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ABSTRACT

The purpose of this study is to evaluate the restricted zone effect using four different
aggregates: crushed granite, crushed limestone, crushed river gravel, and amixture of crushed
river gravel as coarse aggregate with natural fines. As the restricted zone is a component of
Superpave, the blends prepared met most of the Superpave criteria, except the restricted zone
in selected mixtures and fine aggregate angularity in three mixtures. Each type of aggregate
was used for mixture design of three gradations:. above, through, and below therestricted zone.
Thetwelve mixtures designed weretested in the laboratory to evaluate their relative resistance
to permanent deformation. Four types of tests were performed using Superpave equipment:
simpleshear at constant height, frequency sweep a constant height, repeated shear at constant
stress ratio, and repeated shear at constant height. Rutting resistance of the mixtures was
measured using the Asphalt Pavement Analyzer.

Researchers found that there is no relationship between the restricted zone and
permanent deformation when crushed aggregates are used in the mixture design. Superpave
mixtures with gradations below the restricted zone were generally most susceptible to
permanent deformation while mixtures above the restricted zone were least susceptible to
permanent deformation. Recommendations include elimination of the restricted zone from

HMA design specifications.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

The United States road network has 3.9 million milesof roadway, of which 61 percent
are paved (1). In order to improve the performance, durability, and safety of United States
roads, the Strategic Highway Research Program (SHRP) was established by Congressin 1987
as a five year research program. Fifty million dollars of the one hundred and fifty million
dollars of the SHRP research funds were used for the devel opment of asphalt pecificationsto
directly relate laboratory analysis with field performance. SUPERPAVE™ (Superior
Performing Asphalt Pavements) is the final product of the SHRP research effort. Superpave

is a complete mixture design and analysis system with three major components:

» Asphalt binder specification,
e Mixture design, and

e Analysis system.

The SHRP research effort mainly concentrated on properties and testing of asphalt
binder (2). The aggregate and asphalt-aggregate characteristics of Superpave mixtures were
developed by agroup of 14 expertsknown asthe Aggregate Expert Task Group (ETG). These
experts, who were selected by SHRP, used amodified Del phi procedureto select the aggregate

and mixture characteristics (3). The procedure consisted of three parts.

» Formulate questionnaires concerning the aggregate and mixture characteristics to
the experts,
e Compile and compare the responses, and

» Select aggregate and mixture characteristics from consensus responses.



The results of the modified Delphi process are summarized in SHRP-A-408 (3). Itis
noteworthy that, even though aggregate constitutes approximately 95% of hot mix asphalt
(HMA) by weight, little effort was devoted to the study of the contribution of aggregatesto the
pavement performance (2).

As a result, some aspects of Superpave aggregate specifications are not universally
accepted, being questioned by the agencies, mainly departments of transportation (DOTS), or
the industries, or by both.

1.2 PROBLEM STATEMENT
One of the products of the modified Delphi procedure was the Superpave aggregate

gradation controls. The components of this gradation control include the following items (4):

* Federal Highway Administration (FHWA) 0.45 Power Chart: used to define a
permissible gradation,

« Control Points: through which the combined mixture gradation must pass,

» Redtricted Gradation Zone an arealying al ong themaximum density lineextending
fromtheNo. 50 (0.30-mm) sieveto theNo. 8 (2.36-mm) or No. 4 (4.75-mm) sieve,

through which it isundesirable for amixture gradation to pass (5).

One of the most controversial components of the Superpave mixture design is the
aggregate gradation restricted zone. The purposes of the restricted zone, as mentioned in
Report FHWA-SA-95-003 (6), areto limit the inclusi on of |arge amounts of natural sand that
cause humpsinthegradation curveinthe 0.6 mm range and to discourage the gradationswhich
fall on the maximum density line which often lacks adequate voids in minerd aggregate
(VMA). Thisrestricted zonewas adopted primarily to reduce prematurerutting. Theapparent
increase in HMA pavement rutting in recent years is due to higher traffic volumes, increased
loads and tire pressures, poor construction quality control, and decreased quality of HMA

mixtures (7).



