traffic control, and a plan should be depel to minimize traffic control
costs with county highway departments, or an adtiermeans.
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Collect performance data from PIF database andhiEgiformance monitoring.
Collect MetaManager traffic data.

Conduct initial performance modeling to density gedmeability criteria.

Perform a fatigue analysis on cores for those ptejdaving significantly more
distress (rutting, cracking, raveling, etc.). ddes new advancements in indirect
tensile strength procedures to more realisticdigracterize pavement fatigue.

6. Model the data to determine density and permewluititeria.

abkrown

In summary, performance modeling will require cdesable time and resources.
However, the scope of this work will allow WisDOMdapartners to develop true criteria across
a broad range of HMA paving projects. Since thadesdoes not have full-scale testing facilities
such as MnRoads, WesTrack, or the NCAT Test Tridik study provides an alternate means by
using in-service pavements as the laboratory. apgpsoach will allow the state to move towards
true performance-based criteria for HMA pavemerdeaech and development, and other
tangential benefits as the research progresses.
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Appendix A Breakdown Roller Plots
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Figure A.3 Breakdown Roller — Density Gain versu§emperature by PG Grade
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2 obs, etc.
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2 obs, etc.

obs, B

=1

Plot of densdelta*totalpasses. Legend: A
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Figure A.5 Breakdown Roller — Density Gain versu€umulative Passes
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Plot of densdelta*dens96. Legend: A =1 ob
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Appendix B Intermediate Pneumatic Roller Plots
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Plot of densdelta*temp. Legend: A =1 obs , B =2o0bs, etc.
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Figure B.1 Pneumatic Roller — Density Gain versu$emperature

126



2 obs, etc.
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Plot of densdelta*pg. Legend: A
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Plot of densdelta*temp. Symbol is v
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Plot of densdelta*passes. Legend: A= 1 ob
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Plot of densdelta*totalpasses. Legend: A=1 obs, B = 2 obs, etc.
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Figure B.5 Pneumatic Roller — Density Gain versu$otal Passes

130




Plot of densdelta*dens96. Legend: A =1 ob s, B =2 obs, etc.
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Appendix C Finish Roller Plots
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Plot of densdelta*temp. Legend: A =1 obs

, B =2obs, etc.
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Figure C.1 Finish Roller — Density Gain versus Teerature
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2 obs, etc.
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Plot of densdelta*pg. Legend: A
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Plot of densdelta*temp. Symbol is value o
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Figure C.3 Finish Roller — Density Gain versus Teperature by PG Grade
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Plot of densdelta*passes. Legend: A=1 ob s, B =2 obs, etc.
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2 obs, etc.

obs, B

=1

Plot of densdelta*totalpasses. Legend: A
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Figure C.5 Finish Roller — Density Gain versus Cumlative Passes
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Plot of densdelta*dens96. Legend: A =1 ob
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Figure C.6 Finish Roller — Density Gain versus Dierence of 96% Gmm
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2 obs, etc.
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Appendix D Lab Compaction Models

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 4 215.7580964 53 9395241 40.46 <.0001
Error 109 145.3244554 1 .3332519
Corrected Total 113 361.0825518

R-Square Coeff Var Root MSE ndes Mean
0.597531 1.226555 1.154665 94.13886

Source DF Typelll SS Mea n Square F Value Pr>F

pg 1 6.1910973 6 1910973  4.64 0.0334

pressure 1 91.1021763 91 .1021763 68.33 <.0001

temp 2 118.4648228 59 2324114 44.43 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 95.58355263 B  0.26855232 355.92  <.0001

pg 58 0.50134615B  0.23265371 2.15 0.0334

pg 64 0.00000000 B . . .

pressure 300 -1.78789474B  0.21628862 -8.27 <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.32026316 B 0.26489838 -8.76  <.0001

temp 194 -0.36105263 B  0.26489838 -1.36  0.1757
temp 248 0.00000000 B . .

