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Abstract

A recent study at Kansas State University has shtvah asphalt producers in Kansas are
producing hot-mix asphalt (HMA) mixtures with lowasphalt contents than those in the job-
mix formula. These drier mixtures are thought to duesceptible to moisture. This project
evaluated the effect of asphalt content on rutéing moisture resistance of HMA. Two different
mixtures and four varying asphalt contents, optimamd lower, were selected. Another large-
size mixture with four varying asphalt contents a0 studied. The Hamburg Wheel Tracking
Device (HWTD) test (TEX-242-F) and the Kansas SsaddTest-56 (KT-56), or modified

Lottman test, were used to predict moisture dansaygk rutting potential of these mixes. All

specimens tested were prepared with the Superpaatogy compacter. Results of this study
showed the drier mixtures performed better in mgttand were less susceptible to moisture.
Asphalt content significantly affects the numbemndfeel passes in the HWTD test. The study
also revealed a weak correlation between aspHaitthickness and performance test results.
Thus, the effect of varying asphalt content is mowtusive from a durability point of view.

However, performance simulations using a theoreticalel show that very dry mixes in asphalt

pavements are likely to have shorter performanasli
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Chapter 1 - Introduction

1.1 Background

The Kansas Department of Transportation (KDOT)sm@ Superpave hot-mix asphalt
(HMA) mixtures, some of which may be susceptiblaroisture damage. Moisture damage is
currently evaluated by the Kansas standard teshodeKT-56. KT-56 closely follows the
American Association of State Highway Transportat(officials AASHTO T 283 procedure
adopted during Superpave research. KT-56 has mimodification in the conditioning
procedure. This test is time consuming, takes fiays to run. According to current KDOT
specifications for Superpave mixes, it takes twibnig tests to shut down the production. This
potentially can result in eight days of Superpawetune production that could be susceptible to
stripping. It is to be noted that all of these mnes satisfied the KT-56 criteria at design asphalt
content. Another criticism of the current test mtare is the use of an anti-stripping agent to
rectify the low tensile strength ratio (TSR), or moake the mixture meet minimum TSR
requirements. Usually, instead of increasing theddmned strength, the current test procedure
lowers the tensile strength of the anti-strippirfgliive treated unconditioned specimen. This
project investigated the moisture resistance adltifferent Superpave mixtures with reclaimed
asphalt pavement (RAP) using the Hamburg WheelKimgcDevice (HWTD) test and KT-56
(resistance of compacted asphalt mixture to mastunuced damage) tests.

1.2 Problem Statement
A recent study by Gedafa et al. (2010) showed #sgthalt producers in Kansas are often
producing mixtures with lower asphalt contents ttiese are in the job-mix formula. Figure 1-1
shows the binder content used in one of the pjemhstructed on US 77 in Cowley County. In
almost all cases, the asphalt content is lower thardesign asphalt content specified in the job-

mix formula (JMF).
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Figure 1-1. Typical comparison of design and actuahC when actual is lower and higher
than design (Gedafa et al. 2010).

This “drier” mix has been found responsible for ocomforming moisture-susceptible
mixes and sometimes, early cracking. In the repast, KDOT has taken steps to incorporate
more binder into asphalt mixtures that are beirggpced. These include designing mixtures at
3.5% air voids at Rsign lowering the design number of gyrations, etc. Thatractors have
introduced dust instead of extra binder to achieweer air voids, yet some mixtures designed
with lower Nyesignhave also failed the Hamburg Wheel Tracking Devind KT-56 tests. Thus,
nothing has seemed to resolve this issue of “driXesy Therefore, it is important to study how

these drier mixes will effect pavement performance.

1.3 Objective

There are two objectives of this study:

1. To investigate moisture resistance of Superpave HMi&tures with varying asphalt
content; and



2. To investigate effects of voids in mineral aggregdfMA) and film thickness on the
performance of the mixes, based on results obtdnoed the performance tests Hamburg
Wheel-Tracking Device (HWTD) and Kansas Standarst K8 -56.

Three different Superpave mixture types were setefdr this study. These mixtures had

been used in past construction seasons.

1.4 Thesis Outline

This thesis consists of six chapters. Chapter kgmts the introduction, problem,
statement of research objective, and thesis outliiepter 2 provides a literature review of
asphalt content, voids in mineral aggregate, fimtkness relating to performance of HMA
mixtures, and brief descriptions of HWTD and KT-4érformance test procedures and related
research work. Chapter 3 describes materials usdtie research and their properties. Test
equipment and specimen preparation are also inglu@eapter 4 presents results obtained from
the HWTD and KT-56 tests. An analysis of the residtalso included. Chapter 5 presents the
effects of dry mixes on the asphalt pavement [Bbapter 6 summarizes the test results and

presents conclusions from this project. Recommewragafor future research are also included.



Chapter 2 - LITERATURE REVIEW

2.1 Superpave

About 94% of the paved roads in the United Statesaaphalt surfaced. The United States has
nearly 4,000 asphalt plants producing 500 to 55iamitons of pavement material annually,
worth more than $30 billion (National Asphalt Pawsh Association-Asphalt Pavement
Overview, 2011). Before the introduction of Supemathe asphalt mixtures were designed
using empirical laboratory design procedures, nmepathat field experience was necessary to
determine if the laboratory analysis correlatedhwpivement performance (Asphalt Institute,
1995). Superpave stands for superior performinchApavements. It is the final product of the
$50-million Strategic Highway Research Program ($HRwhich represents an improved
system for specifying asphalt binders and mineggregates, developing asphalt mixture design,
and analyzing and establishing pavement performpredictions. The system includes 1) new
binder specifications that use new binder phygicaperties tests like dynamic shear rheometer
(DSR), rotational viscometer (RV), bending beanorheter (BBR), direct tension tester (DTT),
rolling thin film oven (RTFO), and pressure agirgssel (PAV); 2) series of aggregate tests and
specifications, like coarse and fine aggregate lanigyy flat and elongated particles (for coarse
aggregate), and sand equivalent test (for fineexgde); and 3) a hot-mix asphalt (HMA) design
using Superpave gyratory compactor (SGC) (Aspmmaitituite, 1995). However, the system has
also some flaws; one of these is the fact thatlésegn and analysis of asphalt mixture is purely
volumetric and the performance of the mixture ialeated through certain volumetric criteria
established under limited conditions with no siapdr rut test to verify designed mixes.

In this study, a literature review has been don¢hereffect of varying asphalt content on
the field performance of the mix. Unfortunatelyet# is not much information published on this
topic. However, the effects of voids in mineral eggate and film thickness on the performance

of hot-mix asphalt (HMA) have been reviewed instead



2.2 Asphalt Content Requirements

In Superpave mix design, the amount of binder meguivaries depending upon aggregate
gradation, angularity, absorption, and viscositytha asphalt binder. Design asphalt content is
established using the Superpave gyratory compd&@GIC) for each aggregate blend. Design
asphalt content is selected such that it resulé%nair voids at Msign and all other mixture
properties (VMA and VFA at Nsign,0Gnm at Nnitial, %0Gnm at Nnax, and dust proportion) must
meet the requirements at the design asphalt corterdglse the mixture will need to be
redesigned. After designing the mixture, it shooédevaluated for moisture susceptibility using
the AASHTO T-283 test method. As a part of the fqalontrol (QC)/quality assurance (QA)
program, asphalt content is measured during pramucising the standard extraction method or
a nuclear asphalt content gauge. The contractaliasred a slight variation from the selected
design asphalt content to account for inherent na@tand production variabilities. Currently,
the Kansas Department of Transportation (KDOT)vedla0.6% (single test value) or £0.3% (4-
point moving average value) variation from the gesasphalt content mentioned in the job mix

formula (Chen and Hossain, 1999).

2.3 Effects of Varying Asphalt Content

Asphalt content plays an important role in the genfance of HMA mixtures. It affects mixture
stiffness, strength, durability, fatigue life, rémg, rutting, and moisture damage. Insufficient
binder in the HMA mix can lead to high permeabijlibygh air voids, and thin asphalt coatings
around the aggregates which will cause durabiligbfems (Kandhal et al., 1998). On the other
hand, excessive asphalt though durable and flexile may cause flushing and low mix
stability. “An HMA pavement can ravel and/or cra€kt is deficient in asphalt content by as
little as Y2 percent, whereas % percent excesspeadiscontent can cause flushing and rutting”
(Kandhal and Cross, 1993).

2.4 Durability of HMA Mixture
A mixture is said to be durable when it offers ldegm resistance to weathering and aging, and
provides good performance without abnormal ravedind cracking of the paved surface (Kumar

and Goetz, 1977). Durability can have a significampact on asphalt concrete mixture



performance and significantly change other propsertover time. The changes include 1)
oxidation and volatilization of asphalt; and 2) idisgration, degradation, and freeze-thaw
damage of aggregates. Durability can be contrdiietligh asphalt contents and proper air voids
in the mix design process, which ensures that mestwill be impervious to air and water. But
higher asphalt contents in mixtures are associaiddlow stability. Therefore, a compromise

must be reached between these two confounding piiese

2.5 Stability of HMA Mixture

Stability is defined as the resistance of a mip@omanent deformation under load and is often a
concern at high temperatures and slow rates ofrigadt largely depends upon the gradation of
aggregates. The stability can be evaluated indher&tory by performing repeated shear tests,
frequency sweep shear tests and constant heighp steear tests (Sousa et al., 1991). Another
approach to find stability is measuring rut depfiing accelerated rut tests like the Hamburg
Wheel Tracking Device, the Asphalt Pavement Analyaad French Rut Tester (Williams and
Prowell, 1999).

2.6 Voids in Mineral Aggregate (VMA)

2.6.1 Definition
Voids in mineral aggregate (VMA) are the volumeimiergranular void spaces between the
aggregate particles of a compacted paving mixtlires void space includes air voids and
effective asphalt content, which is the total afipt@ntent minus the quantity of asphalt lost to
absorption in to the aggregate pores (The Asphatitite, 2007). It can be computed from the

following equation:

VMA=100- (G”?'G: T'CFE ] Equation 1

where,
VMA = voids in mineral aggregates,
Gmp = bulk specific gravity of compacted mixture,
Gsp= bulk specific gravity of aggregate, and
Ps = percent of aggregate.



In Superpave mixture design, air voids, VMA, and AVlare important volumetric
parameters in determining the performance of theure. Based on the percent air voids, the
design binder content is selected. With an incréasénder content, the VMA decreases. HMA
mixtures with binder content more than optimum leindontent may have fewer air voids and
may result in flushing, bleeding, and rutting ofvement. On the other hand, HMA mixtures
with less binder content than the optimum bindertent will have thinner asphalt film thickness
and are susceptible to durability problems. Thesfoptimum binder content is selected as
corresponding to the minimum value of VMA requirertse The Superpave mix design adopted
minimum VMA criteria to ensure the mixture will headequate binder while at the same time
will provide sufficient air voids so there will beo durability, rutting, or bleeding problems.

Following are the current VMA requirements from th@perpave mix design

Table 2-1. Current VMA requiremats by Superpave mix design

Nominal Maximum Aggregate Size Minimum VMA (%)
9.5 mm 15.0
12.5 mm 14.0
19 mm 13.0
25 mm 12.0
37.5mm 11.0

The problem encountered by highway agencies in e@mphting the Superpave
volumetric design is the difficulty in meeting th@nimum voids in mineral aggregate (VMA).
One of the contributors is the increased compadaitort by the Superpave gyratory compactor
(SGC) (Kandhal et al., 1998). In Superpave mix giesselecting the aggregate gradation that
will meet the minimum VMA requirement is the mosgffidult part of the design process
(Anderson and Bahia, 1997). Some researchers hewgoged that the specifications for
minimum VMA requirements are too restrictive. losid be noted that not all mixes meeting
minimum VMA will have acceptable performance. Alsosome cases, the mixes which do not
meet minimum VMA, may have acceptable performanaé dre rejected (Hinrichsen and
Heggen, 1996; Li et al., 2009).



2.6.2 Development of VMA

In late fifties, McLeod established criteria forvalumetric property called voids in mineral
aggregate (VMA) to ensure that mixture gradatiod kafficient air voids and design binder
content. He graphically presented a number of shdemonstrating the relationship among
density, bitumen content, and void properties ohpacted HMA mixtures. The charts include
aggregates whose dry bulk specific gravities arevéen 2.0 and 3.0 and bitumen specific
gravity from 0.95 to 1.11, with minimum asphalt temt of 4 percent by weight of aggregate and
varying absorbed asphalt. McLeod stated minimunhasgontent should be 4.5 percent based
on the dry bulk aggregate specific gravity of 2a6@l binder specific gravity of 1.01 (McLeod,
1956). In 1957, McLeod also suggested the volumeofs in a mineral aggregate should not be
less than 15 percent, and volume of air voids shaot be less than 3 percent or greater than 5
percent. This means there should be a minimum opd@ent for binder content (4.5 % by
weight). He also concluded that compacting a m&twith air voids in the range of 3-5% and
minimum VMA of 15% is less restrictive when comphte a VFA of 65-78 % (McLeod, 1957).
He graphically showed a VFA range of 65-80% waschievable for the mixes containing

asphalt contents greater than 10.5 percent by w&@Bo by volume).

In 1959, McLeod also presented a relationship betwee critical minimum VMA and
the nominal maximum aggregate size for dense-gradgtires (McLeod,1959). He stated that
with further research experience and additiondd fgata, VMA requirements are subject to
change. In 1962 the Asphalt Institute modified MatsMix design guidelines by discontinuing
VFA requirements and approving the minimum VMA regments. In 1994, the Asphalt
Institute restored the VFA requirements along wiitle already established minimum VMA
requirements (Walter and Coree, 2000). Some old&r dasign methods such as Marshall,
Hveem, etc. have kept the minimum VMA as a recondagan, but Superpave has made VMA
as a requirement (Cross and Purcell, 2001).

Foster (1986) evaluated the effects of voids in erdh aggregate on pavement
performance. He pointed out that no performanca tia@s been provided in support of the
suggested VMA criteria in McLeod’s 1956, 1957 a4 papers. Performance data of several
projects were collected and compared. From the dasobserved that 3-5% air voids and VFA

of 68-77% will result in acceptable performancergoand Hislop , 1999).



Hislop and Coree (1999) also investigated the itglmf minimum VMA requirements as
a function of nominal maximum aggregate size remliin the Superpave mix design. For that
study, three different nominal maximum aggregaresi(19 mm, 12.5 mm, and 9.5 mm) with
fine, dense, and coarse gradations and combinatifomstural and manufactured coarse and fine
aggregates were selected as shown in Table 2-2

Table 2-2 Experimental Matrix (Hislop and Coree, 199)

Norairmaximum aggregate size

9.5 mm 12.5 mm 19.0
mm
CA FA Fine Dense Coarse Fine Dense Coarse Fine Dense Coarse
Crushed Manufactured x X X X X X X X X
Natural Manufactured x X X X X X X X X
50/50 50/50 X X X X X X X X X
Gravel Natural X X X X X X X X X

A total of 36 blends, each containing two specimandifferent asphalt contents (4,5,6,7
and 8%) were fabricated using the Superpave gwyratmmpactor. Measured volumetric
properties were compared with VMA and VFA requiremseof Superpave mix design criteria.
Then, the specimens were physically tested withNibgingham asphalt tester (NAT), which is
widely used in Europe for testing asphalt mixtute&T test results showed that out of 36 mixes,
five were sound over a range of asphalt contend.uBlkee remaining 31 mixes became plastic.
Results also indicate that although the minimum VMéquirements, based on nominal
maximum aggregates size, seemed reasonable, thieytaeerestrictive because only three mixes
met the Superpave minimum VMA criteria (Walter &wree, 2000).

Hinrichsen and Heggen (1996) calculated minimum VMAing an equation that
considers gradation and volumetric properties. Assg a minimum film thickness, they
concluded that VMA criteria, solely on the basisnofminal maximum size of aggregates, is too
restrictive and agencies may eliminate a signiigaercentage of aggregate gradations which

otherwise would have acceptable performance (Hiseno and Heggen, 1996).



2.7 Asphalt Film Thickness

Asphalt film thickness is a computed parameter eamthot be measured physically. Since the
concept of asphalt film thickness emerged in 194lifferent calculation schemes have been
developed by researchers. These calculation digasitare mostly based on the determination of
surface area of aggregates. The surface area oédgajg depends on the gradation, because the
surface area of fine aggregate per unit weightasenthan that of coarse aggregates. Calculation
of film thickness is a part of the Hveem mix desjgmocedure. Hveem assumed the specific
gravity of aggregates and also that all particlesspherical, so that all the aggregate particles
are coated with uniform asphalt thickness (RadgysRDO03). In other words, asphalt film
thickness is the effective asphalt content dividgdhe surface area of the aggregate. Average
asphalt film thickness is calculated by multiplyisgrface area factors with percent passing
various sieve sizes used (aggregate gradationjackuarea factors adopted by The Asphalt
Institute are shown in Table 2-3.

Table 2-3 Surface area factors (Kandhal et al., 189

Sieve Size, mm 19 4.75 2.36 1.18 0.6 0{3 015 0,075

Surface Area Factor,
0.41 0.41 0.82 1.64 2.87 6.14 12.29 32]77

m?/kg
The equation to find asphalt film thickness wheueface area of aggregate is used is
given by
Te= 5,l><r () Equation 2
where,

Tr = Average Film Thickness (in microns),

Ve = Effective Volume of Asphalt Cement (liters),
SA = Specific Surface Area of the Aggregaté/km),
Ms= Mass of Aggregatg), and

o, = Density of Water (gm/ci

It is widely accepted that asphalt film thicknessrelated to the durability of mixes.
Mixes with thick films are known to be durable, vehimixtures with thin films are prone to
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cracking and raveling of pavement (Campen et 8b9). Thin asphalt coatings along with high
permeability and high air voids, will lead to exsee aging of asphalt and cause durability
problems (Kandhal et al., 1998).

Minimum VMA requirements, as adopted by Superpavg design, are sometimes
difficult to meet. Some asphalt technologists reoeended replacing minimum VMA with an
average asphalt film thickness requirement which msore direct method of ensuring durability
(Li et al., 2009). However inaccuracies in film dkmess computation are widely reported
because approaches in calculating aggregate suafaeeby the researchers are different. To
minimize these inaccuracies, historical data weralyaed and the best-fit criterion based on
surface area was suggested by Hinrichsen and Hé@§66).

Campen et al. (1959) presented the relationshipvd®et voids, surface area, film
thickness, and stability for dense-graded mixtulidegey found that asphalt required to produce
minimum aggregate voids does increase with suréaea but at a much slower rate than that
guided by a relationship of direct proportionalifyhey also concluded that film thickness
decreases with an increase in surface area. Frewatfa analysis and experience, they suggested
a film thickness of 6-8 microns for the most ddasieaHMA mixes (Campen et al., 1959).