In most cases, a humped gradation indicates an over-sanded mixture and/or a mixture
that possesses too much fine sand in relation to total sand. This gradation often resultsin a
mixture that poses compaction problems during construction (tenderness) and offers reduced
resistanceto permanent deformation duringitsservicelife. Thesegradationsarevery sensitive
to asphalt content and can easily become plastic with an increase in asphalt content within the
tolerance allowed by most specifications (4). In some publications (4, 8), it isindicated that
improved mixture performance is generally achieved from gradations that pass below the
restricted zone.

Avoiding the restricted zone was merdy a recommendation by Superpave, not a
mandatory specification. Superpave encourages design of mixtureswith gradations below the
restricted zone. Nevertheless, some state highway agencies categorically rgected any mixture
passing through the restricted zone (9).

On the other hand, some highway agencies question the validity of the restricted zone,
stating that specified gradations of many successful mixtures pass through the restricted zone.
They further state that these high-performance mixtures contain high quality aggregates, which
arenormally 100 percent manufactured aggregates with no rounded sands. Strict adherenceto
the restricted zone may have negative effects on the economy of the mixture. Exclusion of
some particular sizes form the combined gradation (even though they are manufactured)
jeopardize the balanced aggregate skeleton and, hence, can potentialy increase the cost of

mixture.

1.3 OBJECTIVESOF STUDY

Theobjectiveof thisresearchisto evaluate therel ationship between the restricted zone
and rutting while the shape and angularity of the aggregate remains unchanged. The concept
is to compare properties of HMA containing the same aggregate type with three different
gradations, passing through, above, and below the restricted zone. In these three gradations,
the coarse side (plus No. 4 sieve) of the grading curve was kept the same, while the fine side

(minus No. 4 sieve) was varied in order to pass through, above, or below this restricted zone.



The most interesting aggregate selected for this study was the river gravel because,
among the aggregates used, it was assumed to be one of the most sensitive sinceit presentsthe
least desirable particle shape and surface texture. Although it was crushed, it retained some
percentage of rounded faceswith rather smooth surfacetextures. Inthisstudy, crushed granite,
crushed limestone, and rounded sand were also usedin HM A mixtures, and mixture evaluation
tests were conducted to examine the influence of the restricted zone.

The origin and grade of binder employed in the different HMA mixtures was kept the
same to facilitate comparisons of the different performances obtained with the different
aggregates. Except for the mixtures through the restricted zone and fine aggregate angul arity
(where indicated), the mixtures met all the Superpave criteria

The twelve mixtures were tested in the laboratory to evaluate their relative resistance
to permanent deformation. Four types of fundamental tests, using the Superpave Shear Tester

(SST), were performed:

* Simple Shear at Constant Height,

* Frequency Sweep at Constant Height,

* Repeated Shear at Constant Stress Ratio, and
* Repeated Shear a Constant Height.

Although the repeated shear test at constant height isnot required by Superpave, it was
performed becauseit is a simplified method to predict premature rutting (6). In addition to
these four tests, the mixtures were subjected to whed tracking torture test using the Asphalt
Pavement Analyzer (APA).

1.4 ORGANIZATION OF REPORT
Thisreport isdivided into five chapters. Chapter | servesasan introduction, stating the
nature of the problem to be addressed, objectives of the research, and scope of work

accomplished.



Chapter |1 summarizes an overview of permanent deformation in asphalt pavements.
It covers the definition of permanent deformation, its different types and causes, and its
characterization. Selected studies conducted in the last five years related to the effect of
aggregate gradation, focusing specificaly on therestricted zone, are described in this chapter.

Chapter 111 is a description of the experimental program. The work plan includes the
following tasks: plan of study, materials selection and acquisition, tests for characterizing
asphalt cement and aggregates, Superpave mixture design, and tests for asphalt concrete
mixture evaluation.