Figure D.1 Reduced Model for Lab Compaction Varialees

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 3 209.5669991 69 .8556664 50.72 <.0001
Error 110 151.5155526 1 3774141
Corrected Total 113 361.0825518

R-Square Coeff Var Root MSE ndes Mean
0.580385  1.246704  1.173633  94.13886

Source DF TypelSS Mea n Square F Value Pr>F

pressure 1 91.1021763 091 1021763 66.14 <.0001

temp 2 118.4648228 59 .2324114 43.00 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 95.92657895 B  0.21984158 436.34  <.0001

pressure 300 -1.78789474B  0.21984158 -8.13  <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.32026316 B 0.26924985 -8.62  <.0001

temp 194  -0.36105263 B  0.26924985 -1.34 0.1827
temp 248 0.00000000 B . .

Figure D.2 Final Reduced Model for Lab Compactiorvariables
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Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 3 89.9087229 29 9695743 22.69 <.0001
Error 44 58.1233250 1 .3209847

Corrected Total 47 148.0320479

R-Square Coeff Var Root MSE ndes Mean
0.607360  1.218283  1.149341  94.34104

Source DF Typelll SS Mea n Square F Value Pr>F

pressure 1 37.64791875 37. 64791875 28.50 <.0001

temp 2 52.26080417 26. 13040208 19.78 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 96.06937500 B  0.33178616 289.55 <.0001

pressure 300 -1.77125000B  0.33178616 -5.34  <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.31312500B  0.40635340 -5.69 <.0001

temp 194  -0.21500000 B  0.40635340 -0.53  0.5994
temp 248 0.00000000 B . .

Figure D.3 Ndes=60 Final Reduced Model for Lab Copaction Variables

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 4 114.4046417 28 .6011604 36.57 <.0001
Error 43 33.6274062 O .7820327
Corrected Total 47 148.0320479

R-Square Coeff Var Root MSE ndes Mean
0.772837  0.937372  0.884326  94.34104

Source DF Typelll SS Mea n Square F Value Pr>F

nmas 1 24.49591875 24. 49591875 31.32 <.0001

pressure 1 37.64791875 37. 64791875 48.14 <.0001

temp 2 52.26080417 26. 13040208 33.41 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 95.35500000 B 0.28541503 334.09 <.0001

nmas 12 1.42875000 B  0.25528296 5.60 <.0001

nmas 19 0.00000000 B . .

pressure 300 -1.77125000B  0.25528296 -6.94  <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.31312500B  0.31265650 -7.40 <.0001

temp 194  -0.21500000 B  0.31265650 -0.69  0.4954
temp 248 0.00000000 B . .

Figure D.4 Ndes=75 Final Reduced Model for Lab Copaction
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Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 3 89.9087229 29 9695743 22.69 <.0001
Error 44 58.1233250 1 .3209847

Corrected Total 47 148.0320479

R-Square Coeff Var Root MSE ndes Mean
0.607360  1.218283  1.149341 94.34104

Source DF Typelll SS Mea n Square F Value Pr>F

pressure 1 37.64791875 37. 64791875 28.50 <.0001

temp 2 52.26080417 26. 13040208 19.78 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 96.06937500 B 0.33178616 289.55 <.0001

pressure 300 -1.77125000B  0.33178616 -5.34  <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.31312500B  0.40635340 -5.69 <.0001

temp 194  -0.21500000 B  0.40635340 -0.53  0.5994
temp 248 0.00000000 B . .

Figure D.5 Ndes=75 Final Reduced Model for Lab Copaction Variables

Sum of
Source DF Squares Mea n Square F Value Pr>F
Model 5 110.5262119 22 .1052424 14.19 <.0001
Error 36 56.0892000 1 .5580333
Corrected Total 41 166.6154119

R-Square Coeff Var Root MSE ndes Mean
0.663361  1.327001  1.248212  94.06262

Source DF Typelll SS Mea n Square F Value Pr>F

nmas 1 21.78000000 21. 78000000 13.98 0.0006

source 1 7.16385333 7. 16385333 4.60 0.0388

pressure 1 43.02619286 43. 02619286 27.62 <.0001

temp 2 43.39989048 21. 69994524 13.93 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 98.24071429 B  0.75213994 130.61 <.0001

nmas 12 -1.65000000 B 0.44130960 -3.74  0.0006

nmas 19 0.00000000 B . .

source 1 -1.22166667 B 0.56972825 -2.14  0.0388

source 2 0.00000000 B . . .

pressure 300 -2.02428571B  0.38520660 -5.26  <.0001

pressure 600 0.00000000 B . . .

temp 140 -2.35214286 B  0.47177981 -4.99  <.0001

temp 194 -0.46857143B  0.47177981 -0.99 0.3272
temp 248 0.00000000 B . .