Kandhal and Chakraborthy (1996) investigated tHieces of asphalt film thickness on
short and long-term aging of asphalt paving mixguiehey quantified the relationship between
film thickness and aged properties such as tessingth and resilient modulus of the asphalt
paving mixtures. An optimum film thickness of 9-ificrons was found for mixtures compacted
at 8% air voids (Kandhal and Chakraborty, 1996)ndtel et al. (1998) concluded that current
VMA requirements adopted by Superpave are inadegudat ensuring durability and
recommended an average film thickness of 8 mic(dasdhal et al., 1998).

Xinjun et al. (2009) investigated the relationshgtween in-place asphalt film thickness
and performance of HMA mixtures. They analyzedftaesurface assumption and pointed out
that it has significant effect on smaller aggregares (<0.3 mm in diameter or No. 50 sieve).
They computed aggregate surface area based oniffexendt methods, surface area method and
index method, which also quantifies the effect gfre@gate shape. The results indicated that the
shape of aggregate and fine aggregate particlesfisantly affect the calculation. The study
concluded that in-place asphalt film thicknessgsiicantly affect the rutting performance of
the HMA mixtures (Li et al., 2009).
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In another study, Hmoud (2011) evaluated VMA anth fthickness requirements in
HMA mixtures. He calculated film thickness usingfaae area factors developed by Hveem. At
optimum asphalt content, average film thicknessusface course mixtures is slightly more than
9 microns, and for base course mixtures it is 9rb&ons. Based on the literature review and
results obtained in the study, Hmoud recommendedvanage film thickness of 8 microns for
durability of HMA mixtures (Hmoud, 2011).

2.8 Moisture Sensitivity
The presence of water in HMA pavement is one of fdugors that affects its durability.
Moisture-induced damage may be associated with twexhanisms, adhesive failure and
cohesive failure. In adhesive failure, the wateipstthe binder from the aggregate surface. In
cohesive failure, the presence of water in contattt binder reduces the cohesion within the

binder and decreases the stiffness of mixture (ldick., 2003).

2.8.1 Stripping
"Stripping is defined as the weakening or evenltosd of the adhesive bond usually in presence
of moisture between the aggregate surface andsipleati cement in HMA mixture" (Kandhal,
1994). Some of the ways in which moisture entet® IHMA pavements are inadequate
subsurface/surface drainage, run off through roadase, and seepage from ditches and
surrounding areas. Strength of HMA depends on tiedel (cohesion) and aggregate
(interlocking and internal friction). Some of theechanisms that contribute to stripping include
the following:
» Detachment— asphalt cement is separated from tif@csuarea of aggregate by action of
a thin film of water, with asphalt being intact.
» Displacement— Removal of asphalt film from the aud area of aggregate with a break
in asphalt film.
* Spontaneous emulsification— inverted emulsions afew droplets in asphalt cement.
Presence of clays and amines aggravates the eicatisif.
» Pore pressure— stresses induced due to preseneat@f in the pore structure; during

traffic loading and freeze-thaw cycle, would catreepavement to strip.
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* Hydraulic scour— similar to pore pressure, occara saturated pavement under vehicle
tires, resulting in compressive stress.
Generally, stripping starts at the bottom and pesges upward. It is very difficult to identify
stripping because the surface of the pavement gghitailures like rutting, shoving,
corrugations, raveling, and cracking. The only veegermine if the pavement is subjected to
distress (stripping), is to take cores and obsewsdhlly.
Stripping in HMA pavement can be controlled byliag anti-stripping additives to the
HMA mixture. The additives may be liquid (mixed Wwitsphalt cement prior to mixing the
asphalt cement with the aggregates) or solid (mwéd the aggregate prior to mixing with
asphalt cement with aggregate). One of the mosinwanly used and effective antistripping
additives is lime, hydrated lime, or quick lime. tAtripping additives reduce surface tension of

the aggregate and asphalt (Brown et al., 2009).

2.9 Test Methods to Predict Moisture Sensitivity oHMA Mixtures

The first moisture-damage test of compacted speaginmemersion-compression, dates back to
the 1950s established under ASTM standa®isce then many attempts on developing various
test methods that can predict moisture sensitivitye been done. Lottman test protocol, which
uses vacuum saturation followed by freezing and Wwater conditioning, became widely
accepted (Solaimanian et al., 2003). Later AASHTIgh8y modified this test and named it
AASHTO T283. Following adoption of AASHTO T283 byerpave, many state agencies
started using the AASHTO T283 procedure for evahgatoisture sensitivity of mixes. Current
Kansas Standard Test KT-56 used in the study islaginto T283 except for some minor
modifications in the conditioning process. Moistsansitivity tests can be classified into two
classes: tests on loose mixtures and tests on ategpanixtures. These test types have been
listed in Tables 2-4 and 2-5 respectively.
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Table 2-4. Moisture-sensitivity tests on loose sartgs (Solaimanian et al., 2003)

Test ASTM AASHTO

Other

Methylene blue

Technical Bulletin 145, International Slurry Seals&ciation

Film stripping

(California Test 302)

Static immersion D1664* | T182

Dynamic immersion

Chemical immersion

Standard Method TMH1 (Road Research Laboratory 1986

Ennland

Surface reaction

Ford et al. (1974)

Quick bottle Virginia Highway and Transportation Research Colunci
(Maupin 1980

Boiling D3625 Tex 530-C Kennedy et al. 1984

Rolling bottle Isacsson and Jorgensen, Sweden, 1987

Net adsorption

SHRP A-341 (Curtis et al. 1993)

Surface energy

Thelen 1958, HRB Bulletin 192 Cheng et al., AAPT20

Pneumatic pull-off

Youtcheff and Aurilio (1997)

* No longer available as ASTM standard.

Table 2-5. Moisture-sensitivity tests on compactespecimens (Solaimanian et al., 2003)

Test

ASTM | AASHTO Other

Moisture vapor

suscentibilitv

California Test 307 Developed in late 1940s

Immersion—compression

D1075 T165) ASTM STP 252 (Goode 1959

Marshal immersion

Stuart 1986

Freeze—thaw pedestal test

Kennedy et al. 1982

Original Lottman indirect

tensior

NCHRP Report 246 (Lottman 1982);Transportation
Research Record 515(19

Modified Lottman indirect

T 283

NCHRP Report 274 (Tunnicliff and Root1984), Tex 831

Tunniclifi-Root

D 4867

NCHRP Report 274 (Tunnicliff and Root1984)

ECS with resilient modulus

SHRP-A-403 (Al-Swailmi and Terrel1994)

Hamburg wheel tracking

1993 Tex-242-F

Asphalt pavement analyzer

ECS/SPT

NCHRP 9-34 2002-03

Multiple freeze-thaw
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2.9.1 Hamburg Wheel Tracking Device Test
The Hamburg Wheel Tracking Device (HWTD) measutes ¢combined effects of rutting and
moisture damage. The HWTD is gaining popularity iisr fast and reliable performance of
testing various HMA mixes (Yildirim, et al., 200T,u & Harvey, 2006).The HWTD was
developed in the 1970s by Esso A.G of HelImut-Wind, in Hamburg, Germany (Romero and
Stuart, 1998). This device was introduced in th8.A.following a European asphalt study tour
of a group of pavement engineers and asphalt téotists in 1990 (AASHTO, 1991).
The HWTD test indicates susceptibility to prematdailing of HMA mixtures due to weak
aggregate structure, inadequate binder stiffnessstore damage, and inadequate adhesion
between aggregate and binder. It is observed tNdTBI results are influenced by aggregate
quality, binder stiffness, duration of short-tergirey, binder source, anti-stripping treatments,
and compaction temperature (Aschenbrener, 1995hekdwener, 1994; Aschenbrener & Far,
1994).

This device was built based on a similar Britiskide, which uses rubber tires instead of
steel wheels. The device is operated by movingiagbaeciprocating steel wheels across the
surface of HMA specimens (cylindrical or slab/cidjcsubmerged in hot water, generally held
at 50C The device is capable of testing a pair of specsr@multaneously. The specimens are
compacted to #1 percent air voids. The steel wheels have a demwt203 mm (8 inches) and
width of 47 mm (1.85 inches) and are capable ofingak3t2 passes per minute. Each steel
wheel weighs 158 Ibs. Typical length of the slabs 320 mm (12.6 inches) long by 260 mm
(210.2 inches) wide, thickness varies from 40 mn6 (ilbches) to 80 mm ( 3.2 inches) and
dimensions of the cylindrical specimens are 150 (6ninches) in diameter and 62 mm (2.5
Inches) in height as shown in Figure 2-1. Linearialde differential transformers (LVDTS)
measure rut depth or deformation at 11 differenbgscalong the length of each specimen. The
LVDTs measure rut depth at an accuracy of 0.01 fine device automatically ends the test
when the preset numbers of wheel passes are reachadrut depth of 20 mm (0.8 inch),
whichever comes earlier. Duration of the test (aering 20,000 passes) is approximately 7
hours including the initial wait time of 30 minutd$owever, in some tests the samples fail early

and test times are shorter.

15



Figure 2-1. (Clockwise) Final test setup of Hamburg/Nheel Tracking Device, closeup of
samples under the wheel load, samples ready for texy in HWTD, and failed samples
having high rut depth.

HWTD test outputs include post compaction constilida creep slope, stripping slope,
and stripping inflection point as illustrated irgkre 2-2. These parameters are obtained by
plotting a curve between rut depth and number ofesy Post compaction consolidation is the
deformation (mm) at 1,000 wheel passes. It is asguime wheel densifies the mixture within
the first 1,000 passes and is named post —compamtiasolidation. Creep slope is the inverse of
the rate of deformation in the linear region oftgletween the post compaction and stripping
inflection point (if stripping occurs). Creep slopdates to rutting primarily due to plastic flow.
It is the number of wheel passes required to createn of rut depth. Stripping inflection point
and stripping slope are related to moisture rasigtaf HMA. Stripping inflection point is the
number of wheel passes at the intersection of cskgge and stripping slope. Stripping slope is
the inverseate of deformation after the stripping inflectipaint. It relates to rutting primarily
due to moisture damage. It is the number of whastes required to create 1 mm of rut depth

after stripping inflection point (Yildirim et al2007).
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Figure 2-2. Typical Hamburg Wheel Tracking Test reslts

2.9.1.1 Past Research and Experience

Since the HWTD was introduced in United Statesiouar entities have utilized it for evaluating

moisture susceptibility of HMA mixtures. Howevehet test procedure and specification may

vary slightly from one agency to another dependuppn the mixture type. For example,

Hamburg, Germany, specifies allowable rut depttes$ than 4 mm at 20,000 passes. Colorado

Department of Transportation (CDOT) uses the testperature according to the site and

specifies a rut depth of less than 10 mm after @D jfasses (Izzo and Tahmoressi, 1999). The

Texas Department of Transportation (TXxDOT) follotve TEX-242-F procedure. Requirements

for TEX-242-F are listed in Ta

ble 2-6.

Table 2-6. Hamburg Wheel Tracking Device test critea (Zhou et al., 2005)

High-temperature Binder Grad

l&Number of Wheel Passé

2dMaximum Rut Depth in mn

I

PG 64-22 10,000 12.5 mm(0.5 in)
PG 70-22 15,000 12.5 mm(0.5 in)
PG 76-22 20,000 12.5 mm(0.5 in)
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Aschenbrener (1995) evaluated factors that inflaeesults from HWTD. He conducted
tests on 20 different mixtures whose stripping eniance was known and then compared them
with test results obtained. Results indicated»a@kent correlation existed between results from
HWTD and pavements of known field performance. $tuely concluded that HWTD results are
sensitive to quality of aggregate, asphalt cemgfihess, length of short-term aging, refining
process, liquid and hydrated lime, and compaceomperature.

Izzo and Tahmoressi (1999) evaluated the HWTD &ndapability in assessing moisture
susceptibility of HMA in Texas. Six different mixes were prepared with and without
antistripping additives and tested af@@nd 58c. Mixtures were modified with hydrated lime
and liquid antistripping additives. Asphalt bindesed for all mixtures was the same (AC-20).
For mixtures tested at 4 test results indicated that use of antistripgidditives improved the
performance of the mixture i.e., mixtures with rgtedd lime performed better followed by
mixtures modified with liquid antistripping addigy and worst performance was observed for
mixtures without any additives. For mixtures tesa¢d0c, results were inconsistent (Izzo and
Tahmoressi, 1999).

In another study, Gogula et al. (2003) showed ffezeof performance-grade binder and
air voids on HWTD results. PG 52-28, PG 64-22,98=28, and PG 70-28 were studied and PG
70-28 performed better. It also indicated mixtunath lower air voids (7%) performed better

when compared to mixtures compacted to 2 percghiehiair voids (9%).

2.9.2 Kansas Test Method KT-56(Resistance of Compacted Asphalt Mixture to
Moisture-induced Damage) or Modified Lottman Test
The KT-56 method is used to evaluate Superpave HiAtures susceptible to moisture or
stripping. It is commonly known as Modified Lottmdrest (Hossain et al., 2011). This test
compares the average indirect tensile strengtmobnditioned specimens to that of conditioned

specimens.
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Figure 2-3.(clockwise) Sample loaded in tensile strength maate, closeup of sample in load
frame, sample after broken in tensile strength madcine.

A total of six specimens are fabricated using thwpeBpave gyratory compactor. Air
voids of these specimens should k.5 percent. The specimens should be 6 inches (HH0m
diameter and 3.2%.2 inches (985mm) in height. The specimens are divided into subsets
so that the average air voids of both are approdipaequal. One subset is kept at room
temperature without any conditioning until testifgg indirect tensile strength and the other
subset is subjected to conditioning. The conditigmrocess includes a freeze-thaw cycle. Each
specimen of this subset is first kept in a vacuwntainer and using a vacuum pump, has a
partial vacuum of 25 to 66 cm (10 to 26 inchesHagf applied for a short time to bring the
specimen saturated to 70 to 80% of air voids. After specimens are saturated, they are
subjected to freezing at a temperature £8%6 (-18+3°C) for a minimum of 16 hours, followed
by a thawing cycle where the specimens are kep#@t2°F (60:1°C) in a water bath for 24
hours. The final step in the conditioning proces3o keep the specimens in a water bath
maintained at a Z1°F (25+0.5°C). Then all specimens are tested for indirectilerssrength at
77+1°F (25:0.5°C) at a loading rate of 2 inches per minute (51men minute), and the
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corresponding peak loads and displacements aradextoThe ratio of tensile strength of

conditioned subset to the unconditioned subsetlsutated. This is called tensile strength ratio

and should be a minimum of 0.8 (or 80%) as adoptethe Superpave mix design and KDOT.

Tensile strength is given by the following equation

_ 2000 = P
ITseq w i

where $= tensile strength, Psi (kPa),
P = maximum load, Ibf (N),
t = specimen thickness in (mm), and
D = specimen diameter in (mm).
The tensile strength ratio (TSR) in percent is walied as follows

TSrR="" 100

I
where TSR = tensile strength ratio,
T = average tensile strength of unconditioned sulaset

T = average strength of conditioned subset.
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Chapter 3 - Methodology

3.1 Aggregates and Binder Sources
Three different mixes were evaluated in this stu8RR-19A, SR-12.5A, and SR-9.5A were
collected from different projects in Kansas, PpgliCounty, Republic County, and Kingman-
Sumner County, respectively. The binder used was 38&8 for all mix types. Liquid
antistripping additive (Arr Maz HP) was also used in all mixtures. The followingléaprovides
the sources of aggregates and binder for eachagbroje

Table 3-1. Source of aggregates and binder

Binder (PG 58-28)

Project Number Mix Type Aggregate Source Source
36-74 KA-1734-01 SR-19A Phillips County Valero, 8he
079 KA 1380-01 SR-12.5A Republic County Flint HilBmaha

Kingman-Sumner
County

42-106 KA 1461-0] SR-9.5A Murphy Oil (NE)

3.2 Aggregate Tests

Aggregates, major components of the HMA mixturenstibute 92 to 96% of the mixture by
weight or 80 to 85 percent of the mixture by volunide following aggregate tests were
performed on all aggregates brought to the laboyato

e gradation analysis (KT-2);

» material finer than US No. 200 sieve by wash-sevalysis (KT-3);

» specific gravity of fine aggregates (Pycnometerhodj for aggregates passing through a

No. 4 sieve (ASTM C128); and

» specific gravity of coarse aggregate (KT-6) for iigtes retained on a No. 4 sieve.