Chapter 1V coversandysisof theresultsfrom different testswhich have been conducted
to predict premature rutting in asphalt pavement: repeated shear at constant stress ratio,
frequency sweep at constant height, ssmple shear at constant height, repeated shear at constant
height, and rutting evaluation using the APA.

Chapter V presents conclusions and recommendations that arise from the study.






CHAPTER 2
LITERATURE REVIEW

2.1 GENERAL
Permanent deformation isthe predominant type of distressfound in flexible pavement

that concerns paving agencies. Three types of permanent deformation are described below.

o Structural deformation: a subsidence in the base, subbase, and/or subgrade
accompanied by subsidence and, possibly, distress cracking pattern in the
pavement.

» Plastic deformation: a depression in the asphalt pavement near the center of the
applied load usually with slight humps on either side of the depression.

» Consolidation or densification: adepression intheasphalt pavement near the center
of the applied load without the accompanying humps. Thisis aresult of further
compaction of the asphalt pavement by traffic after construction.

22WHEELPATH RUTTING

Wheel path rutting is the most common form of permanent deformation exhibited in
flexible pavements (8). It typically occurs in the top 75-100 mm (3-4 inches) of asphalt
pavements. Wheel path rutting is produced by one or a combination of the three types of
rutting defined previously. This research was focused on the plastic deformation in asphalt
layers (theleading cause of permanent deformation). If an asphalt mixture ruts, it isnormally
because the mixture has insufficient shear strength to support the stresses to which it is
submitted. Wheelpath rutting is a function of traffic volume and applied loads.

The purpose of a pavement is to provide a safe, smooth riding surface for vehicular
travel. Therefore, when ruttinginterferes with these purposes, it has become excessive. From
asafety point of view, the important factor is cross drainage of surface water. Rutting is not
normally a significant safety problem in dry weather unless it is sufficient to interfere with

vehiclecontrol. However, when water beginsto pond in the wheel path, the rutted pavement

7



poses a hazard because hydroplaning or sliding on ice in cold weather (6). The cross slope of
the pavement section isthe controlling factor in determining when arut depth is acceptable or
not. At speeds of 90 km/hr (55 mph) or more, pavements with crown slopes of the order of 2
percent and rut depths of about 1.25 cm (0.5 inch), ponding is sufficient to cause vehicles
hydroplaning.

There are several wheel path rutting classifications, one of which was provided in 1979
by the Federal Highway Administration, which classified rutting into threelevels of severity:

e Low, from 6to 12.5 mm (0.25 to 0.5 inches),

e Medium, from 12.5 to 25 mm (0.5 to 1.0 inches), and

« High, over 25 mm (1 inch).

For normal cross slope values, arut depth of 12.5 mm (0.5 inch) istypically accepted
as the maximum allowabl e rut depth (8, 12).

23 RUTTING CHARACTERIZATION

The components of asphalt concrete are aggregates, asphdt cement, and air voids.
Rutting is a complicated process, affected by the properties and proportions in which these
componentsaremixed. Thesethreecomponentsinteract to produceHMA properties. Asphalt
pavement rutting typically occursduring the summer. When higher pavement temperaturesare
reached, the viscosity of the asphalt binder islow, and the traffic load is primarily carried by
the mineral aggregate structure (8). The resistance of HMA to rutting is considered the
combined resistance (shear strength) of the mineral aggregate and asphat cement (4). The
Mohr-Coulomb equation is often used to illustrate how both materids (asphalt cement and
aggregaes) contribute to the shear strength of the asphdt mixture:

t=c+stanf

where:

e t isthe shear strength of the asphalt mixture,

e c is the cohesion term, in our case, the portion of the mixture shear strength

provided by the asphat cement,



e s isthenormal stressto which the asphalt mixture is subjected,

» f istheangle of internal friction provided by the aggregate structure.

Of course, air void content plays an important role in the shear resistance of an HMA
mixture. Since this study concentrates on the Superpave aggregate gradations, the effect of
aggregae-related properties on rutting characterization of HMA will be discussed below.