Figure D.6 Ndes=100 Reduced Model for Lab Compacitn
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Sum of

Source DF Squares Mea n Square F Value Pr>F
Model 4 103.3623586 25 .8405896 15.12 <.0001
Error 37 63.2530533 1 .7095420

Corrected Total 41 166.6154119

R-Square Coeff Var Root MSE ndes Mean
0.620365 1.390026  1.307495 94.06262

Source DF Typelll SS Mea n Square F Value Pr>F

nmas 1 16.93627524 16. 93627524  9.91 0.0032

pressure 1 43.02619286 43. 02619286 25.17 <.0001

temp 2 43.39989048 21. 69994524 12.69 <.0001
Standard

Parameter Estimate Error tValue Pr> |t

Intercept 97.01904762 B  0.51436560 188.62 <.0001

nmas 12 -1.40566667 B 0.44659441 -3.15 0.0032

nmas 19 0.00000000 B . . .

pressure 300 -2.02428571B  0.40350158 -5.02 <.0001

pressure 600 0.00000000 B . .

temp 140 -2.35214286 B  0.49418649 -4.76  <.0001

temp 194  -0.46857143 B  0.49418649 -0.95 0.3492

temp 248 0. 00000000 B .

Figure D.7 Ndes=100 Final Reduced Model for Lab Gopaction
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Appendix E
Aggregate Source Analysis

In Chapter 5, aggregate source was identified asnpaa marginal effect on lab
compactive effort (p-value= 0.02), where gravels yielded a lower density d2%.when
compared with limestone. This factor was furthevestigated by evaluating the JMF for
specific aggregate properties, such as quarrydpation, crushed face counts, percent thin and
elongated pieces (by weight), and fine aggregaggilanty (FAA). Gradation analysis was not
possible since the actual measured gradation data not readily available. There was potential
for incorrectly classifying the geologic source tbe aggregate by location, so a quantitative
approach was taken using the percentage of crulstoed (2 faces), percentage of thin and
elongated patrticles, and FAA percentage.

Figures E.1 and E.2 plot the CDI against the peagenof 2 crushed face for E-3 and E-
10 mixes, respectively. For the E-3 mixes, lowalues of 2 crushed faces generally yielded
lower compactive effort. There was a slight upwiethd for 600 kPa, but a more pronounced
effect for 300 kPa pressure. No relationship waseoved for the E-10 mixes at 600 kPa, and a
negative correlation was observed for the 300 kBa&sncounter to what would be expected.

E-3, 2 Crushed Faces vs. CDI
(194@F and 248*“F]

50
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5 30 . . =
;él 30 i - -
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= A0 70 a0 90 100
E 2 Crushed Faces, %

Figure E.1 E-3 Crushed Faces relationship with Copactive Effort
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Figure E.2 E-10 Crushed Faces relationship with Gupactive Effort

Plots were prepared for FAA versus compactive eff@DI) in Figures E.3 and E.4.
Compaction at lower 140°F temperatures requirecersompactive effort, so those data points
were eliminated from the plots. E-3 mixture FAAlues ranged from 42.5% to 45.2%, and
indicated an increase in compaction level withramngase with FAA.

No trend was observed for the E-10 mixes; howeatvenust be noted that the FAA range
was very narrow, from 45.2% to 46.6%. This findimgy be contrary to the expected result,
where it becomes increasing difficult to compaet thixture with greater void levels in the fine
aggregate. Based on the data, there are no diremds, and only moderate evidence, between
aggregate properties and compaction effort. Adddily, it must be noted that the IH 39
Marquette County project had material properties afuspecification limits, resulting in low
field density of about 90%. These findings areitiah to initial exploratory analysis, and it is
recommended that additional comprehensive resedaeckonducted with aggregate analysis,
since the principal objective of the study was usteding the effect of temperature and
pressure to achieve density. A complete datafset-built aggregate properties and measures is
needed.
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E-10, FAA vs. CDI
46.0

(248°F and 194°F)
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Figure E.4 FAA relationship with Compactive Effort for E-10 Mixes

Figure E.3 FAA relationship with Compactive Effort for E-3 Mixes
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