3.3 Gradations and Blending
Aggregate gradation or the distribution of aggreggtrticle size is the most important
characteristic to be considered in the asphalt ohesign process. One of the important
volumetric properties, voids in the mineral aggteg@d/MA), is calculated based on the

aggregate gradation. Some of the properties infleénby aggregate gradation are stability,
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durability, stiffness, workability, skid resistancpermeability, and resistance to moisture
damage (Roberts et al., 1996). Superpave gradatignirements include use of the Federal
Highway Administration (FHWA) 0.45- power chart, wh is based on the Fuller gradation
formula. Performance of the gradation is evaludtased on the maximum density line of the
0.45 power chart. The maximum density line is atgdiby drawing a straight line from origin to
the maximum aggregate size. Figures 3-1, 3-2, BeBTables 3-2, 3-3, 3-4, 3-5, 3-6, and 3-7

show the combined aggregate gradations of all mestu
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Figure 3-1. 0.45-power chart of SR 9.5A Superpaveirture.
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Table 3-2. Blending of aggregates for SR 9.5A mixta

) Percent of Total Mix Final
Sleve To T 1 11 35 25 | Blend | Superpave
Size Specification
CS-1| CS-2| CS-2A| SSG-1 RAP| used
1/2 in. 0.0 0.0 0.0 0.0 0.3 0 0
3/8in. 0.9 0.0 0.0 0.4 1.6 3 0-10
No. 4 12.0 1.2 0.2 4.1 6.1 23 10 Min
No. 8 16.6 3.8 6.6 13.6 11.2 52 33-53
No. 16 16.7 6.0 9.6 22.5 16.0 71
No. 30 16.7 7.4 10.2 28.7 20.6 84
No. 50 16.7 8.5 10.4 33.5 23.6 93
No. 100 | 16.7 9.1 10.5 34.6 24.4 95
No. 200 | 16.7 9.4 10.5 34.7 24.8 96.1 90-98
Table 3-3. Blending of aggregates for SR 12.5A mixte
, Percent of Total Mix Final
Sleve ™5 T 5 20 35 25 | Blend | >uPerpave
Size Specification
CS-1| CS-2| SSG-1| CG-5/ RAP| used
1/2 in. 6.6 0.0 0.1 0.0 35 10 0-10
3/8in. 12.8 0.1 0.6 0.0 5.7 19 10 min
No. 4 14.8 1.6 2.0 2.0 9.8 30
No. 8 14.8 2.6 4.6 7.9 15.1 45 42-61
No. 16 14.8 3.2 8.6 17.0 18.9 63
No.30 | 148 3.6 13.2 24.8 22.0 78
No. 50 14.8 3.8 17.9 30.3 24.2 91
No. 100 | 14.8 4.0 19.4 32.3 24.8 95
No. 200 | 14.8 4.1 19.5 33.0 25.0 96.4 90-98
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Table 3-4. Blending of aggregates for SR 19A mixter

S Percent of Total Mix Final S
Ve 118 | 18 12 27 25 | Blend | >UPerpave
Size Specification
CG-1| CG-2| CG-2A | SSG-1| RAP| used
1in. 0.1 0.0 0.0 0.0 0.8 1 0-10
1/2 in. 10.5 0.0 0.0 14 3.0 15 10 min
3/8in. 154 0.0 0.0 3.1 4.8 23
No. 4 17.8 3.2 14 8.0 11.3 42
No. 8 17.9 7.2 4.8 16.0 18.¢ 64 51-65
No. 16 17.9 9.9 7.1 22.5 21.9 79
No.30 | 179 | 11.7 8.6 24.9 23.8 87
No. 50 17.9 | 133 9.8 26.2 24.6 92
No.100 | 179 | 14.8 11.0 26.7 24.9 95
No.200 | 17.9 | 15.9 115 26.7 25.0 97 92-98
Table 3-5. Aggregate gradation of SR 9.5A mixture
Sieve Size Aggregate designation
CS-1 CS-2 CS-2A | SSG-1 RAP
lin. 0
3/4in. 0 0
1/2in. 0 0 1
3/8in. 5 0 0 1 6
No. 4 70 10 2 12 24
No. 8 97 31 60 39 45
No. 16 98 50 87 64 64
No. 30 98 62 93 82 82
No. 50 98 71 94 96 94
No. 100 98 75 95 99 98
No. 200 98.5 78.3 95.5 99.0 99.0
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Table. 3-6 Aggregate gradation of SR 12.5A mixture

Aggregate designation
Sieve Size CS-1 CS-2 SSG-1 CG-5 RAP

lin. 0 0 0 0 0
3/4in. 0 0 0 0 0
1/2 in. 44 0 1 0 14
3/8in. 86 3 3 0 23
No. 4 99 32 10 6 39
No. 8 99 52 23 23 60
No. 16 99 64 43 49 76
No. 30 99 71 66 71 88
No. 50 99 76 90 86 97
No. 100 99 80 97 92 99
No. 200 98.8 81.8 97.5 94.3 99.68

Table 3-7. Aggregate gradation of SR 19A mixture

. : Aggregate designation
SIeVe SIZ6 =51 | CG-2 | CG-2A | SSG-1| RAP
1.5in. 0 0 0 0
lin. 0 0 0 0
3/4in. 0 0 0 3
1/2 in. 58 0 0 5 12
3/8in. 86 0 0 12 19
No. 4 99 18 11 29 45
No. 8 99 40 40 59 72
No. 16 99 55 59 83 88
No. 30 99 65 71 92 95
No. 50 99 74 82 97 98
No. 100 99 82 91 99 99
No. 200 99.5 88.4 95.5 99.0 99.7
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3.4 Specific Gravity

3.4.1Bulk Specific Gravity of Aggregates
The bulk specific gravity of each aggregate of eanth type was determined in the laboratory
following Kansas Standard Test KT-6 method. Resarkssummarized in Table 3-8.

Table 3-8. Summary of Bulk Specific Gravity of Aggegates

where

A= mass of oven dry sample, g;

SR-9.5A SR-12.5A SR-19A
Specific Specific Specific
Aggregate ) Aggregate ) Aggregate _
Gravity Gravity Gravity
CS-1 2.527 Cs-1 2.447 CG-1 2.576
CS-2 2.511 CSs-2 2.463 CG-2 2.454
CS-2A 2.508 CG-5 2.589 CG-2A 2.512
SSG-1 2.590 SSG-1 2.586 SSG-1 2.394
RAP 2.688 RAP 2.643 RAP 2.625
Bulk Specific Bulk Specific Bulk Specific
_ 2.582 _ 2.572 _ 2.505
Gravity Gravity Gravity
3.4.1.1 Bulk Specific Gravity of Fine Aggregate
The bulk specific gravity of fine aggregate wasca&ted by the equations& ;l_ =

B= mass of pycnometer filled with efato the calibration mark, g;

S= mass of saturated surface dry gampg; and

C= mass of pycnometer, specimen aatgnmio the calibration mark, g.

Note: The cone test was used for determining thea@d-surface dry condition (AASHTO T
84) instead of using the drying pan with rusteddratas mentioned in the KT-6 procedure.
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Figure 3-4. Making of saturated-surface dry conditon for fine aggregate using the cone
test.

Figure 3-5. Rotation of flask in inclined positionto expel all the air bubbles.

3.4.1.2 Bulk Specific Gravity of Coarse Aggregate

A
(B—C)'

The bulk specific gravity of coarse aggregate wasutated by the equations&

where A= mass of oven-dry sample in air, g;

mass of saturated surface-dry $ampair, g; and

(I?UJ

mass of saturated sarmpleater, g.
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Figure 3-6. Making of saturated-surface dry conditon using a dampened, absorbent towel
for the coarse aggregate sample.

3.4.1.3 Bulk Specific Gravity of Reclaimed Asphalt Pavement (RAP) Aggregate
Bulk specific gravity of RAP aggregate is an impottproperty and used for calculating voids in
mineral aggregate (VMA). If the source of the RARI ariginal construction data are available,
then the bulk specific gravity of RAP aggregatdaiken as the bulk specific gravity of virgin
aggregate. If the data is not available, then thlk bpecific gravity is calculated in three simple
steps described below.

1. The theoretical maximum specific gravity of RAP tope G,n,is found following the

AASHTO T 209 procedure.
2. Then, the effective specific gravity of the RAR &culated.

_ 100-P,
Gsf(ﬁ_f’_z:]
Gmm Gb

where B= percent binder in the RAP mixture;
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Gm=theoretical maximum specific gravity of RAP mixtuand
Gp=assumed specific gravity of bindéi¢Daniel and Anderson assumed a value
of 1.020).
3. The bulk specific gravity of RAP aggregate is tlestimated using the assumed value of

asphalt absorption,R and Ge

G GFE
S ( Py —Gse

100G},

+1

Poa IS Obtained from historical data. If the histafidata are not available, typical water-
absorption value of aggregate (60-65%) may be take®,,

3.4.2 Specific Gravity of Binder
The specific gravity of the binder was obtainedrirthe KDOT mix design information

Table 3-9. Specific gravity of binders

_ Specific Gravity
Binder
SR-9.5A SR-12.5A SR-19A
PG 58-28 1.0270 1.0430 1.0224

3.5 Preparation of Samples for Hamburg Wheel Trackag Device Test and
KT-56 Test

The samples were prepared following the Kansas Method KT-58 Procedure: Method for
preparing and determining the density of hot-miphadt (HMA) specimens by means of the
Superpave gyratory compactor. The main steps imgbin preparing HWTD specimens include
drying aggregates to constant weight, batchingggfegates, heating of aggregates and binder to
mixing temperature, mixing of binder and aggregatesl conditioning (short-term aging) and
compacting the specimen to appropriate percentvaids using the Superpave gyratory
compactor. The detailed steps involved in the papmn of specimens are described below and
shown in Figure 3-7.
1. All required aggregates are weighed in steel paparsitely and are combined to form a
desired batch weight. Typically a batch weight 8f8D0 to 14,000 grams of aggregate
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produce five HWTD specimens (150£2mm in diametat &2+2 mm in height), 1,500
grams of Gm sample, and 5% wastage, considering the combigggegate bulk-
specific gravity between 2.55-2.70.

2. The batched aggregates and binder are heated iovire to an appropriate mixing
temperature. Since the study contained mixturels RAP material, the RAP material is
heated separately (about 140°F) i.e., much lowaar the mixing temperature to prevent
additional hardening of the RAP asphalt cement. Vilggn aggregates are heated above
the mixing temperature to compensate lower mixemperature of RAP, so that the
temperature of the total mix is within the actualge of the mixing temperature.

3. After the aggregates and binder reach the mixingparature, the heated aggregates are
introduced to a mechanical mixer and a craterrns\éal. The required amount of binder
and additive is added and mixing is continued uexgry particle is uniformly coated
with binder. Since the mixture contains RAP matetiee amount of binder to be added
is adjusted because the RAP material also consonse binder. The weight of new
binder to be added is calculated as follows:

Percent binderitotal)x Total weight
100

— (weight of binder in RAF)

where, weight of binder in RAP= (percent bindeRIAP) x (weight of RAP)

4. After mixing, the mixture is placed in a pan, spgreaenly, and transferred to an oven at
compaction temperature for about 2 hours = 5 mmtde short-term aging. The mixture
is stirred after 60+5 minutes to maintain uniforging.

5. The mixture is now ready to be compacted using Shperpave gyratory compactor
(SGCO).
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(a) Heating aggregate to mixing (b) Adding asphalt to the aggregate in the

temperature in oven mixer

(c) Mixing of asphalt and aggregate |in (d) Mixture kept at compactio

the mixer temperature for 2 hrs (short term aging)

-

Figure 3-7. HMA mixing process.

3.5.1 Compaction Using Superpave Gyratory Compactor (SGC) (Kansas Test Method
KT-58)
The molds, plates of SGC, and pouring pan are ptelleio compaction temperature for about
45-60 minutes before the start of compaction. TB&€ $s switched on and all required settings

such as height of specimen, number of gyrationgleaof gyration, pressure, etc. are configured.
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The compaction parameters for all mixture types-88, SR-12.5A and SR-19A) are listed in
Table 3-10.
Table 3-10. Compacting parameters for Superpave ggtory compactor

Parameter HWTD KT-56
Specimen height 62 95
Pressure 600+18 kPa 600+18 kPa
Angle of gyration 1.16° £ 0.02° 1.16° £ 0.02°
Number of gyrations Miiai=7,Ndesigim 75, Nna=115 |  Nnitia=7,Ndesig75,Nnax=115
Speed of rotation 30+0.5 gyrations per minure 3btfyrations per minute

The mold and base plate are removed from the omdnttee mold is charged with the
required amount of mixture using a pouring pan. Treture is leveled with a spatula and the
top plate is placed in the mold. To avoid the mmg&tsticking to the plates, paper disks are
placed in between the plates and mixture. The nwldow transferred into the SGC. The
mixtures are compacted with applicable parameistsd in Table 3-10. The SGC will stop
automatically when it reaches the specified nunabgyrations. The mold is then removed from
the SGC and the sample is extruded from the maddcanled for 5 minutes in front of a fan.

Table 3-11. Superpave gyratory compaction efforfKansas Test Method KT-58)

Design ESALs Travelway
(Millions) Ninitial Ndesign Nmax
<0.3 6 50 75
0.3to< 3 7 75 115
31to <30 8 100 160
>30 9 125 205
Shoulder
A* 6 50 75
B* - o o

* At the contractor's option, A or B may be used.

** Use travelway design traffic properties for B.
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(a) Pine Superpave Gyratory Compactor (c) Extruding the specimen from the mold

Figure 3-8. Compacting specimen using Superpave gtory compactor

3.5.2 Determining the Weight of Mixture Required to Produce a Specimen with
Desired Percent Air Voids
The weight of mixture needed to produce a speciwiém specified air voids (71 % air voids
for HWTD and 7+£0.5 % air voids for KT-56) is detenad theoretically by the following
equation:
Weight of specimen ‘W’= %6m @N: xGym X volume of sample
where, %Gm @ N = 0.93 (for HWTD and KT-56 test specimens);

Gmm= theoretical maximum specific gravity of loose tape; and

Md2h
Volume= . , d=150 mm, h=62 mm for HWTD specimen and 95 mm Kdr56

specimen, respectively.
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After obtaining the theoretical weight of the sipgen, three trial specimens are prepared
with the theoretical weight of specimen W, W+10mgsaand W-10 grams, to find out the exact

weight of mixture needed to produce a compactedis® with air voids in the desired range.

3.5.3 Determining the Bulk-Specific Gravity of Compacted Specimen (G,,,) and
Uncompacted HMA Mixture (Gnm) (Kansas Test Method KT-15)& (Kansas Test Method KT-
39)
The bulk-specific gravity () of compacted specimens is determined followingnd€s Test
Method KT-15 as shown in Figure 3-9: bulk-specifi@vity and unit weight of compacted
asphalt mixtures. (Procedure Ill). The steps arf@lésvs:
1 The specimen is dried to a constant mass. Therapads weighed at room temperature®(77
+ 2F or 25+% C) to the nearest 0.1 grams and recorded as A.
2 The specimen is immersed in the water bath &t-72F or 25+ C and saturated for 4+1
minutes. The submerged mass is recorded as C.
3 The submerged specimen is brought to saturatedesurdry (SSD) condition using terry

cloth. The SSD specimen is weighed and recorddl as

Bulk specific gravity, Gp=—
P gravity, G 5-0)
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Mass in water

Making of SSD SSD mass in air

Figure 3-9. Process of determining the bulk-specdigravity of the compacted specimen.

The theoretical maximum specific gravity of the lzp paving mixture (Gm) is determined

using Kansas Test Method KT-39 as shown in Figet@.3The steps are:

1 The laboratory-mixed sample is taken from the caer short-term aging and cooled to
room temperature. During this cooling process piuticles are separated so that no
particle is larger than 6.3 mm (1/4 inch).

2 A sample of known mass is loaded into a calibratadcal flask and the mass of the

flask with the sample is recorded as B.

36



3 The flask is filled with water till the sample islify submerged.

Using a vacuum pump, a partial pressure of 27+3ohhlg is applied for 15 minutes to
remove the air entrapped in the sample.

The conical flask is submerged in the water forll@#nutes and the weight is recorded
as C. The temperature of water should bet72ZF or 25+P C.

The mass of conical flask in air is recorded and the mass of conical flask in water
after 10 minutes immersion is recorded as D.

Theoretical maximum specific gravity of the uncorwrted HMA mixture is given by

G = (B—-4)
1 ————
(B+D)—(A+C)
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Expelling air using vacuum apparatus Mass of sample + flask in air

Figure 3-10. Determining the theoretical maximum secific gravity (Gmm) of loose HMA

mixture.
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3.6 Performance Testing Procedures

3.6.1 Hamburg Wheel Tracking Device Procedure ( TEX-242-F, June 2009)
The HWTD used in this study was manufactured byiBi@ Machine & Welding Company,
Salina, Kansas. The TEX-242-F procedure was foltbfor the HWTD test. The laboratory-
molded specimens were placed in a cutting templatier the masonry saw to cut across the
specimen, as shown in Figure 3-11, to fit into pttylene molds. The specimens were then
placed into the polyethylene mold and mounted theotray. If there was a gap in between the
specimens, it was necessary to fill the gap witster of Paris and allow it to set for one hour
before starting the procedure. The mounting tragsewplaced in an empty water bath. The
software was started and required information extefFest specifications were as follows:
a) Testing temperature: 122+2(50+1°C).
b) Load: 158 Ib. £ 5 Ib. (705122 N).
c) Number of passes per minute: 50+2.
d) Maximum number of passes setting: nonrestrictiveSR-9.5A, SR-12.5A and 20,000
for SR-19A.
e) Maximum speed of wheel: 1.1 ft./sec (approximately)
f) Maximum rut depth: 20 mm
g) Rut-depth measurements: every 100 passes.

Once water reached the designated temperaturspdugmen was saturated for an additional
30 minutes. After the saturation, the arms wereelad so that they would rest on the specimen
and the test was begun. The testing device autoafigtstopped when it reached either operator-
specified maximum rut depth or the number of whesdses, whichever came first. The linear
variable differential transducers (LVDTSs) connectedhe machine on either sides measured the
vertical deformation (rut depth) at 11 differenimie along the wheel path of the specimen. The
rut depth was recorded to the file using a compbésed automated data acquisition system
connected to the HWTD device. Post compaction,pcidepe, stripping inflection point, and

stripping slope were obtained from the plot of tuenber of wheel passes versus rut depth.
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(a) Sample being cut along edge of the mold  (b) Vertical-cut samples ( approx. 5/8 inch

using masonry saw

(c) Samples placed in molds and mounted in (d) Failed sample( rut depth>20mm)

tray, ready for testing

Figure 3-11. Process of testing samples in Hambukyheel Tracking Device.
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Experimental Design Matrix (HWTD)

The HWTD test was conducted on all three mixtuiidge only variable that changed was the
mixture asphalt content. The test was conductegpacimens prepared at four different asphalt
contents, starting from the design asphalt contamdt decrement of two tenths (0.2%) of a
percent each time. For statistical analysis purposieree sets of HWTD specimens were
prepared for each asphalt content. The designxratpresented in Table 3-12.

Table 3-12. Experimental design matrix for HamburgWheel Tracking test

SR-9.5A SR-12.5A SR-19A*

Design asphalt content=5.54% design asphalt content=5.3% design asphalt content=4.4%
Additive: Arr Maz HP (0.6%) | Additive: Arr MazHP (0.45%)| Additive: Arr Maz HP (0.6%)

5.54% | 5.3494 5.14%)| 4.94%)| 5.3% | 5.1% | 4.9%| 4.7% | 5.75% 5.55%| 5.35%| 5.15%

—

3 sets for each asphalt content 3 sets for each asphalt | 3 sets for each asphalt conter
(3%4=12 plugs) content (3x4=12 plugs) (3%4=12 plugs)

Air voids=7+1% Air voids=7+1% Air voids=7+1%

* The asphalt content was more than the designghladtscontent; this is because the asphalt in

the RAP material was not considered.

3.6.2 Resistance of Compacted Asphalt Mixture to Moisture-Induced Damage (Kansas
Test Method KT-56)
The procedure of KT-56 has been discussed in Ch&p#nd is shown in Figure 3-12. Using
SGC, a minimum of six compacted specimens wereyuedl at approximately 7+0.5 percent air
voids for each of the cells in the design matriowh in Table 3-13. Some of the compacted

specimens were found to be out of the prescribedaad range and were discarded.
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(a) Saturating the specimen using vacuu

apparatus

(c) Specimen freezing @ -18 for at least
16 hours

m

Il

(e) Indirect tensile strength determinatior

=
o

(b) Specimen wrapped with plastic film

-

enclosed in heavy-duty, leak-proof bag

with 10 ml of water

(d) Specimen in water bath at 600 C for 2
hours

4

(N Inspection of stripping on interior surfa

Figure 3-12. Steps involved in determination of tesile strength of conditioned samples

(KT-6).
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Experimental Design Matrix
The design matrix shown in Table 3-13 is similarth® HWTD design matrix. The only
parameter changed was asphalt content.

Table 3-13. Experimental design matrix for Kansas tandard Test KT-56

SR-9.5A SR-12.5A SR-19A*

Design asphalt content=5.54% Design asphalt content=5.3% Design asphalt content=4.4%
Additive: Arr Maz HP (0.6%) | Additive: Arr MazHP (0.45%)| Additive: Arr Maz HP (0.6%)

5.54% | 5.349%4 5.14%)| 4.94%)| 5.3% | 5.1%| 4.9%| 4.7% | 5.75% 5.55%| 5.35%| 5.15%

A total of six plugs (3 A total of six plugs (3 A total of six plugs (3
conditioned, 3 unconditioned)| conditioned, 3 unconditioned) conditioned, 3 unconditioned)
for each asphalt content for each asphalt content for each asphalt content
Air voids=7+0.5% Air voids=7+0.5% Air voids=7+0.5%

* The asphalt content was more than the designetiadtscontent; the asphalt in the RAP

material was not considered.