2.3.1 Agoregates

The largest portion of the resistance to permanent deformation of the mixture is
provided by the aggregate structure. Aggregate isexpected to provide astrong, stone skeleton
to resist repeated load applications. Gradation, shape, and surface texture have a great
influence on HMA properties. Angular, rough-textured aggregates provide more shear
strength than rounded, smooth-textured aggregates. When aload is applied to the aggregate
in an asphalt mixture, the angular, cubical, rough-textured aggregate particles lock tightly
together and function as alarge, single elastic mass, thus increasing the shear strength of the
asphalt mixture. Conversely, instead of locking together, smooth, rounded aggregate particles
tend to slide past each other.

If the aggregate provides a high degree of internal friction, f, the shear strength of the
asphalt mixturewill beincreased and, therefore, the resistanceto rutting. Thisisaccomplished
by selecting an aggregate that is angular, cubical, has arough surface texture, and is graded in

amanner to develop particle to particle contact (6).

2.3.2 Aggregate Gradation

R. P. Elliot et a. (13) conducted an investigation to evauate the effect of different
aggregate gradations on the properties of agphalt mixtures. The aggregate blends included:
coarse, fine, mid-band (job mix formula- JIMF), and two poorly graded materialsfrom coarser
than JMF to finer than IMF (coarse-fine gradation), and from finer than JIMF to coarser than
JMF (fine-coarse gradation). From thisinvestigation, they concluded that:

« Variations in gradation have the greatest effect when the general shape of the

gradation curve is changed (i.e., coarse-to-fine & fine-to-coarse gradations).



» Fine gradation produced the highest Marshall stability, while the fine-to-coarse
poorly graded gradation (with hump at sand sized) produced the lowest Marshdl
stability.

N. C. Krutz and P. E. Sebady (14) evaluated the effects of aggregate gradation on

permanent deformation of HMA mixtures for the Nevada Department of Transportation and

concluded:

» The best aggregate gradation is dependent on the type and source of aggregate.
» Coarse aggregate gradations (bottom of band) performed the worst and fine
aggregate gradations (middle and top band) produced better performing mixtures.

R.B.Mooreand R. A. Welke (15) found that, as the mixture gradation approached the
Fuller curve for maximum density, the Marshall stability increased.
T.W. Kennedy et al. (8) stated that, in order to prevent permanent deformation of HMA

pavements, one should:

* Avoid gradations near the maximum density because, although they theoretically
produces the strongest HMA mixtures, due to their relatively low voids in the
mineral aggregate, these types of mixtures are very sensitiveto asphalt content and
present the risk of flushing due to inevitable variations during construction.

» |t is better to use aggregates with angular particles because they exhibit greater
interlock and internal friction and, hence, result in greater mechanical stability than
rounded particles.

» |tisbetter to use aggregates with rough surface texture because they tend to form
stronger mechanical bonds when compared to smooth-textured aggregates and

provide higher VMA in acompacted mass.
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2.3.3 Fine Aggregates

C. Crawford (16) concluded from astudy related to tender mixturesthat particle shape
and the amount of material passing the No. 4 sieve (4.75-mm) were major factors contributing
to the tenderness of an asphalt concrete mixture. He aso stated that rounded, uncrushed
aggregates are more likely to contribute to tender mixtures and, therefore, more rutting
susceptible, especially as the amount of uncrushed material passing No. 4 sieve increases.

M. Herrin and W. H. Goetz (17) found from a laboratory evaluation that the strength
of the asphalt mixture, regardless of thetype of coarse aggregate, increased substantially when
the fine aggregate was changed from rounded sand to crushed fine aggregates.

B. F. Kalasand J. M. Griffith (18) studied the influence of fine aggregates on asphalt
paving mixtures and demonstrated that an increasein angul arity of crushed finesincreased the
Marshall and Hveem stability values at theoptimum asphalt content. Anincreaseinangularity
in the fine aggregate also increased the void content at a given compaction level and the
optimum asphalt content.