3.7 Calculation of VMA and Film Thickness(Brown et al., 2009)

Voids in the mineral aggregate (VMA) are given bg following equation:

VMA= 100 [%}

o)

where

Gmp = bulk-specific gravity of compacted mixture;

Gsp= bulk-specific gravity of aggregate; and

R, = percent of asphalt.
Asphalt film thickness is calculated based on tindase area factors mentioned in Chapter 2.
The following formula gives the asphalt film thicss:

| g )
‘asp
SA XKW

Tr=1000(

b

where
Te= asphalt film thickness, microns;
Vasp= effective volume of asphalt cement, liters;

SA= surface area of the aggregat&kay and
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W= weight of aggregate, kg.
Calculated surface areas for SR-9.5A, SR-12.5A,3RdL9A are 3.937 fkg, 4.686 M/kg and
3.717 nilkg, respectively
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Chapter 4 - Results and Discussion

4.1 Hamburg Wheel Tracking Device Test Results

4.1.1 Number of Wheel Passesfor SR-9.5A and SR-12.5A Mixtures

All specimens were compacted to 7+1 air voids astied in wet condition. In general,
the HWTD specimens were subjected to 20,000 whesdgs or rut depth of 12.5 mm (TxDOT),
20 mm (CDOT), whichever came first. In this stufly, the SR-19A mixture, the specimens
were subjected to 20,000 wheel passes or 20-mmnmuaxirut depth. For the SR-12.5A, and
SR-9.5A mixtures, specimens were subjected to utddmwheel passes or 20-mm rut depth,
whichever came first.

The only variable in the study was asphalt con{@6)t For each asphalt content, three
replicates were fabricated and tested. Average eurabwheel passes and corresponding rut
depth are tabulated in Table 4-1.

Table 4-1 shows the average number of wheel passksver for the design asphalt
content when compared to the number of wheel pasgedrier mixes. The highest average
number of wheel passes recorded was 11,861 wte®Wudof asphalt (0.6 % below design
asphalt content) was used. The lowest number oelgesses recorded was 5,087 when 5.54 %
of asphalt used (design asphalt content). For spa SB-2,3 and SB-4,5, the average number
of wheel passes was too high when compared tothiee specimens in the same subset (samples
with 5.34 % AC), thus they were discarded and akem into consideration while calculating the

average number of wheel passes.
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Table 4-1. Summary of Hamburg Wheel Tracking test esults for SR-9.5A mixture

Asphalt Virgin asphalt No of Rut depth
Sample ID
content (%) added (%) passes in mm
SA-1,SA-4 5,759 20
SA-2,SA-3 5.54 411 4,789 20
SA-6,SA-7 (Design Asphalt 2,250 20
SA-9,SA-10 3,700 20
SA-11,5A12 |  Content) 7,433 20
SA-13,SA-15 6,589 20
Average 5.54 411 5,087 20
SB-2,SB-3 20,855* 20
SB-4,SB-5 24,187* 20
SB-6,SB-7 534 301 8,367 20
SB-8,5B-11 9,091 20
SB-12,SB-13 9,450 20
SB-14,SB-15 11,621 20
Average 5.34 3.91 9,632 20
SC-3,5C-4 8,867 20
SC-5,SC-6 11,689 20
SC-7,5C-8 514 371 12,679 20
SC-9,SC-10 ) 13,033 20
SC-11,SC-14 9,217 20
SC-13,SC-15 9,649 20
Average 5.14 3.71 10,856 20
SD-2,SD-4 11,547 20
SD-3,SD-5 11,049 20
SD-6,SD-14 4.94 351 9,550 20
SD-7,SD-12 10,903 20
SD-8,SD-15 12,091 20
SD-9,SD-10 16,023 20
Average 4.94 3.51 11,861 20
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Table 4-2. Summary of Hamburg Wheel Tracking testdr SR-12.5A mixture

Sample ID Asphalt % Virgin No of th depth
content (%) Asphalt added passes in mm
RA-2,RA-3 15,723* 20
RA-4,RA-5 53 26,211* 20
RA-7,RA-6 T 4,113 20
; Design asphalt 4.14 :
RAORA-10 | Cgmemr)’ 4,583 20
RA-12,RA-13 5,291 20
RA-14,RA-15 7,533 20
Average 5.3 4.14 5,380 20
RB-1,RB-3 7,127 20
RB-4,RB-5 11,347 20
RB-6,RB-9 5.1 304 14,653 20
RB-8,RB-10 . ' 12,621 20
RB-11,RB-13 11,967 20
RB-14,RB-15 25,563* 20
Average 51 3.94 11,543 20
RC-1,RC-4 8,373* 20
RC-2,RC-3 15,401 20
RC-6,RC-10 29,541* 20
RC-8,RC-9 4.9 3.74 26,893* 20
RC-11,RC-13 16,637 20
RC-12,RC-14 18,519 20
Average 4.9 3.74 16,852 20
RD-1,RD-4 19,125* 20
RD-2,RD-3 18,355* 20
RD-6,RD-9 42,335 20
RD-7,RD-8 4.7 3.54 38,153 20
RD-11,RD-13 25,650* 13.3*
RD-14,RD-15 25,650* 6.1*
Average 4.7 3.54 40,244 20

From Table 4-2, we can see that performance wdsrbat lower asphalt content i.e.,
below the design asphalt content. As the asphalieot decreased, the average number of wheel
passes increased. The average number of wheekpasseased from 5,380 to 40,244 when the
asphalt content was decreased from 5.3% to 4.7%.

When testing specimens RD-11, 13 and RD-14 andh#5test stopped due to technical
error in the HWTD machine. Thus the final numbewbieel passes could not be determined but
the test still yielded valuable information in tierm of creep slope, stripping slope, and

stripping inflection points, if any.
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Table 4-3. Summary of Hamburg Wheel Tracking testdr SR-19A mixture

Sample ID Asphalt % Virgin No of th depth
content (%) asphalt added passes in mm
3C-3,3C-4 5.75 4.4 15,683 20
3C-2,3C-10 5.75 4.4 11,447 20
3C-6,3C-9 5.75 4.4 16,250 20
3C-7,3C-8 5.75 4.4 21,975 20
3C-11,3C-12 5.75 4.4 21,050 20
3C-13,3C-14 5.75 4.4 35,241 20
Average 5.75 4.4 20274 20.0
3D-1,3D-3 5.55 4.2 20,000 12.8
3D-2,3D-4 5.55 4.2 20,000 13.1
3D-5,3D-7 5.55 4.2 13,565 20
3D-6,3D-8 5.55 4.2 11,959 20
3D-9,3D-10 5.55 4.2 4,950 20
3D-11,3D-12 5.55 4.2 8,200 20
Average 5.55 4.2 13112 17.7
3E-1,3E-4 5.35 4 20,000 14.9
3E-2,3E-3 5.35 4 20,000 11.1
3E-5,3E-8 5.35 4 8,938 20
3E-6,3E-7 5.35 4 8,038 20
3E-10,3E-14 5.35 4 20,000 14.4
3E-11,3E-13 5.35 4 20,000 17
Average 5.35 4 16163 16.2
3F-1,3F-4 5.15 3.8 20,000 11.6
3F-2,3F-3 5.15 3.8 20,000 17
3F-5,3F-7 5.15 3.8 20,000 16.5
3F-8,3F-9 5.15 3.8 20,000 14
3F-10,3F-13 5.15 3.8 20,000 14.8
3F-12,3F-14 5.15 3.8 20,000 11.7
Average 5.15 3.8 20000 14.3
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The samples were prepared at a much higher aspird#nt than the design asphalt content. The
design asphalt content was 4.4%, but the specinvens prepared with asphalt content starting
at 5.75 % and up to 5.15 % with a 0.2% decremaeittally, the quantity of binder available in

the RAP aggregates was not considered. Thus thesnfiad more asphalt content than the

prescribed content. However, we can make compagdiased on the results obtained.

mSR-9.5A NMAS SR-12.5A NMAS
45000
40000 —
§ 35000 -
& 30000 —
-8
T 25000 -
£
S 20000 —
B 15000 -
Q
O 1 T T T 1
Ph Ph-0.2 Pb-0.4 Pb-0.6
Asphalt content (%)

Figure 4-1. Effect on average number of wheel passdue to asphalt content variation.

From the Figure 4-1, we can clearly see that fah buixtures the lowest number of
wheel passes was recorded when design asphalint@¢Rte) was used, and the highest number
of wheel passes was recorded when the lowest boalgent was used in the mixture (Pb-
0.6%), where Pb is the design asphalt content.eTWas a large variation in the average number
of wheel passes for the SR-12.5A mixture when coatpto the SR-9.5A mixture.
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Scatter plots

From the Table 4-1, we can see the number of wheesdes recorded for samples prepared with
5.34% asphalt content varies from 24,187 to 8,26though all these samples were prepared
following the same procedure and under the samdittoms, this large variation was observed.
The passes for replicates SB-2, 3, 4, 5 are mughehi than the other samples SB-6,
7,8,11,12,13,14 and 15. From Figure 4-2 it is obsithat replicates 1 and 2 with asphalt content
of 5.34% (SB-2, 3, 4, 5) stand apart from other @amin that subset. If we consider these
passes, there will be a considerable effect omtleeage number of wheel passes. Therefore, it is

important to study these values by performing iefice diagnostic tests available in the area of

statistics.
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Figure 4-2 Scatter plot of the No. of wheel passéw different replicates of SR-9.5A

mixture
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Similar variations were also observed for the SEBA2mixture as can be seen in the

scatter plots illustrated in Figure 4.3.
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Figure 4-3 Scatter plot of the No. of wheel passéx different replicates of SR-12.5A

mixture
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4.1.2 | dentification of outlierg/influence observations

According to Hawkin (1980) &n outlier is an observation that deviates so mfrom other
observations as to arouse suspicion that it wasegged by a different mechanismisi this
study, influence statistics such as Cook’s DistabdBts and Rstudent were performed (SAS 9.3
User Guide, 2011).

Cook’s Distance or cook’s d measures the changleeparameter estimates caused by deleting
each observation. A general cut-off value is 1 arsize adjusted cut-off value is 4/n, where n is
the number of observations. In this study, the todkcriteria is 0.166 (n=24) for the SR-9.5A
mixture and 0.181 (n=22) for the SR-12.5A mixture.

Dffits measures the change in the predicted vatuettfe " observation and is calculated by
deleting the™ observation. A general cut-off value of 2 and zesidjusted cut-off value of 2*
(P/N)°, where n is number of observations and p is nurobparameters, are used. In this study
the dffits criteria is 0.408 (n=24) for the SR-9.®Aixture and 0.426 (n=22) for the SR-12.5A
mixture.

Rstudent is the raw residual value divided by tla@dard error. The error variance is calculated
by not considering the deletél observation. Observations with rstudent valuestgrethan 2
need some attention.

Tables 4-4 and 4-5 list the outputs of the inflleed@agnostic tests for SR-9.5A and SR-12.5A,
respectively. In SR-9.5A mixture, according to kk'sad criteria (>0.166), observations 7 and 8
are the outliers; according to dffits criteria (@3 observations 7, 8, 9, 10, 11 and 24 are the
outliers; and according to rstudent criteria (>3#)servations 7 and 8 need some attention. As a
result, observations 7 and 8 were discarded, gimese were identified as outliers by all three

influence diagnostic tests used in statistics.
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Table 4-4 Outputs of influence diagnostic tests faBR-9.5A mixture

N

~N -~

~- <t

~—<t

No. of .
Observations Asphalt wheel Cook’s Dffits | Rstudent Leverage
content d H
passes

1 5.54 5759 0.002 0.084 0.188 0.161
2 5.54 4789 0.000 -0.037 -0.084 0.161
3 5.54 2250 0.033 -0.360 -0.805 0.161
4 5.54 3700 0.008 -0.174 -0.38¢ 0.161
5 5.54 7433 0.023 0.296 0.663 0.161
6 5.54 6589 0.009 0.188 0.421 0.167
7 5.34 20855 | 0.197 0.965 2.158 0.167
8 5.34 24187 | 0.432 1.699 3.800 0.167
9 5.34 8367 0.127| -0.743 -1.662 0.167
10 5.34 9091 0.096| -0.635 -1.421 0.167
11 5.34 9450 0.082| -0.584 -1.305 0.167
12 5.34 11621 0.022 -0.291 -0.651 0.167
13 5.14 8867 0.016 -0.250 -0.56( 0.161
14 5.14 11689 0.003 0.104 0.233 0.16]
15 5.14 12679 0.014 0.229 0.513 0.16]
16 5.14 13033 0.019 0.275 0.614 0.167
17 5.14 9217 0.011 -0.206 -0.46( 0.161
18 5.14 9649 0.006 -0.151 -0.33§ 0.161
19 4.94 11547 0.000 -0.039 -0.088 0.16]
20 4.94 11049 0.003 -0.101% -0.227 0.16]
21 4.94 9550 0.022 -0.292 -0.657 0.167
22 4.94 10903 0.004 -0.120 -0.268 0.167
23 4.94 12091 0.000 0.029 0.064 0.16]
24 4.94 16023 0.071| 0.539 1.206 0.167
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Table 4-5 Outputs of influence diagnostic tests foBR-12.5A mixture

No. of .
Observations Asphalt wheel Cook's Dffits | Rstudent Leverage
content d H
passes

1 1 15723 0.021 0.286 0.639 0.167
2 1 26211 | 0.195 0.969 2.166 0.167
3 1 4113 0.033 -0.361 -0.808 0.167
4 1 4583 0.029 -0.334 -0.747 0.167
5 1 5291 0.022 -0.293 -0.656 0.167
6 1 7533 0.007 -0.168 -0.375 0.167
7 2 7127 0.036 -0.378 -0.845 0.167
8 2 11347 0.005 -0.139 -0.311 0.167
9 2 14653 0.000 0.042 0.095 0.167
10 2 12621 0.001 -0.069 -0.154 0.167
11 2 11967 0.003 -0.105 -0.235 0.167
12 2 25563 0.109| 0.683 1.528 0.167
13 3 8373 0.094 | -0.629 -1.406 0.167
14 3 15401 0.012 -0.211 -0.472 0.167
15 3 29541 0.085| 0.594 1.329 0.167
16 3 26893 0.047| 0.432 0.966 0.167
17 3 16637 0.005 -0.142 -0.319 0.167
18 3 18519 0.000 -0.039 -0.087 0.167
19 4 19125 0.158| -0.818 -1.417 0.250
20 4 18355 | 0.183 | -0.887 -1.536 0.250
21 4 42335 | 0.243 1.047 1.814 0.250
22 4 38153 0.111| 0.672 1.163 0.250

For SR-12.5A mixture, according to cook’s d criéef+0.181), observations 2, 20 and 21
are the outliers; according to dffits criteria @54 observations 2, 12, 13, 15, 16, 19, 20, 21 and
22 are the outliers; and according to rstudenegat(>2), observation 2 needs some attention.

Ultimately observation 2 was discarded since it wlastified by all three tests as an outlier.
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4.1.3 Test of Significance
The next step after identifying the outliers wasirfg a regression line between the
asphalt content and the number of wheel passethatahe trend of the wheel passes with
varying asphalt content could be found. In thisdgiithe number of wheel passes was taken as
the response variable, Y, and asphalt content akentas the predictor variable, X. Tables 4-6
and 4-7 show the results of the Analysis of Varea(BNOVA) and simple linear regression for
SR-9.5A and SR-12.5, respectively.

Table 4-6 Regression results for SR-9.5A mixture

Analysis of Variance

Degrees
Source of Sum of Mean F Pr>F
Squares Squares Value
Freedom
Model 1 143146201 143146201 34.48 <.0001
Error 20 83042684
Corrected 21 | 22618888¢
Total
Root MSE 2037.6 R-Square 0.63
Dependent Mean | 93333.9| Adlusted R- 0.61
Square
Coeffl.ment of 218
Variance
Parameter Estimates
. Degrees Parameter | Standard t Pr >
Variable of ;
Estimates Error Value It]
Freedom
Intercept 1 66992 9829.49 6.82] <.0001
Content 1 -11023 1877.28 -5.87 <.0001
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Table 4-7 shows the results of the regression foRS12.5A mixture

Analysis of Variance
Degrees
Source of Sum of Mean - Pr>F
Squares Squares Value
Freedom
Model 1 1139687113 1139687113| 19.84 0.0003
Error 19 1091458564 57445188
Corrected 20 | 2231145677
Total
Root MSE 7579.26 R-Square 0.51
Dependent Mean 16850 Adjusted R- 0.48
Square
Coeffl.ment of 44 98
Variance
Parameter Estimates
. Degrees Parameter | Standard t Pr >
Variable of :
Estimates Error Value [t]
Freedom
Intercept 1 192790 39535 4.88 0.0001
Content 1 -35088 7877.49] -4.43 0.0003

For SR-9.5A, the equation resulting from simpl@&inregression can be written as:
Y =66992 — 11023 * % g
where, ¥= number of wheel passes,
Xi = asphalt content (%), and
g = random error.
From the value of the coefficient of determinat{&i = 0.63), the number of wheel passes to be
predicted by this model will be reasonable. Alsmcs the p value is less than 0.05 (95%
confidence interval), we conclude that the quardgityasphalt in mixture has a significant effect

on the number of wheel passes.
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For SR-12.5A mixture, the equation for simple linesgression can be written as:
Yi=192790 — 35088 * % g

where, ¥= number of wheel passes,

Xi= asphalt content (%), and

g = random error.

From the value of the coefficient of determinati&®f = 0.51) we can conclude that the
number of wheel passes to be predicted by this hmodg not be very accurate. However, the p
value is less than 0.05 (95% confidence intervEilus we can conclude that the quantity of

asphalt in mixture has a significant effect onrilnenber of wheel passes.

4.1.4 Hamburg Wheel Tracking Device Test Output Parameters (Creep slope,
Stripping Slope and Stripping I nflection Point)
The performance of the mixtures can be better studvith the HWTD output parameters.
Figures 4-4, 4-5, and 4-6 show creep slopes, stigpglopes, and stripping inflection points for
SR-9.5A, SR-12.5A, and SR-19A mixtures, respecyivel

M SR-9.5A NMAS SR-12.5A NMAS  m SR-19A NMAS

10000
9000
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7000
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Pb Pb-0.2 Pb-0.4 Pb-0.6
Asphalt Content(%)

Creep slope

Figure 4-4. Effect of varying asphalt content on aep slope (Passes/mm).
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Figure 4-5. Effect of varying asphalt content on sipping inflection points
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Figure 4-6. Effect of varying asphalt content on sipping slope (passes/mm)
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Figure 4-7. Effect of varying asphalt content on HWD parameters for SR-9.5A mixture
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Figure 4-8. Effect of varying asphalt content on HWD parameters for SR-12.5A mixture.
From the number of wheel passes data, we concltrdgdnixtures performed better in
HWTD tests at asphalt contents lower than the dessphalt contents. This also can be affirmed
from the HWTD parameters for Figures 4-7 and 4-8e Treep slope and stripping inflection
points also increased with a decrease in asphaleobindicating the performance of the mixture
was better for drier mixes. Figure 4-9 shows tleads in results are similar for the SR-19A

mixture.
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Figure 4-9. Effect of varying asphalt content on HWD parameters for SR-19A mixture.
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4.2 Kansas Standard Test KT-56

All KT-56 specimens were compacted to 7+0.5% aidsoFor each asphalt content, at least six
specimens were fabricated. Based on the air vdidsspecimens were divided into two sets.
One set (three specimens) was conditioned (frdemeg)jtand other set (three specimens) was
unconditioned. The tensile strength of all specisn@ras determined in the indirect tension

mode. The summary of the tensile strength andleessiength ratios for the SR-9.5A mixture is

presented in Table 4-8.

Table 4-8. Summary of tensile strength ratios for B-9.5A mixture type

Asphlat | % Virgin Samole Conditioned Air Tensile Tensile | Avg Tensile
content | Asphalt IDp . Voids (%) | Strength | Strength Strength
(%) Added Unconditioned | gNdes (KPa) | Ratio (%) | Ratio (%)
11 Conditioned 8.0 690 86.0
12 Unconditioned 8.0 802 '
13 Conditioned 8.1 751 96.5
5.54 411 — 105.5
14 Unconditioned 8.0 712
15 Conditioned 7.9 678 99.5
16 Unconditioned 7.9 682 '
K] Conditioned 8.3 695 98.4
1 Unconditioned 8.5 707 '
14 Conditioned 8.5 682
5.34 3.91 — 103.2 98.2
J2 Unconditioned 8.5 661
J5 Conditioned 8.4 660 93.3
J6 Unconditioned 8.4 707 '
K2 Conditioned 8.2 620 80.4
K1 Unconditioned 8.2 771 '
K3 Conditioned 8.3 577
5.14 3.71 — 80.0 80.2
K5 Unconditioned 8.1 721
K6 Conditioned 7.9 576 802
K4 Unconditioned 8.0 718 '
L2 Conditioned 8.2 671 80.6
L1 Unconditioned 8.2 833 '
L3 Conditioned 8.2 726
4,94 3.51 — 94.0 85.1
L5 Unconditioned 8.3 772
L6 Conditioned 8.5 603 80.8
L4 Unconditioned 8.4 746 '
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Figure 4-10. Tensile strength results for SR-9.5A miture type.

The above plot shows the average tensile strengftltonditioned and unconditioned
specimens prepared with varying asphalt contemtirggafrom the design asphalt content and
continuing on to the drier side. The results intictnat as the asphalt content decreases, the
tensile strength of unconditioned specimen increaa#ile the tensile strength of conditioned
specimen decreases. For unconditioned specimend)ighest average tensile strength of 784
kPa was observed at an asphalt content of 4.94%oamdnditioned, the highest average tensile
strength of 706 kPa was observed at 5.54% (desighadt content). At design asphalt content,
the mix performed better in stripping.
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Figure 4-11. Tensile strength ratios for SR-9.5A miure type.

For the SR-9.5A mixture, the highest tensile stteratio (96.5 %) was observed at
design asphalt content (5.54%) and the lowestleeasiength ratio (80.2 %) was observed at Pb-
0.4% asphalt content (5.14%). Most state agenegsine the tensile strength ratio to be greater
than 80 and some agencies require greater thamh#&Kansas Department of Transportation
(KDOT) criteria for TSR is> 80. Thus tensile strength ratios for SR-9.5A rahf®m a
maximum of 96.5% to a minimum of 80.2%. TSR valuee within KDOT specifications.
From Figures 4-10 and 4-11, we concluded thereavsignificant decrease in the TSR, tensile
strength of conditioned specimens and a significentrease in the tensile strength of
unconditioned specimens, when the asphalt contentix design changed from design asphalt
content to Pb-0.6%.
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Table 4-9. Tensile strength ratios for SR-12.5A mixre

Asphalt | % Virgin Sample Conditioned Air Tensile Tensile | Avg Tensile
content | Asphalt D — Voids Strength Stren_gth Stren_gth
(%) added Unconditioned (%) (KPa) Ratio Ratio

El Conditioned 7.3 538.7 695
E4 Unconditioned 7.2 775.4 '
E2 Conditioned 6.9 543.9
53 4.14 E3 Unconditioned 7.0 743.3 3.2 5.8
E6 Conditioned 7.1 675.9* 84.3
E5 Unconditioned 7.1 802.1 '
F1 Conditioned 7.2 525.3 706
F5 Unconditioned 7.0 744.4 '
F2 Conditioned 7.3 577.7
51 3.94 F3 Unconditioned 7.3 749.3 1 80.2
F4 Conditioned 6.9 663.1 936
F6 Unconditioned 7.0 708.6 '
Gl Conditioned 7.0 684.8 755
G2 Unconditioned 6.9 907.2 '
G3 Conditioned 6.6 803.8
4.9 3.74 G5 Unconditioned 6.8 873.5 92.0 81.7
G6 Conditioned 7.0 876.1 958
G4 Unconditioned 7.0 914.4 '
H2 Conditioned 6.6 779.8 94.3
H3 Unconditioned 6.7 827.2 '
H5 Conditioned 7.1 809.4
47 3.54 H1 Unconditioned 6.8 755.7 107.1 94.7
H6 Conditioned 7.2 682.1 836
H4 Unconditioned 7.3 815.7 '

In Table 4-9, there is an outlier in the tensilesgth for specimen E6 . Thus the value
was omitted in calculations. The outlier was essabl by conducting t-tests. The process is
described here for the conditioned specimens sabskesign asphalt content.

di; = lowest strength of specimen in subset = 538.7 kPa

dy = average strength of the subset = 586.2 kPa;

dn = highest strength of specimen in subset = 67B& k

s = sample standard deviation (n-1) of the sub3e@tZ¥7, here n= no of specimens in

subset= 3;

to.05 = “t” statistic value = 1.15, when n=3;

t;= lower “t” value = (¢-d;)/s = 0.61;

t, = upper “t” value = (gdp)/s = 1.15;
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If the value of §gsis greater than both the values panhd t, then there are no outliers. In this
case, the value o} §s(1.15) was greater than ¢0.61) but equal to,t(1.15). Therefore, the
specimen with the highest strength was classifiedam outlier and was not considered in
calculating the average strength.
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Figure 4-12. Tensile strength results for SR-12.5Auixture type.

From Figure 4-12, we can see the tensile strenfyitonditioned specimens increased
from 541 kPa to 788 kPa when the asphalt contestdeareased from 5.3 to 5.1%. The tensile
strength decreased from 898 kPa to 800 kPa wheasibtealt content was decreased from 4.9 to
4.7% . Overall, the decrease in asphalt contemt fite design asphalt content has increased the
tensile strength rapidly by 31% and then decreabghtly. However, there was no definite trend
observed in the tensile strength of the uncondiibspecimens. The highest average tensile
strength of conditioned specimens was observed-&L 3% (4.9%). The range in the strengths
of unconditioned specimens (164 kPa) was less wbempared to the range of the conditioned
specimens (247 kPa). This indicates the conditispdcimen was more sensitive than the
unconditioned specimen when the quantity of asptwaitent varied. Thus, we concluded that
providing lower asphalt content than that mentiomethe job mix formula would cause a slight

increase in the tensile strength
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Figure 4-13. Tensile strength ratios for SR-12.5A ixture type.

Figure 4-13 shows the tensile strength ratio irsedalinearly as the asphalt content
decreased. It was interesting to note the tensiength ratio (TSR) was lowest (70 %) at the
design asphalt content (5.3) and was maximum (9¢).at an asphalt contentn,(P.6 %) much
lower than the design asphalt content. The specmegpared with the design asphalt content
failed KDOT TSR criteria of 80, but the specimens with asphalt conterd.R%, B-0.45, and
P»,-0.6% passed. From Figures 4-12 and 4-13, we cdedlthat an increase in tensile strength
and TSR occurred when the asphalt content in the design was below the design asphalt

content.
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Table 4-10. Summary of tensile strength ratios foBR-19A mixture type

Asphalt Virgin Conditioned _ Tensile Tensile Avg tensile
Sample Air
content | asphalt ) strength strength strength
ID Unconditioned| voids (%) ) _
(%) added (%) (KPa) ratio ratio
Al Conditioned 6.9 430.8 94.2
A4 Unconditioned 6.5 457.0
575 4.4 A2 Conditioned 7.1 469.4 101.2 97.2

A5 Unconditioned 6.9 463.9
A6 Conditioned 7.0 450.1 96.2
A3 Unconditioned 7.2 467.9
B1 Conditioned 6.5 455.7 86.3
B4 Unconditioned 6.5 528.0

B3/T2 | Unconditioned 7.0 467.7
B5 Conditioned 6.5 522.7 97.0
B6 Unconditioned 6.5 538.7

C2/T1 Conditioned 7.4 756.1 111.5
Cc1 Unconditioned 7.4 678.3
C5 Unconditioned 6.6 496.5
C6 Conditioned 7.1 484.6 66.1
C3 Unconditioned 7.4 732.5
D3 Conditioned 6.4 493.5 100.0
D2 Unconditioned 6.8 493.7
D4 Unconditioned 7.3 436.3
D6 Conditioned 7.5 407.8 852
D1 Unconditioned 7.0 478.8
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The conditioned specimen C2 is an outlier in Tadd@0. Tensile strengths of the
condition/unconditioned specimens of this mixtuerevmuch lower than the tensile strengths of
the condition/unconditioned specimens of SR-9.54 8R-12.5A mixtures. This may be due to

the presence of high asphalt content in the plug.
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ﬁ 200 - —
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Asphalt Content (%)

B Average Wet Tensile Strength (kPa) = Average Dry Tensile Strength (kPa)

Figure 4-14. Tensile strength results for SR-19A miture type.

Figure 4-14 shows there was not much variatioménténsile strength of the conditioned
specimen. With the decrease in asphalt content,sttength increased and then decreased
gradually. The trend was the same in the case eatiditioned specimens, but there was an
abrupt increase and decrease in tensile strengtles \asphalt content changed from 5.55 to
5.15%. The average highest tensile strength (6BBaj was observed at an asphalt content of
5.35% for the unconditioned sample and the lowegstame tensile strength (442.7 kPa) was

observed at an asphalt content of 5.15%.
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Figure 4-15. Tensile strength ratios for SR-19A mitxre type.

The tensile strength ratios were higher excepafarixture designed with 5.35% asphalt
content. Except for asphalt content of 5.35%, tB& Tor other mixtures met KDOT criteria. But
it should be noted that although TSR values wesatgr than 94%, it doesn’t mean tensile
strengths of the specimens were great. From Figutd, we can see tensile strengths of the
specimens were very low, ranging from as low as.ZA4&Pa and to as high as 511.4 kPa
(excluding tensile strengths at 5.35 % asphaltestint With the decrease in asphalt content, the
trend of tensile strength ratio decresed and slueldenly increased after 5.35% asphalt content

B SR-95ANMAS  ESR-12.5A NMAS B SR-19A NMAS
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Figure 4-16. Tensile strength ratios for SR-9.5A,$-12.5A, and SR-19A mixture types.
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Figure 4-16 shows tensile strength ratios of akttores at each asphalt content, starting
from the design asphalt content &d then in 0.2% decrements up t90B%. Except for the

12.5A mixture at design asphalt content, all othmextures at each asphalt content had TSR

values greater than 80%, which meets current KD@é&r@ for TSR.

4.3 Comparison of HWTD and KT-56 Results
Table 4-11. Summary of HWTD results and KT-56 resus for SR-9.5A mixture

Virgin Tensile Average No. of Average Average Average
Asphalt |\ halt | strength | WDee!Passes | o o nin Creep Strippin
Content P .g To Reach 20 pp. & Slope PPIng
Added Ratio Inflection Slope
(%) (%) (%) mm of Rut Point (Passes/m (Passes/mm)
0 ? Depth m)
5.54(Pb) 4.11 96.5 5,087 3,295 523 181
5.34 3.91 98.2 13,929 5,763 1,413 275
5.14 3.71 80.2 10,856 7,327 1,928 276
4.94 3.51 85.1 11,861 8,128 2,153 289

A comparison was made between the HWTD resultskanr86 results. It is interesting to note
that mixtures in HWTD performed worst at designhadpcontent, while in TSR, performed
better. At design asphalt content (5.54%), the TR 97 and the number of wheel passes from
the HWTD test was 5,087, which were lower when cara@ to wheel passes obtained for drier
mixtures. This can also be seen from the cregpeslat design asphalt content the TSR was
97% and creep slope 523, which is much lower whampared to the highest creep slope of
2,153 obtained at Pb-0.6% asphalt content. Thewitix Pb-0.2% (5.34%) performed better in

the KT-56 test and the mix with Pb-0.6% (4.94%)@ened better in the HWTD test.
Table 4-12. Summary of HWTD results and KT-56 resus for SR-12.5A mixture

Virgin Tensile Average No of Average Average
Asphalt As lg\alt Strength Wheel Passes Stri |gn Average Stri |gn
Content P g To Reach 20 pp_ & Creep Slope PpIng
(%) Added Ratio mm of Rut Inflection (Passes/mm) Slope
(%) (%) Depth Point (Passes/mm)
5.3(Pb) 4.14 70.0 5,380 0 348 0
5.1 3.94 80.2 11,543 7,383 1,107 331
4.9 3.74 87.7 16,852 11,450 2,043 444
4.7 3.54 94.7 40,244 30,650 9,438 567
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In the SR-12.5A mixture, results from KT-56 (TSR)daHWTD (no. of passes/creep
slope) indicated the mixture with design asphaiiteot performed worst. At the design asphalt
content, the average number of wheel passes wé6,58ep slope of 348, and TSR of 70%.
The mixture with the lowest asphalt content (PB4).performed better in both KT-56 and
HWTD tests. At Pb-0.6% (4.7%) asphalt content,rtbmber of wheel passes was 30,650, creep
slope of 9,438, and TSR of 94.7%.

Table 4-13. Summary of HWTD results and KT-56 resus for SR-19A mixture

Virgin . Average Average
Asphalt g Tensile . g Average Creep . g
Asphalt Stripping Stripping
Content Strength . Slope
(%) Added Ratio (%) Inflection (Passes/mm) Slope
(%) Point (Passes/mm)
5.75 4.4 97.2 16,200 1,356 1,011
5.55 4.2 94.3 16,700 1,607 977
5.35 4 91.1 15,375 1,595 1,250
5.15 3.8 94.3 15,450 1,987 778

In Table 4-13, the number of wheel passes in theTBWest was not included in the
summary. This was because some of the HWDT tesiplsa had not failed till 20,000 passes or
20 mm rut depth, whichever came first. However,caa compare the stripping slope with the
TSR values. The highest average TSR of 97.22%cobasrved for the mixture with 5.75%
asphalt content, and least average TSR of 91.09% olaerved for the mixture with 5.35%
asphalt content; the highest average strippingestddl6,700 was observed for the mixture with
5.55% asphalt content and the least average clepe of 15,375 was observed for the mixture
with 5.35% asphalt content.
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4.4 Paired t- test
To compare two different asphalt contents, pairdests were also performed. The
following tables show the results of the paireddts between different asphalt contents.
Table 4-14 Shows output of paired test for SR-9.5/ixture

Contrast | DF| Contrast SS Mean Square| F Value| Pr>F
A B 1 234534050.] 234534050.] 16.04 0.0007
A C 1/ 99844083.( 99844083.( 6.83 0.0164
A D 1 137654454.] 137654454 9.41 0.0061
B C 1 28326914.] 28326914.] 1.94 0.1793
B D 1 12829872.( 12829872.( 0.88 0.3601
CD 1 3029070.1 3029070.1 0.21 0.6539
Parameter Estimate| Standard Error | t Value| Pr> |t|
A B -8841.83 2207.73 -4.00 0.0007
A C -5769.0(Q 2207.73 -2.61 0.0164
A D -6773.83 2207.73 -3.07, 0.0061
B_C 3072.83 2207.73 1.39 0.1793
B_D 2068.00 2207.73 0.94 0.3601
C_D -1004.83 2207.73 -0.46 0.6539
Note: A, B, C and D are asphalt contents, wherés&4 %, B =5.34%, C =5.14%, and D =4.94%

From Table 4-14, at a 95% confidence interval (B5)) there are significant differences
in the number of wheel passes between A (5.54%)Baf6l34%); A (5.54%) and C (5.14%);
and A (5.54%) and D (4.94%). There are no sigaificdifferences between B (5.34%) and C
(5.14%); B (5.34%) and D (4.94%); and C (5.14%) Bn@.94%).
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Table 4-15 Shows output of paired test for SR-12.5/ixture

Contrast | DF | Contrast SS | Mean Square | F Value | Pr>F
RA RB | 1 | 124073283 | 124073283 | 2.33 | 0.1422
RA RC 1 | 416210965 | 416210965 6 7.83 | 0.0111
RA RD 1 | 1457725633 1457725633 27.42 | <.0001
RB_RC | 1 85792616 85792616 1.61 | 0.2185
RB RD | 1 | 731234856 | 731234856 | 13.76 | 0.0014
RC RD 1 | 316090145 | 316090145 5.95 | 0.0242
Parameter | Estimate | Standard Error | t Value | Pr > ||
RA_RB -6431.00 4209.28 -1.53 | 0.1422
RA_RC -11778.66 4209.28 -2.80 | 0.0111
RA RD -22043.33 4209.28 -5.24 | <.0001
RB_RC -5347.66 4209.28 -1.27 | 0.2185
RB_RD -15612.33 4209.28 -3.71 | 0.0014
RC_RD -10264.66 4209.28 -2.44 | 0.0242
Note- RA, RB, RC and RD are asphalt contents wht®e=5.3 %, RB =5.1%, RC =4.9%, RD =4.7%

As listed in Table 4-15, at a 95% confidence irndér{p< 0.05), there are significant
differences in the number of wheel passes betweeI(5RB8%) and RC (4.9%); RA (5.3%) and
RD (4.7%); RB (5.1%) and RD (4.7%); RC (4.9%) and R.7%). There are no significant
differences between RA (5.3%) and RB (5.1%); RR¥®.and RC (4.9%).