E. Shklarsky and M. Livneh (19) found that replacing natural sand materias with
crushed fine aggregate increased the stability and strength properties of Marshdl specimens,
reduced permanent deformation, improved resistance to wear, reduced asphalt content
sengitivity, and increased VMA and air voids in the compacted specimen.

R. R. Lottman and W. H. Goetz (20) stated that increases in strength of HMA were
attributed to the angularity and the roughness of the crushed fine aggregates. The authors
recommended that some amount of crushed fine aggregate beused withnatural sandsin asphalt
mixtures to produce sufficient stability for high quality pavements.

J. W. Button and D. Perdomo (21) demonstrated that total deformation and rate of
deformation increased as the percentage of natural sand increased. Shape and texture of the
fine aggregate were mgor factors controlling plastic deformation in HMA. Replacing natural
sand material with manufactured sand increased the resistance of the HMA to permanent

deformation.
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2.34 Coarse Aggregates

M. Y eggoni et al. (22) conducted alaboratory study to evaluate theinfluence of coarse
aggregate shape and texture on permanent deformation characteristics of HMA mixtures. The
authors concluded that an increase in the percentage of crushed coarse aggregate resulted in
increased Hveem stability, Marshdl stability, and res stanceto permanent deformation. They
also found astrong correlation between rutting potential and the shape of the coarse aggregate
particles as measured using image analysis.

E. R. Brown et al. (23) concluded that the maximum aggregate size greatly affected the
pavement performanceand that |arger maximum aggregate sizesproducehigher gability, better
skid resigtance, and lower optimum asphalt contents.

Y.R.Kimetal. (24) demonstrated that aggregate type has significant effectsonfatigue
resistance and permanent deformation of asphalt concrete. Gradation had no significant effects
on permanent deformation. Interactions of aggregate type with gradation, asphdt type, air
voids, and temperature were found to be significant for the permanent deformation of asphalt
concrete.

C. E. Basset and E. R. Brown (25) concluded that:

« Very little change in indirect tensile strength as maximum aggregate size is
changed.
« If the maximum aggregate size increases, the mixture will be more resistant to

permanent deformation and will have greater resilient modulus values.

235 Filler

E. R. Brown et a. (23), from various laboratory and field studies, concluded that
additional minus No. 200 (filler) material produced a lower optimum asphalt content (filler
material fillsthe voidsin certain asphalt mixtures and lowers the optimum asphalt content), a
higher sability, and amore asphalt sensitive mixture. Somefiller isrequired for stability, but
an excessive amount (greater than 6 percent in conventional mixtures) produced unsatisfactory

mixtures.
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D. A. Anderson (26) and J. P. Tarrisand D. A. Anderson (27) stated that mineral filler
characteristics vary with the type and gradation of the filler. Care must be taken to consider
not only the amount of filler, but also its particle size distribution in evaluating whether an
excessive amount of filler is present in amixture design. If the size of minerd filler particles
issmaller than about 10 microns, i.e., smaller than the asphalt film thicknessin the HMA, the
filler acts as an extender of the asphalt binder. But, if the mineral filler sizeislarger than 10
microns, it acts more like an aggregate. If an excessive amount of large size mineral filler is

present, the asphalt demand may increase.

24  SPECIFICATIONSTO REDUCE RUTTING
Many agencies around the United States have adopted specificationsto address rutting

distressin asphalt concrete pavements. The main criteriaadopted are:

* Increase the percentage of VMA. For instance, Illinois DOT has increased VMA
from a minimum of 11-13 percent to a minimum of 15 percent for 1/2- inch
mixtures.

e Fix a minimum and maximum percentage of air voids in the asphdt concrete
mixture. For instance, lowa DOT has fixed thelimits at 3.5 and 6.0 percent.

* Increase the number of blowsin the Marshall compaction (lower binder content).

e Limit the amount of natura sand. FHWA recommends no more than 15 percent.

* Fix aminimum percentage of crushed coarse and fine aggregate.