4.5 Correlation of Asphalt Film Thickness and Voidsn Mineral Aggregate
(VMA) with HWDT and KT-56 Results

The study tried to establish a correlation betwi@enthickness or VMA and the results obtained
from the KT-56 and HWTD tests. The VMA and film ¢khess of each plug tested in HWDT
and KT-56 tests were calculated. Tables 4-16, 4118, 4-19, and 4-20 tabulate the summaries
of VMASs, film thickness, TSR values, and numbentfeel passes for different mixtures.
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4.5.1 KT-56
Table 4-16. Summary of VMAS, asphalt film thicknessnd tensile strength for SR-9.5A

mixture
Conditioned Unconditioned
ééﬁ?ear:i Vﬁiltr:is V(')VI A Thii;l;ness Tensile Vﬁilés V!)\/I A ThiELIrr?ess Tensile
) (%) @(N/?j)es in SErKegg)th (%) @(l\l/(oj)es in SErKegg;h
@Ndes Microns @Ndes Microns
5.54 8.0 18.4 11.3 690 8.0 18.4 113 802
5.54 8.1 18.5 11.3 751 8.0 18.6 11.5 712
5.54 7.9 18.5 11.5 678 7.9 18.5 115 682
5.34 8.3 18.4 10.9 695 8.5 18.5 10.9 707
5.34 8.5 18.3 10.7 682 8.5 18.5 10.9 661
5.34 8.4 18.2 10.7 660 8.4 18.3 10.7 707
5.14 8.2 17.8 10.4 620 8.2 17.8 10.4 771
5.14 8.3 17.9 10.4 577 8.1 17.8 10.4 721
5.14 7.9 17.6 10.4 576 8.0 17.8 10.4 718
4.94 8.2 17.6 10.0 671 8.2 17.6 10.0 833
4.94 8.2 17.6 10.0 726 8.3 17.5 9.8 772
4.94 8.5 17.6 10.0 603 8.4 17.5 9.8 746
:gg u R?2=0.3142
é 700
= 600
%’g 500
£ 400
= 300
§ 200
100
0 T T T T T T 1
17.4 17.6 17.8 18 18.2 18.4 18.6 18.8
Voids in mineral aggregate(%)
# conditioned tensile strength M unconditioned tensile strength

Figure 4-17. Relationship between VMA and tensiletiength for SR-9.5A mixture.
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Figure 4-18. Relationship between asphalt film thikness and tensile strength for SR-9.5A
mixture.

Figure 4-17 shows that as VMA increased,there wdscaease in unconditioned tensile
strength and an increase in conditioned strengthil&8ly from Figure 4-18, it appears that as
film thickness increased, there was a decreasendonditioned tensile strength and increase in
conditioned strength. However, the coefficientsdefermination, Rvalues for the trendlines
were not high. It appears that VMA and film thicksedid not contribute much to the actual

tensile strength of both conditioned and uncondé@tspecimens for the SR-9.5A mixture.
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Table 4-17. Summary of VMAS, asphalt film thicknessand tensile strength for SR-12.5A

mixture
Conditioned Unconditioned
Asphlat Air Film . Air Film ,
content Voids VMA thickness Tensile Voids VMA thickness Tensile
0 (%) ; Strength (%) ) Strength
(%) %) | @Ndes in «pa) | ) | @ndes in (KPa)
@Ndes Microns @Ndes Microns
5.3 8.1 18.5 10.6 538.7 7.9 18.4 10.7 775.4
5.3 7.6 18.1 10.6 543.9 7.7 18.2 10.6 743.3
5.3 7.9 18.4 10.7 675.9 7.9 18.4 10.7 802.1
5.1 8.0 18.0 10.1 525.3 7.7 17.9 10.3 744.4
5.1 8.0 18.0 10.1 577.7 8.0 18.0 10.1 749.3
5.1 7.7 17.5 10.3 663.1 7.7 17.9 10.3 708.6
4.9 7.7 17.6 10.0 684.8 7.6 175 10.0 907.2
4.9 7.2 17.2 10.0 803.8 7.5 171 9.6 873.5
4.9 7.7 17.2 9.6 876.1 7.7 17.2 9.6 914.4
4.7 7.4 17.0 9.6 779.8 7.4 17.0 9.6 827.2
4.7 7.8 16.9 9.0 809.4 7.5 17.1 9.6 755.7
4.7 7.9 17.0 9.0 682.1 8.0 171 9.0 815.7
1000
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g o g w—*
-
S
2 \Z
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Figure 4-19. Relationship between VMA and tensiletiength for SR-12.5A mixture.
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Figure 4-20. Relationship between asphalt film thikness and tensile strength for SR-12.5A
mixture.

Figure 4-19 shows that as VMA increases,there ideerease in tensile strengths
(unconditioned and conditioned). Similarly Figur@ shows that as film thickness increases,
there is a decrease in tensile strength (uncomditi and conditioned). Agairf Ralues for the
trendlines obtained were not high. VMA and filmdkmess did not appear to contribute much to
conditioned and unconditioned strengths for thel2F5A mixtures.

Table 4-18. Summary of VMASs, asphalt film thicknessand tensile strength for SR-19A

mixture
Conditioned Unconditioned
Asphlat Air Film . Air Film .
Cogtent Voids VMA Thickness Tensile Voids VMA Thickness Tensile
(%) : Strength (%) . Strength
(%) ) | @Ndes | .M «pa) | ) | @Ndes | .M (KPa)
@Ndes Microns @Ndes Microns
5.75 7.2 16.3 11.7 430.8 6.8 16.6 12.6 457.0
5.75 7.4 16.5 11.7 469.4 7.2 17.0 12.6 463.9
5.75 7.3 17.0 11.7 450.1 7.5 16.6 12.6 467.9
5.55 6.8 15.4 10.9 455.7 6.9 15.5 10.9 528.0
5.55 7.2 15.7 10.9 465.4 7.3 15.9 10.9 467.7
5.55 6.8 15.4 10.9 522.7 6.8 15.5 10.9 538.7
5.35 7.6 15.2 9.6 756.1 7.6 15.6 10.1 678.3
5.35 7.3 15.5 10.5 474.8 6.9 15.2 10.5 496.5
5.35 7.3 15.6 10.5 484.6 7.6 15.5 10.1 732.5
5.15 7.0 15.2 10.3 493.5 7.4 15.5 10.3 493.7
5.15 8.0 15.9 10.1 426.9 7.9 15.8 10.1 436.3
5.15 8.1 16.0 10.1 407.8 7.6 15.7 10.3 478.8
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Figure 4-21. Relationship between VMA and tensiletiength for SR-19A mixture.

800
» [ |
700 )
[
2 600
e E——— R R?=0.2216
£ 500 \ﬂ
: —®—_§ ——=&
¥ 400 . RZ=0.2169
1
2 300
e
200
-
100
0 T T T T T T T 1
9.6 10 104 10.8 11.2 116 12 124 12.8
Film thickness in microns
# conditioned tensile strength M unconditioned tensile strength

Figure 4-22. Relationship between asphalt film thiness and tensile strength for SR-19A
mixture.

From Figure 4-21, it appears that as VMA incrediess is a decrease in tensile
strengths (unconditioned and conditioned). Simyldrbom Figure 4-22, it appears that as film
thickness increases, there is a decrease in @essgngth (unconditioned and conditioned).
Again, R values for the trendlines obtained were not higtus VMA and film thickness do not
influence conditioned and unconditioned strengthisim
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452HWTD
Table 4-19. Summary of VMAs, asphalt film thicknessand number of wheel passes for SR-

9.5A mixture

L . Film No. of Wheel Passes to
Asphalt Voids in Mineral . .
Content (%) | Aggregate @ N (VMA) Thlc_kness in Reach 20 mm of Rut
Microns Depth
17.5 11.4 5,759
17.6 11.4 4,789
17.4 11.4 2,250
5.54
17.5 11.4 3,700
17.5 11.4 7,433
17.5 11.4 6,589
16.8 10.4 20,855*
16.9 10.4 24,187*
17.0 10.8 8,367
5.34
17.0 10.7 9,091
16.9 10.5 9,450
16.9 10.5 11,621
16.8 10.2 8,867
16.7 10.2 11,689
16.6 10.1 12,679
5.14
16.5 10.1 13,033
16.7 10.2 9,217
16.6 10.2 9,649
16.3 9.8 11,547
16.4 9.8 11,049
16.3 9.9 9,550
4.94
16.4 9.9 10,903
16.4 9.9 12,091
16.3 9.8 16,023
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Figure 4-23. Relationship between VMA and number ofvheel passes for SR-9.5A mixture.
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Figure 4-24. Relationship between asphalt film thicness and number of wheel passes for
SR-9.5A mixture.
Figure 4-23 shows that as VMA increases, the nuroberheel passes decreases. The trendline
has an Rvalue of 0.71, meaning there is a good correaliemveen the two. From Figure 4-24,
it is evident that the number of wheel passes dsesas asphalt film thickness increases. The

trendline has an®value of 0.74 , which is a fairly high value.
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Table 4-20. Summary of VMAS, asphalt film thicknessand number of wheel passes for SR-
12.5A mixture

Asphalt Voids in Mineral ThicilrI:QSS in No. of Wheel Passes To
Content (%) | Aggregate @ N (VMA) Microns Reach 20 mm of Rut Depth
17.5 10.8 15,723*
17.6 10.8 26,211*
53 17.5 10.5 4,113
17.6 10.5 4,583
17.6 10.7 5,291
17.5 10.7 7,533
17.2 10.0 7,127
17.2 10.0 11,347
17.0 10.2 14,653
>1 17.1 10.2 12,621
17.0 10.1 11,967
17.0 10.1 25,563*
16.1 9.7 8,373*
16.2 9.7 15,401
49 16.5 9.6 29,541*
16.5 9.6 26,893*
16.5 9.8 16,637
16.6 9.8 18,519
16.1 9.4 19,125*
16.2 9.4 18,355*
16.3 9.1 42,335
7 16.3 9.1 38,153
16.3 9.1 25,650*
16.3 9.1 25,650*
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Figure 4-25. Relationship between VMA and number ofvheel passes for SR-12.5A
mixture.
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Figure 4-26. Relationship between asphalt film thicness and number of wheel passes for
SR-12.5A mixture.
Figure 4-25 shows that as the VMA increases, thebar of wheel passes decreases.The
value of R is 0.65. Figure 4-26 shows the number of wheedgmslecreases as the asphalt film

thickness increases. The trendline has a valueBaf O
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4.6 Statistical Analysis

The statistical analysis was done using StatisAcallysis System (SAS) software to identify the
relationship between asphalt content, asphalt tlickness, VMA, and performance test results
(HWTD and KT-56). However, Pearson correlation flioents were computed for other
variables and are presented in the appendix. Thmbkas include asphalt content(%), air
voids(%), VMA(%), VFA(%), film thickness in micronsiumber of wheel passes, creep slope
(passes/mm), stripping slope (passes/mm), strippifigction point, TSR (%), and dust-to-
binder ratio. The value of the Pearson’s correfatioefficient is the number between -1 to +1,
which measures the degree of association betweevawables. For this study, the strength of
the relation between the two variables is defimethe following table.

Table 4-21. Interpretation of correlation

_ Pearson’s correlation coefficient
Correlation strength _ :
Positive Negative
strong 0.7t01.0 -1.0to -0.7
weak 0.3t0 0.7 -0.7t0 -0.3
None/negligible 0.0t0 0.3 -0.3t0 0.0
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Table 4-22. Correlation matrix for SR-9.5A mixture (HWTD)

_F|Im Stripping Stripping Dust
Asphalt | VMA | VFA @ | Thickness| No. of | Creep Slope Slope Inflection | Binder
Content | @ Nf Nf in Passes | (Passes/mm) P ; .
. (passes/mm)|  Point Ratio
Microns
Asphalt 1 0.97 0.94 0.97 -0.40 -0.10 -0.50 -0.46 -0.97
Content <.0001 | <.0001 <.0001 0.05 0.63 0.01 0.03 <.0Q01
VMA @ Nf 0.97 1 0.95 0.99 -0.54 -0.21 -0.61 -0.59 -0.99
<.0001 <.0001 <.0001 0.01 0.32 0.00 0.0Q <.0Q01
VFA @ Nf 0.94 0.95 1 0.98 -0.60 -0.22 -0.67 -0.64 -0.98
<.0001 | <.0001 <.0001 0.00 0.30 0.00 0.00Q <.0Q01
Film 0.97 0.99 0.98 1 -0.58 -0.22 -0.65 -0.62 -1.9o
Thickness
in Microns <.0001 | <.0001| <.0001 0.00 0.29 0.00 0.0Q <.0Q01
No. of -0.40 -0.54 -0.60 -0.58 1 0.46 0.87 0.98 0.5
Passes 0.05 0.01 0.00 0.00 0.02 <.0001 <.000 0.00
Creep Slope| -0.10 -0.21 -0.22 -0.22 0.46 1 0.46 0.43 0.21L
(Passes/mm)  0.63 0.32 0.30 0.29 0.02 0.03 0.04 0.3p
Stripping -0.50 -0.61 -0.67 -0.65 0.87 0.46 1 0.89 0.6/
Slope
(passes/mm) 0.01 0.00 0.00 0.00 <.000 0.03 <.000 0.00
Stripping -0.46 -0.59 -0.64 -0.62 0.98 0.43 0.89 1 0.6p
Inflection
Point 0.03 0.00 0.00 0.00 <.000 0.04 <.0001 0.00
Dust Binder -0.97 -0.99 -0.98 -1.00 0.57 0.21 0.64 0.62 1
Ratio <.0001 | <.0001| <.0001 <.0001 0.00 0.32 0.00 0.0

Table 4-22 shows that variables VMA and creep sl@wal film thickness and creep

slope have no correlation with each other. Some laasomewhat negative correlation with each

other, such as VMA and number of wheel passes4}08MA and stripping slope (-0.61),

VMA and stripping inflection point (-0.59), film ttkness and number of wheel passes (-0.58),

film thickness and stripping slope (-0.65), ananfithickness and stripping inflection point (-

0.62). Some have strong negative correlations wébh other such as the variables dust-to-
binder ratio and VMA (-0.99), dust-to-binder ratamd film thickness (-0.99).
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Table 4-23. Correlation matrix for SR-12.5A mixture (HWTD)

_F|Im Stripping Stripping Dust
Asphalt | VMA | VFA @ | Thickness| No. of | Creep Slope Slope Inflection | Binder
Content | @ Nf Nf in Passes | (Passes/mm) P ; .
. (passes/mm)|  Point Ratio
Microns
Asphalt 1 0.96 0.66 0.98 -0.65 -0.69 -0.47 -0.57 -0.97
Content <.0001 0.00 <.0001 0.00 0.00 0.02 0.00 <.0Jo1
VMA @ Nf 0.96 1 0.45 0.92 -0.55 -0.57 -0.48 -0.53 -0.41
<.0001 0.03 <.0001 0.01 0.00 0.02 0.01 0.00
VFA @ Nf 0.66 0.45 1 0.77 -0.58 -0.69 -0.25 -0.41 -0.73
0.00 0.03 <.0001 0.00 0.00 0.23 0.05 <.0001
Film 0.98 0.92 0.77 1 -0.64 -0.71 -0.46 -0.56 -0.75
Thickness
in Microns <.0001 | <.0001| <.0001 0.00 0.00 0.02 0.0Q <.0Q01
No. of -0.65 -0.55 -0.58 -0.64 1 0.90 0.57 0.75 0.5p
Passes 0.00 0.01 0.00 0.00 <.0001 0.00 <.0001 0.00
Creep Slope| -0.69 -0.57 -0.69 -0.71 0.90 1 0.50 0.79 0.6p
(Passes/mm)  0.00 0.00 0.00 0.00 <.0001 0.01 <.0001 0.00
Stripping -0.47 -0.48 -0.25 -0.46 0.57 0.50 1 0.87 0.1f
Slope
(passezlmm) 0.02 0.02 0.23 0.02 0.00 0.01 <.000L 0.6pR
Stripping -0.57 -0.53 -0.41 -0.56 0.75 0.79 0.87 1 0.3
Inflection
Point 0.00 0.01 0.05 0.00 <.0001 <.0001 <.0001 0.48
Dust Binder -0.77 -0.61 -0.73 -0.75 0.59 0.69 0.11 0.37 1
Ratio <.0001 0.00 <.0001 <.0001 0.00 0.00 0.62 0.0EF

Table 4-23 shows variables VMA and number of wimsedses (-0.55), VMA and creep
slope (-0.57), VMA and stripping slope (-0.48), VMad stripping inflection point (-0.53),
VMA and dust-to-binder (-0.61), film thickness amdimber of wheel passes (-0.64), film
thickness and stripping slope (-0.46), and filnckhiess and stripping inflection point (-0.56)

have somewhat negative correlations with each otBeme have strong negative correlation

with each other like the variables film thicknessl @reep slope (-0.71), and film thickness and
dust-to-binder ratio (-0.75).
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Table 4-24. Correlation matrix for SR-19A mixture HWTD)

F"m Stripping Stripping Dust
Asphalt | VMA | VFA @ | Thickness| No. of | Creep Slope Slope Inflection | Binder
Content | @ Nf Nf in Passes | (Passes/mm) P . .
: (passes/mm)|  Point Ratio
Microns
Asphalt 1 0.54 0.79 0.76 -0.04 -0.24 0.13 0.13 -0.74
Content 0.01 <.0001 <.0001 0.85 0.27 0.75 0.73 <.04qo1
VMA @ Nf 0.54 1 0.61 0.86 0.46 0.18 0.53 0.40 -0.88
0.01 0.00 <.0001 0.02 0.40 0.14 0.28 <.0001
VEA @ Nf 0.79 0.61 1 0.93 0.20 -0.08 -0.01 0.07 -0.91
<.0001 0.00 <.0001 0.34 0.71 0.98 0.85 <.0qJ01
Film 0.76 0.86 0.93 1 0.35 0.03 0.17 0.20 -1.00
Thickness
in Microns | <-0001 | <.0001| <.0001 0.09 0.89 0.66 0.61 <.0Q01
No. of -0.04 0.46 0.20 0.35 1 0.71 0.67 0.85 -0.34
Passes 0.85 0.02 0.34 0.09 0.00 0.05 0.00 0.1Pp
Creep Slope| -0.24 0.18 -0.08 0.03 0.71 1 0.40 0.56 -0.04
(Passes/mm) .27 0.40 0.71 0.89 0.00 0.29 0.12 0.8
Stripping 0.13 0.53 -0.01 0.17 0.67 0.40 1 0.79 -0.16
Slope
(passes/mm)| 0.75 0.14 0.98 0.66 0.05 0.29 0.01 0.6B
Stripping 0.13 0.40 0.07 0.20 0.85 0.56 0.79 1 -0.17
Inflection R
Point 0.73 0.28 0.85 0.61 0.00 0.12 0.01 0.6p
Dust Binder | -0.74 -0.88 -0.91 -1.00 -0.34 -0.04 -0.16 -0.17 1
Ratio <.0001 <.0001 <.0001 <.0001 0.10 0.84 0.68 0.6¢

Table 4-24 shows variables VMA and creep slop@) tihickness and creep slope, film

thickness and stripping slope, and film thicknes&l atripping inflection point have no

correlation with each other. For all the above nwer@d relationships, the value of p is greater

than 0.05, so the result from this analysis maybeotalid. Variables VMA and number of wheel

passes have a somewhat positive correlation with ether. Some of the variables have a weak

positive correlation with each other but the vabiep is greater than 0.05, such as variables
VMA and stripping slope (0.53), VMA and strippingfliection point (0.40), and film thickness

and number of wheel passes (0.35). Some haveraystegative correlation with each other like
VMA and dust-to-binder ratio (-0.87), and film tkitess and dust-to-binder ratio (-0.99).
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Table 4-25. Correlation matrix for SR-9.5A mixture (KT-56)

Asphalt . . _Film Dust
Air Voids VMA VFA Thickness ) TSR
Content (%) (%) (%) i B|nd_er (%)
(%) : Ratio
Microns
Asphalt 1 -0.43 0.98 0.90 0.99 -0.87 0.63
Content (%) 0.17 <.0001| <.0001 <.0001 0.00 0.03
Air Voids -0.43 1 -0.28 -0.77 -0.53 0.67 -0.05
(%) 0.17 0.37 0.00 0.08 0.02 0.87
0.98 -0.28 1 0.83 0.96 -0.83 0.67
VMA (%)
<.0001 0.37 0.00 <.0001 0.00 0.02
0.90 -0.77 0.83 1 0.95 -0.94 0.48
VFA (%)
<.0001 0.00 0.00 <.0001 <.0001 0.12
Film 0.99 -0.53 0.96 0.95 1 -0.91 0.61
Thickness in ]
Microns <.0001 0.08 <.0001| <.0001 <.0001L 0.03
Dust Binder | -0.87 0.67 -0.83 -0.94 -0.91 1 -0.36
Ratio 0.00 0.02 0.00 <.0001 <.0001 0.25
0.63 -0.05 0.67 0.48 0.61 -0.36 1
TSR (%)
0.03 0.87 0.02 0.12 0.03 0.25

Table 4-25 shows variables VMA and TSR (0.67), &imd thickness and TSR (0.61)
have somewhat positive correlation with each other.
Table 4-26. Correlation matrix for SR-12.5A mixture (KT-56)

Film Dust
Asphalt Air Voids VMA VFA Thickness Binder TSR
Content (%) (%) (%) (%) in . (%)
. Ratio
Microns
Asphalt 1 0.39 0.97 0.62 0.95 -0.94 -0.64
Content (%) 0.21 <.0001 0.03 <.0001 <.0001 0.0
) ] 0.39 1 0.51 -0.44 0.19 -0.18 -0.53
Air Voids(%)
0.21 0.09 0.15 0.55 0.58 0.08
0.97 0.51 1 0.54 0.94 -0.93 -0.70
VMA (%)
<.0001 0.09 0.07 <.0001 <.0001 0.01
0.62 -0.44 0.54 1 0.79 -0.80 -0.22
VFA (%)
0.03 0.15 0.07 0.00 0.00 0.50
in Microns <.0001 0.55 <.0001 0.00 <.0001L 0.04
Dust Binder -0.94 -0.18 -0.93 -0.80 -1.00 1 0.58
Ratio <.0001 0.58 <.0001 0.00 <.0001 0.05
-0.64 -0.53 -0.70 -0.22 -0.60 0.58 1
TSR (%)
0.02 0.08 0.01 0.50 0.04 0.05
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Table 4-26 shows variables VMA and TSR (-0.704)ehstvong negative correlation with
each other. The variables film thickness and TER6)-have a weak negative correlation with
each other.

Table 4-27. Correlation matrix for SR-19A mixture (KT-56)

Asphalt | AirVoids | VMA | VFA Film - Dust | pop
Content (%) (%) (%) (%) Th|c_kness in Blnd_er (%)
Microns Ratio
1 -0.35 0.78 0.80 0.90 -0.88 0.12
Asphalt Content (%)
0.27 0.00 0.00 <.0001 0.00 0.70
i _ -0.35 1 0.15 -0.77 -0.35 0.41 -0.03
Air Voids (%)
0.27 0.64 0.00 0.27 0.19 0.93
0.78 0.15 1 0.51 0.87 -0.84 0.09
VMA (%)
0.00 0.64 0.09 0.00 0.00 0.78
0.80 -0.77 0.51 1 0.86 -0.89 0.08
VFA (%)
0.00 0.00 0.09 0.00 <.0001 0.81
Film Thickness in 0.90 -0.35 0.87 0.86 1 -1.00 0.10
Microns <.0001 0.27 0.00 0.00 <.0001 0.76
, , -0.88 0.41 -0.84 -0.89 -1.00 1 -0.07
Dust Binder Ratio
0.00 0.19 0.00 <.0001 <.0001 0.83
0.12 -0.03 0.09 0.08 0.10 -0.07 1
TSR (%)
0.70 0.93 0.78 0.81 0.76 0.83

Table 4-27 shows variablegMA and TSR, and film thickness and TSR have no

correlation with each other. But the value of gisater than 0.05 and hence, the analysis is not
valid.
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Chapter 5 - Effects of Lower Asphalt Content on Quhaty Control/
Quality Assurance of HMA Mixes

5.1 Introduction

The impetus to develop statistics-oriented speaibnis for the highway industry similar to those
used in the manufacturing industry was began inetndy 1960s with the initiative led by the

Bureau of Public Roads. This resulted in develognaenl implementation of Portland cement
concrete specifications in 1973, followed by theraluation in 1979 (Diwan, 2003). In order to

get a satisfactory product, quality control/quabigsurance (QC/QA) programs are important. It
is the combination of end-result specificationsg amaterials and methods specifications. The
specifications that may be applicable for asphalgment construction can be classified as
material-related specifications (MRS), end-respkdifications (ERS), and performance-related
specifications (PRS). Many highway agencies are stwing for PRS. In recent years many

states have adopted statistical QC/QA program®btairoa quality hot-mix asphalt construction.

In Kansas, the contractor is responsible for QC &mOT is responsible for QA. QA

specification has become important for overall guahanagement.

5.2 Terminology Glossary of Highway Quality Assurance Terms, TRB 202)

* Quality control: Those QA actions and considerations necessarysesasand adjust
production and construction processes so as torobtite level of quality being
produced in the end product.”

* Quality assurancéAll those planned and systematic actions necessaprovide
confidence that a product or facility will perforsatisfactorily in service.”

» Specification limit(s): The limiting value(s) placed on a quality charadgc,
established preferably by statistical analysis,dwaluating material or construction
within the specification requirements. The term oafer to either an individual upper or
lower specification limit, USL or LSL, called a gle specification limit; or to USL and
LSL together, called double specification limits.”

» USL: “Upper Specification Limit is the upper boundarydelhich a sample (an

average of samples) may deviate from the targeteval
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* LSL: “Lower Specification Limit is the lower boundarip@/e which a sample (an
average of samples) may deviate from the targeteval

* Quality index (Q): Used to estimate the PWL. Thedlue along with the PWL table is
used to determine the estimated PWL.

* Percent within limits (PWL): The percentage of the lot falling above the LShela¢h
the USL, or between the USL and LSL”
PWL= (PWLy+PWL.) — 100

5.3 QC/QA Program of the Kansas Department of Trangortation
It should be noted that definitions of QC/QA diffeom industry to industry. KDOT’'s QC/QA
definition is similar to the one mentioned in TRBj®ssary of terms (Gedafa et al.,, 2011).
Figures 5-1 and 5-2 illustrate QC specifications featerials and properties that are to be
achieved by the contractor for different SuperpdA during production.

The current QC/QA program of KDOT pays incentivesfttentives for air voids and in-
place density (density pay adjustmeptad air void pay adjustment P The pay factors were
calculated as follows:

|.  Density pay adjustmenipP
a) Density pay adjustment for HMA overlay
The density pay factors are presented in the FiguBe Calculation for
density pay factor A1, A2 and A3:
A1=[100 + 4(% of lot Gm- 92.0)]/200
A2=1[84 + 16 (% of lot G- 90.0)]/100
A3=[84 + 16 (% of lot G- 89.0)]/100
Density pay adjustment factopjP= Density pay factor — 1.000
*Po shall be rounded to the nearest thousandth.
b) Density pay adjustment for HMA Surface, HMA Basel &MA Pavement:
R = (PWLyp * 0.004) — 0.360
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TABLE 602-1: COMBINED AGGREGATE REQUIREMENTS
Nom. Max. Percent Retained — Square Mesh Sieves Min.
Size Mi wa| 2B
1ze Alix " 3y 1 3. . - - R ] ati
Designation 1 'a /2 /s No. 4 No.8 No. 16 | No. 200 %) Ratio
SM-4.75A 0 0-5 0-10 40-70 88-94 16.0 |0.9-2.0
SM-9.5A . 5
SR-9 SA 0 0-10 10 mun. | 33-33 90-98 150|06-12
SM-9.5B - -
- 3o . 5 —

SR-9 5B 0 0-10 10 mn. | 53-68 90-98 150|08-16
SM-9.5T - -
SR-95T 0 0-10 10 min. | 53-68 90-98 150 |08—-1.6
SM-12.5A .

- 2 ! —_ 2
SR-12.5A 0 0-10 10 min. 42-61 90-98 140 |06-12
SM-12.5B .
SR-12.5B 0 0-10 10 mun. 61-72 90-98 140|08-16
SM-19A - cq cs - 5
SR-19A V] 0-10 10 min. 51-65 92-98 130 |06-12
SM-19B . N
SR-19B 0 0-10 10 nun. 65-77 92-98 130|08-16

Figure 5-1. Combined aggregate requirements (KDOTDivision 600 Flexible Pavement).

TABLE 602-12: SPECTFICATION WORKING RANGES (QC/QA)

Tolerance from JAF
Mix Characteristic i i
Single Test Value | plot | 4 FointMoving |,
Average Value
Binder Content +0.6% * =0.3% *
Tolerance for Specification Limits
Mix Characteristic i i
Shiighé Tosk Vil | g | A PoimtMoving |
Average Value
Gradation {applicable sieves in TABLIE 602-1) N/A * zero tolerance X
Air Voiuds (@ N gyrations +2 0% = N/IA
Voids mn Mimeral Aggregate (WVMA) 1.0% below mun. ¥ zero tolerance
Voids Filled with Asphalt (VFA) N/A zero tolerance
Course Aggregate Angularity (CAA) zero tolerance NIA
Sand Equivalent (SE) zero tolerance N/A
Fine Aggregate Uncompacted Voids (FAA) zero tolerance N/A
% Tensile Strength Ratio (%TSR) zero tolerance * N/A
Density @ Nis and Npa N/A zero tolerance
Dust to Effective Binder (D/B) Ratio zero tolerance * N/IA *
Figure 5-2. Specification working ranges (QC/QA) (KOOT, Division 600 Flexible
Pavement).
TABLE 602-15: DENSITY PAY FACTORS FOR SPECIFIED THICKNESS®
Specified Thickness — | = 2" = 14"
All Continuous Action’ No Continuous Action”
% of Gum . 2 . 2
Average of 10 Density Tests' Pay Factor Pay Factor
93.0% or greater 1.040 1.040
92.0 to 92.9% Al Al
91.0 to 91.9% 1.000 1.000
90.0 to 90.9% A2 1.000
89.0 to 89.9% 0.840 or Remove’ A3
less thap 89 0% 0,240 or Remove” 0 240 or Remove”

Figure 5-3. Density pay factors for specified thickess (KDOT, Division 600 Flexible

Pavement).
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II.  Airvoid pay adjustment\P

For passing t-tests:
(¥ -LsL)
5

(USL-%7)
a) Calculate Qy= T andQpy=

whereX is the average measured &f all samples within the lot,

USL is the upper specification limit for,\{5%),
LSL is the lower specification limit for M3%), and
S is the standard deviation of the measurgidiVall samples within a lot.

b) Py = (PWLyy +PWL.y — 100)(0.0030)) — 0.270
where PWlyy = upper Percent Within Limits value fog\and
PWL,y = lower Percent Within Limits value for,V
c) For failing t-test: Values from the Table 602-¥6lee KDOT specifications
(shown below) are used to calculate the P

TABLE 602-16: Statistical Values for Air Voids Pay Adjustment for Failing t-Test
Term Definition Value
X Average or Mean KDOT s test result for the lot
S Standard Deviation 0.50
USL Upper Specification Limut 5.50%
LSL Lower Specification Limit 2.50%
N Sample Size 3

Figure 5-4. Statistical parameters for air voids p& adjustment for failing t-tests (KDOT,

Division 600 Flexible Pavement).

5.4 Determination of PWLs and Expected Life for SRMixtures in This Study
A recent study on the QA/QC data analysis of KDQip&pave HMA projects by Gedafa et al.
(2011) developed practical performance models amdposite index. In this study, the model
proposed by Gedafa et al. evaluated by incorpayatimxture characteristics of the two
Superpave mixtures (SR-12.5A and SR-9.5A). The eepelife (EL) of the pavement was
determined by substituting PWLs of air voids, dgnsasphalt content, and voids in mineral
aggregate in the equation 5.1 developed by Gedalla @011):

E | = o 5450+0.287PWL}3 +0.219PWLEEN+0.173PWLj2+0.138PW LY 4 (5.1)

where

Va= air voids,
DEN = in-place density,
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AC= asphalt content, and
VMA-= voids in mineral aggregate.

To determine the effect of HMA mixtures producedaaphalt contents lower than the

design asphalt content, cylindrical Superpave spes were prepared in the laboratory for SR-

9.5A and SR-12.5A mixtures at varying asphalt cotstestarting from design asphalt content

and moving on to the drier side. At each asphattertt, two plugs were compacted using the

Superpave gyratory compactor. Air voids atdNnand VMA at Niesignwere calculated for both

plugs and the average of the two values was tateRWL calculations. Tables 5-1 and 5-2 list

these computed parameters for SR-9.5A and SR-12sf¢ectively.

Table 5-1. Volumetric properties for SR-9.5A mixture

Asphalt content (%) Air voids (%) @ Ndes VMA @Ndes
5.54(design asphalt content) 3.4 14.6
5.34 3.9 14.6
5.14 3.8 139
4.94 5.1 14.5

Table 5-2. Volumetric properties for SR-12.5A mixtue

Asphalt content (%) Air voids (%) @ Ndes VMA @Ndes
6.44 4.4 17.7
6.24 4.7 17.9
6.04 4.4 17.2
5.84 5.2 17.3

The steps followed to determine the PWL are desdrhtielow:

1.

The mean ¥’ and standard deviation ‘S’ were found.

The upper quality index value {Qwas calculated by the equation
(UFSL—X
Qu= l o

5
The lower quality index value ‘Qwas calculated by the equation
_ (X -1LsL)
5

The percentage falling below the USL (PWlwas estimated using the computed Q
value and using a table of corresponding PWL values
The percentage falling above the LSL (PWivas estimated using the computed Q

value and using a table of corresponding PWL values
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6. The percent within limit (PWL) was determined by #quation
PWL= (PWLy,- PWL,)-100.
The PWL values were calculated by making some assans for the standard deviation
‘S’ for various variables. The standard deviationdsphalt content, air voids, and VMA is 0.2,
0.5, and 1.0 respectively. The computed PWLs apevshin Tables 5-3 and 5-4 for SR-9.5A and

SR-12.5A, respectively.

Table 5-3. Percent within limits for SR-9.5A mixture

Asphalt content Air voids VMA Density*
50.0 100 66.8 100
83.3 100 68.7 100
83.3 100 47.3 100
50.0 77.6 65.5 100

Table 5-4. Percent within limits for SR-12.5A mixtire

Asphalt content Air voids VMA Density*
50.0 100 100 100
83.3 100 100 100
83.3 100 100 100
50.0 68.0 100 100

Density *- The PWL for density was taken as 100%suaning density will be always above the
LSL.

5.5 Expected Life
The expected lives of the pavements incorporatieged mixtures with varying levels of PWL
were computed using Equation 5-1. Table 5.5 tabslte resultdzrom this table, it is evident
the mixtures performed worse at asphalt contenttherdrier side, i.e. at asphalt contents that
were lower than the design asphalt content. Expdotes for the driest mixtures (design binder
content — 0.6%) studied were 2.55 years and 2.isyla SR-12.5A and SR-9.5A mixtures,
respectively. Although there seemed to be increéisedor the Superpave mixtures that were

somewhat drier (design binder content — 0.4%) etlneas a drastic decrease in life after that.
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Table 5-5. Expected Life for SR-9.5A and SR-12.5A ixtures

SR-9.5A SR-12.5A
Asphalt content Expected life Asphalt content Expected life
5.54 4.0 6.44 6.4
5.34 7.4 6.24 11.4
5.14 5.5 6.04 11.4
4.94 2.1 5.84 2.6

Computed PWLs and expected lives indicate the déggddife model proposed by Gedafa et al.
(2011) is sensitive to all volumetric propertiedMX, air voids) and asphalt content). Specific

observations are as below:

Asphalt Content: For the SR-12.5A mixture, theestpd life increased from 6.4 years to 11.4
years when PWL for the asphalt content was inccedésen 50 to 83.3%, while keeping air
voids, VMA, and density PWLs at 100%. This showss ttodel was responsive to the changes in

asphalt content.

Air Voids: For the SR-9.5A mixture, the expectef® ldecreased from 4.0 to 2.1 years when
PWL of air voids was decreased from 100 to 77.68epkng asphalt content (PWL=50%), VMA
(PWL=66%), and density (PWL=100%) constant. Thisveh the model was responsive to

changes in air voids as well.

VMA: For the SR-9.5A mixture, the expected life o=sed from 7.4 to 5.5 years when PWL of
VMA was decreased from 68.7 to 47.3%, keeping dspbatent (PWL=83.3%), air voids, and
density (PWL=100%) constant. This shows the mede responsive to changes in VMA.

Thus the model developed with air voids, VMA, adplecantent, and in-place density
seemed logical as results ranged from a maximureaag life of 11.4 years for good quality
(PWL'’s for VMA=100%, air voids=100%, asphalt conten83.3%, respectively) and expected
life of 2.6 years for poor quality (PWL's for VMA#€D%, air voids=68%, asphalt content =
50%, respectively). However, the model needs todbelated by correlating it with actual field

performance data.
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Chapter 6 - Conclusions and Recommendations

6.1 Conclusions

The main objective of this research study was vestigate the moisture resistance of Superpave

HMA mixtures with varying asphalt content. The atlodjective was to investigate effects of

voids in mineral aggregate and asphalt film thigeen the performance of the mixes. To allow

for inherent material and production variabilityDRT’'s QC/QA program allows +0.6% (single

test value) or £0.3% (4-point moving average vahkejation from the design asphalt content

mentioned in the job-mix formula. But some contoastare taking this as an advantage and

producing drier mixtures. To investigate the effetthese drier mixes, two performance tests,

Hamburg Wheel Tracking Device (HWTD) test and KTtB6ts were selected. Based on results

obtained from the two tests, the following conatns can be drawn:

The amount of asphalt content in the mixture sigaiitly affected the rutting and
moisture resistance of HMA mixtures.

For SR-9.5A and SR-12.5A mixtures, the number oéellpasses, creep slope, and
stripping inflection point was higher at the drgesiof optimum asphalt content.

For SR-9.5A and SR-12.5A mixtures, the number oéellpasses, creep slope, and
stripping inflection point increased as asphalttenohdecreased.

For the SR-9.5A mixture, highest tensile strengtiorwas observed at design asphalt
content and for the SR-12.5A mixture, highest fensirength ratio was observed at
the dry side of the design asphalt content.

As the asphalt content in the mixture decreasedutitonditioned tensile strength of
both the mixes increased, while the conditionedsitenstrength of the SR-9.5A
mixture decreased and conditioned tensile streoig8R-12.5A increased.

All mixtures produced in the laboratory met ttemsile strength ratio (TSR) criteria
specified by the Kansas Department of Transporiagxcept the SR-12.5A mixture at
design asphalt content.

From the QC/QA analysis of drier mixtures, the etpd life was worst for drier
mixtures. The expected life is as high as 11.4 s/¢ara least of 2.6 years. The model
developed seemed reasonable from the results gedera

From the statistical analysis (correlation tabile¢, following conclusions can be made:
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I.  There is a weak negative correlation (-0.7< Pearsmfficient <-0.3) between
the variable voids in mineral aggregate/film thieks and HWTD output
parameters i.e., as the VMA/film thickness increaeere is a decrease in the
number of passes of HWTD parameters and vice-versa.

ii. For the SR-9.5A mixture, there is a weak positicereation (0.7< Pearson
coefficient <0.3) between the variable voids in enal aggregate/film thickness
and tensile strength ratios i.e., as the VMA/filnickness increases there is a
decrease in the tensile strength ratios and vicgave

iii. For the SR-12.5A mixture, there is a strong negatiorrelation (-0.7< Pearson
coefficient <-1.0) between voids in mineral aggtegand tensile strength ratios,
and a weak negative correlation (-0.7< Pearsonficeft <-0.3) between film
thickness and tensile strength ratios.

In summary, as there are weak correlations betwliee voids in mineral aggregate/film
thickness and performance test results, the stsdyonconclusive from a durability point of
view. However, performance simulations using a tegcal model show that asphalt pavements

with dry mixes are likely to have shorter perforroathves.

6.2 Recommendations
In order to know the effect of drier mixtures ore therformance of the pavement, the
Hamburg Wheel Tracking Device and KT-56 tests sihdoe conducted on the Superpave
mixtures containing the reclaimed asphalt pavement.

a) Further tests are recommended on Superpave mixiuig®ut reclaimed asphalt
pavement) to determine the exact behavior of thex drixtures.

b) Further study is recommended on Superpave mixwses) a crack simulation
test like the Texas overlay tester that may eveluaie behavior of the drier
mixtures.

c) The low-temperature behavior of the drier mixesudth@lso be evaluated.

d) The practical performance model should be evaluatgd more Superpave

mixtures and correlated with actual field data.
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Table A-1 Volumetric properties and HWTD test resuts for SR-9.5A mixture.

Appendix A - Volumetric Properties and Test Results

No. of
Asphalt | Air Voids VMA .Film Pa_?ies Creep Stripping Stripping Post .
Content | @Ndesign | @Ndesign Th|c!<ness Reach a slope slope Inflection Compaction
(%) (%) (%) " in Rut (Passes/ | (passes/m Point (@1000
icrons Depth of mm) m) passes)
20mm
5.54 7.92 18.44 11.35 5,759 740 185 3,100 2.5
5.54 8.02 18.5 11.35 4,789 282 NA NA 3.2
5.54 7.79 18.33 11.39 2,250 85 NA NA 6.2
5.54 7.82 18.36 11.39 3,700 314 122 2,360 4
5.54 7.9 18.39 11.35 7,433 807 232 3,750 2.2
5.54 7.89 18.38 11.35 6,589 909 185 3,970 2.5
5.34 8.1 17.8 10.41 20,855 4750 381 15,250 2
5.34 8.18 17.86 10.41 24,187 5625 447 17,200 1.5
5.34 8.02 18.03 10.77 8,367 1232 225 5,150 2.5
5.34 8.06 17.95 10.65 9,091 1236 273 5,200 2
5.34 8.12 17.91 10.53 9,450 1471 262 6,000
5.34 8.12 17.91 10.53 11,621 1714 338 6,700
5.14 8.11 17.63 10.2 8,867 1500 237 5,700 2.2
5.14 8.04 17.53 10.16 11,689 1714 364 7,800 2
5.14 7.98 17.44 10.12 12,679 2360 286 9,100 1.7
5.14 7.9 17.37 10.12 13,033 2700 286 9,400 1.8
5.14 7.96 17.52 10.24 9,217 1763 240 5,760 1.6
5.14 7.9 17.47 10.24 9,649 1533 240 6,200 2
4.94 8.11 17.28 9.79 11,547 2360 259 8,200 1.6
4.94 8.18 17.34 9.79 11,049 1970 274 7,520 1.9
4.94 8.07 17.33 9.89 9,550 1450 253 6,300 1.9
4.94 8.08 17.34 9.89 10,903 2200 238 7,650 1.8
4.94 8.15 17.4 9.89 12,091 1288 320 9,000 2
4.94 8.09 17.27 9.79 16,023 3650 387 10,100 1.5
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Table A-2 Volumetric properties and KT-56 test reslts for SR-9.5A mixture.

Conditioned - : Avg Avg
Asphlat A_|r VMA .F”m Tensile | Conditioned | Unconditioned Avg
Voids Thickness . ) Tensile
Content . (%) (%) in Strength Tensile Tensile Strenath
(%) Unconditioned @Ndes @Ndes | oo (KPa) Strength Strength Rati%
(KPa) (KPa)

Conditioned 7.96 18.37 11.27 690
Unconditioned 8.01 18.43 11.27 802
Conditioned 8.05 18.46 11.27 751

5.54 — 706 732 96.5
Unconditioned 8 18.58 11.47 712
Conditioned 7.9 18.5 11.47 678
Unconditioned 7.91 18.5 11.47 682
Conditioned 8.32 18.36 10.85 695
Unconditioned 8.46 18.49 10.85 707
Conditioned 8.47 18.33 10.65 682

5.34 — 679 692 98.2
Unconditioned 8.48 18.5 10.85 661
Conditioned 8.35 18.21 10.65 660
Unconditioned 8.42 18.28 10.65 707
Conditioned 8.16 17.81 10.36 620
Unconditioned 8.18 17.83 10.36 771
Conditioned 8.27 17.91 10.36 577

5.14 — 591 737 80.2
Unconditioned 8.11 17.83 10.44 721
Conditioned 7.89 17.63 10.44 576
Unconditioned 8.02 17.75 10.44 718
Conditioned 8.2 17.57 10.03 671
Unconditioned 8.23 17.6 10.03 833
Conditioned 8.2 17.56 10.03 726

4,94 — 667 784 85.1
Unconditioned 8.32 17.47 9.79 772
Conditioned 8.5 17.64 10.03 603
Unconditioned 8.38 17.53 9.79 746
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Table A-0-3 Volumetric properties and HWTD test resilts for SR-12.5A mixture.

Asphalt| Air Voids | VMA Film No. of Stripping Stripping Post )
Content| @Ndes |@Ndes| Thickness Passes to Reach)Creep Slope Slope Inflection Compaction
(%) (%) (%) |in Microns a Rut Depth of [(Passes/mm) (passes/mm) Point (@1000

20 mm passes)
5.3 7.6 18.22 10.77 15,723 1090.9 NA NA 21
5.3 7.6 18.25 10.77 26,211 1725 NA NA 2
5.3 7.9 18.21 10.49 4,113 283 NA NA 4.8
5.3 7.9 18.25 10.49 4,583 279.09 NA NA 4.9
5.3 7.8 18.27 10.65 5,291 340 NA NA 4.3
5.3 7.7 18.18 10.65 7,533 488.88 NA NA 35
5.1 8 17.82 9.95 7,127 771.42 225 4,080 2.4
5.1 8 17.89 9.95 11,347 1300 330 6,900 2.2
5.1 7.5 17.63 10.22 14,653 1657.1 340 10,500 2
5.1 7.6 17.72 10.22 12,621 981.25 430 8,050 2.2
5.1 7.7 17.72 10.07 11,967 825 NA NA 2.3
5.1 7.7 17.72 10.07 25,563 3107.1 704.5 16,750 2
4.9 7 16.72 9.72 8,373 476 NA NA 31
4.9 7 16.76 9.72 15,401 1953.1 425.92 10,800 2.2
4.9 7.5 17.08 9.56 29,541 3900 761.5 19,500 1.8
4.9 7.5 17.08 9.56 26,893 4030 685 17,600 2
4.9 7.4 17.15 9.79 16,637 1675 493.33 10,550 1.7
4.9 7.4 17.19 9.79 18,519 2500 411.66 13,000 1.8
4.7 7.4 16.82 9.37 19,125 2833.33 381.81 13,750 1.6
4.7 7.5 16.87 9.37 18,355 2760 483.33 11,400 1.8
4.7 7.8 16.97 9.14 42,335 8875 668.18 31,250 1.2
47 7.8 16.93 9.14 38,153 10000 466.66 30,050 1.2
47 7.9 16.95 9.07 25,650 2678.57 NA NA 1.4
47 7.9 16.96 9.07 25,650 6000 NA NA 14
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Table A-4 Volumetric properties and KT-56 test reslis for SR-12.5A mixture.

Conditioned Al Average Average
ir
Asphlat Void VMA Film Tensile Conditioned | Unconditioned | Average Tensile
oids
Content Ndes| Thickness | Strength Tensile Tensile Strength
Unconditioned| Ndes ) ) )
(%) %) (%) |in Microns (KPa) Strength Strength Ratio
0
(KPa) (KPa)
Conditioned | 8.06 |18.45 10.57 538.69
Unconditioned | 7.91 [18.38 10.65 775.44
Conditioned | 7.61 [18.05 10.57 543.94
5.3 586 774 75.8
Unconditioned | 7.74 [18.16 10.57 743.32
Conditioned | 7.86 [18.35 10.65 675.94
Unconditioned | 7.86 [18.35 10.65 802.09
Conditioned 8 |[17.95 10.07 525.26
Unconditioned | 7.73 [17.92 10.3 744.37
Conditioned | 8.04 [17.99 10.07 577.74
51 589 734 80.2
Unconditioned | 8.04 [17.99 10.07 749.25
Conditioned | 7.65 [17.54 10.3 663.12
Unconditioned | 7.73 [17.92 10.3 708.6
Conditioned | 7.65 |17.57 9.99 684.76
Unconditioned | 7.6 [17.53 9.99 907.23
Conditioned | 7.23 | 17.2 9.99 803.77
4.9 _ 788 898 87.7
Unconditioned | 7.49 [17.05 9.56 873.48
Conditioned | 7.66 | 17.2 9.56 876.1
Unconditioned | 7.66 | 17.2 9.56 914.44
Conditioned | 7.37 |16.98 9.6 779.78
Unconditioned | 7.41 [17.01 9.6 827.21
Conditioned | 7.82 [16.87 9.03 809.39
4.7 _ 757 800 94.7
Unconditioned | 7.54 [17.12 9.6 755.65
Conditioned | 7.94 [16.98 9.03 682.08
Unconditioned | 8.02 [17.05 9.03 815.65
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Table A-5 Volumetric properties and HWTD test resuts for SR-19Amixture.

Asphalt | Air _Film Rut Stripping Stripping Post ,
Content | Voids VQ/IA Thlc_kness No. of De_pth Creep Slope Slope Inflection Compaction
(%) (%) (%) ~in passes in (Passes/mm) (passes/mm) Point (@1000

Microns mm passes)
5.75 6.77 | 15.4 11.59 15,683 20 1033 600 12600 3.5
5.75 6.28 | 15.8 11.51 11,447 20 700 NA NA 4.5
5.75 7.23 | 16.16 11.44 16,250 20 957 NA NA 3.9
5.75 7.25 | 16.18 11.44 21,975 20 1414 NA NA 3.8
5.75 6.44 | 15.97 12.19 21,050 20 1529 861 13500 2.8
5.75 6.57 | 16.09 12.19 35,241 20 2500 1571 22500 2.7
5.55 6.9 | 15.29 10.65 20,000 | 12.8 3225 875 15400 2.3
5.55 7.09 | 15.47 10.65 20,000 | 13.1 3684 1080 18000 2.6
5.55 7.15 | 14.89 9.77 13,565 20 888 NA NA 4.3
5.55 7.12 | 14.87 9.77 11,959 20 800 NA NA 3.8
5.55 7.07 | 14.68 9.58 4,950 20 325 NA NA 7.1
5.55 6.89 | 1451 9.58 8,200 20 722 NA NA 4.9
5.35 7.62 | 15.69 10.28 20,000 | 14.9 2364 938 14250 2.2
5.35 7.39 | 15.48 10.28 20,000 | 11.1 2525 1563 16500 2.5
5.35 6.98 | 15.23 10.45 8,938 20 509 NA NA 5.0
5.35 7.13 | 15.36 10.45 8,038 20 500 NA NA 4.7
5.35 7.42 | 15.21 9.86 20,000 | 14.42 2050 NA NA 3.5
5.35 7.49 | 15.27 9.86 20,000 | 16.99 1625 NA NA 3.2
5.15 7.78 | 15.53 9.86 20,000 | 11.6 2958 912 17000 2.4
5.15 7.44 | 15.22 9.86 20,000 17 1900 644 13900 2.5
5.15 7.62 | 15.45 9.95 20,000 | 16.47 1442 NA NA 2.4
5.15 7.59 | 15.43 9.95 20,000 | 13.95 1875 NA NA 2.9
5.15 7.38 | 14.88 9.47 20,000 | 14.81 1714 NA NA 2.8
5.15 7.58 | 15.07 9.47 20,000 | 11.69 2031 NA NA 2.7
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Table A-6 Volumetric properties and KT-56 test resits for SR-19A mixture.

o Conditioned . . ] Average Wet | Average Dry Average
Virgin Air Film Tensile ] . ]
. VMA ] Tensile Tensile Tensile
Asphalt Voids Thickness | Strength
Unconditioned (%) | _ Strength Strength Strength
Added (%) (%) in Microns (KPa) _
(KPa) (KPa) Ratio
Conditioned 7.18 16.29 11.69 430.81
Unconditioned | 6.76 16.57 12.64 456.96
Conditioned 7.38 16.47 11.69 469.4
4.4 450.09 462.90 97.23
Unconditioned 7.2 16.97 12.64 463.88
Conditioned 7.26 17.02 11.69 450.07
Unconditioned | 7.51 16.59 12.64 467.87
Conditioned 6.82 15.4 10.89 455.68
Unconditioned | 6.86 15.47 10.94 527.99
Conditioned 7.18 15.73 10.89 465.36
4.2 481.23 511.47 94.09
Unconditioned | 7.28 15.89 10.89 467.73
Conditioned 6.8 15.41 10.94 522.66
Unconditioned | 6.83 15.45 10.94 538.69
Conditioned 7.62 15.21 9.62 756.05
Unconditioned | 7.64 15.55 10.06 678.25
Conditioned 7.27 15.52 10.49 474.84
4 479.73 635.76 75.46
Unconditioned | 6.87 15.16 10.49 496.54
Conditioned 7.34 15.59 10.49 484.62
Unconditioned | 7.64 15.54 10.06 732.5
Conditioned 6.99 15.16 10.34 493.53
Unconditioned 7.4 15.54 10.34 493.67
Conditioned 8.01 15.92 10.1 426.93
3.8 442.74 469.59 94.28
Unconditioned 7.9 15.82 10.1 436.32
Conditioned 8.05 15.95 10.1 407.76
Unconditioned | 7.55 15.67 10.34 478.79
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Appendix B - Hamburg Wheel Tracking Device Test

Results (plots)

Rut Depth in mm
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Phillips county, Pb=4.4,Va=6.02
Sample ID=3C-3,4
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Phillips county, Pbh=4.4,Va=6.96
Sample ID=3C-6,9
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Phillips county, Pb=4.4,Va=6.18
Sample ID=3C-11,12
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Rut Depth in mm

Phillips county, Pb=4.2%, Va= 6.58%
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Phillips County,Pb=4.2, Va=6.83
Sample ID= 3D-5,3D-7
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Rut Depth in mm

Phillips county, Pb=4.2,Va=6.56
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Phillips County, Pb=4%, Va=7.15
Sample ID=3E-2,3E-3
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Phillips county, Ph=4,Va=6.73
Sample ID=3E-5,3E-8
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Rut Depth in mm

Phillips county, Ph=4,Va=7.19
Sample ID=3E-10,14
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Rut Depth in mm

Phillips County, Pb=3.8, Va=7.22
Sample ID= 3F-1,3F-4
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Rut Depth in mm

Phillips county, Ph=3.8,Va=7.04
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Phillips county, Ph=3.8,Va=6.84
Sample ID=3F-10,13
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Rut Depth in mm

Republic County, Pb=5.3, Va=6.91
Sample ID=RA-4,5
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Republic County, Pb=5.3, Va=7.16
Sample ID=RA-9,10

0 |
~
-5 T
""‘-—....\__‘
E ]
g -10  E—
£ ™~
< =
2 -15 P~
(] >
5
o -20
.25 | .
0 1000 2000 3000 4000 5000
NWP
Republic County, Pb=5.3, Va=7.03
Sample ID=RA-12,13
0 I
-“h-""‘-.._h__
5 T
E ‘h""h
g -10 i
£ =T
: ‘H\\.
B -15 — N
a =~
é -20 —~
25 | .
0 1000 2000 3000 4000 5000 6000
NWP

123




Rut Depth in mm

Republic County, Pb=5.3, Va=6.93
Sample ID=RA-14,15
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Republic County, Pb=5.1, Va=7.28
Sample ID=RB-4,5
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Republic County, Pb=5.1, Va=6.85
Sample ID=RB-8,10
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Republic County, Pb=5.1, Va=6.98
Sample ID=RB-15,14
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Rut Depth in mm

Republic County, Pb=4.9, Va=6.34
Sample ID=RC-2,3
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Republic County, Pb=4.9, Va=6.86
Sample ID=RC-9,8
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Republic County, Pb=4.9, Va=6.72
Sample ID=RC-12,14
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Republic County, Pb=4.7, Va=6.75
Sample ID=RD-2,3
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Rut Depth in mm

Republic County, Pb=4.7, Va=7.02

Sample ID=RD-7,8
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Rut Depth in mm

Republic County, Pb=4.7, Va=7.14
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Republic county, Pb=5.54%, Va=6.99
Sample ID-SA-2,3
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Republic county, Pb=5.54%, Va=6.81
Sample ID-SA-9,10
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Rut Depth in mm
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Republic county, Pb=5.34%, Va=7.09
Sample ID-SB-4,5
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Rut Depth in mm
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Rut Depth in mm
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Republic county, Pb=5.14%, Va=7.09
Sample ID-SC-5,6
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Republic county, Pb=5.14%, Va=6.93
Sample ID-SC-9,10
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Rut Depth in mm
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Rut Depth in mm

Republic county, Pb=4.94%, Va=7.06
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Rut Depth in mm

Republic county, Pb=4.94%, Va=6.98
Sample ID-SD-7,12
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Rut Depth in mm
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