» Increase the percentage of filler in the mixture.

o Usedtiffer asphdt cements binders.

» Use coarser aggregate gradations with appropriate asphalt binder for climate and

traffic conditions, as with Superpave.

The authors believethat, with coarser HMA mixtures, the VMA and possibly arr void
content should likely decrease to improve resistance to rutting. Thiswill be discussed more

later. In order to minimize permanent deformation in asphalt pavements, certan aggregate
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requirements were fixed in Superpave: coarse aggregate angul arity, fine aggregate angul arity,
flat-elongated requirements, and gradation controls. These issues, as well as the other

Superpave requirements, will be discussed in the next chapter.

25 RECENT STUDIES ON SUPERPAVE RESTRICTED ZONE

Soon after theinception of the Superpave mixture design method, the paving industries
and agencies realized some of their successful HMA mixtures did not meet the Superpave
specifications. Some mixtures exhibiting good performance pass through the restricted zone.
A recent paper presented by Hand et a. (9) summarizes results of recent research focusing on
the effect of restricted zone on performance of HMA. Thisreview of recent studies indicated
that good performance can beachieved with finegraded (ARZ and TRZ) mixturesand, in most
cases, fine Superpave mixtures out perform coarse Superpave mixtures. His study concluded
that thereis no relationship between the Superpaverestricted zone and HMA rutting or fatigue
performance.

In 1996, David Jahn (2) stated that most of the Georgia DOT mixtures which have
exhibited good performance pass through the restricted zone. GeorgiaDOT set avery narrow
band of combined aggregate gradation for their 19-mm mixtures. Thisband iswell suited for
thelocal aggregate source, and resulting HM A mixtureshave been used successfully for heavy
traffic. Inorder to passthe GeorgiaDOT specification, one(practically speaking) hastoviolate
the restricted zone. Watson et al. (28) indicated similar findings. He mentioned that Georgia
DOT’ sgood-performing Type B (19.0-mm nominal maximum size), Type F (9.5-mm NMYS),
and Type E (12.5-mm NMS) mixtures usually encroach the restricted zone. These mixtures
resulted from extensive research and are performing well in high-volume traffic roads. The
Type B mixture exhibited exceptional field performance in rutting susceptibility.

T. Kuennen (29) discussed two years of field experience with Superpave pavements.
Hementioned that, incertain regionsof the country, Superpave mixesareperformingwell even
though the mixtures include aggregate fines that fall within the restricted zone.

B. Prowd| (30) studied the field and laboratory performance of HMA to evaluate the

performance of stabilizers and modifiers. Ten test sections were built in 1995 on IH 66, in
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Virginia. The test sections were constructed using both dense-graded Marshall and coarse-
graded Superpave mixtures. Dense-graded Marshall mixtures followed all the Superpave
volumetric requirements except of the gradation, which passed through the restricted zone.
Prowell mentioned that all of the test sectionsare rut resistant and are performing well after 45
months of service.

Anderson et a. (3) evaluated a Superpave mixture design data base. In that study, the
researchers examined 128 trial aggregate blends used for mixture design during the period of
1992-96. Their objective wasto set a guideline for the mixture designers, more specificdly,
they were focused to identify the gradation or gradation characteristics which can yield
adequate VMA for the mixtures. They tried to find a correlation between VMA and the
distancefrom maximum density line on the 0.45 power gradation chart or distance from the
restricted zone. They did not find any statisticaly good correlation betweenVMA inan asphalt
mixture and the sum of the distances from the Superpave maximum density line or the sum of
the distances from the restricted zone. In the same study, the researchers designed and
evaluated HMA of four different gradations using only one aggregate source. The combined
gradations were a S-shaped coarse gradation, a fine gradation above the restricted zone, an
intermediate gradation passing through the restricted zone, and a S-shaped coarse but with
slightly humped gradation. Theasphalt mixtureswere eval uated using simpleshear at constant
height and repeated shear at constant height test using the Superpave shear tester. The
researchersnoticed that the gradation above restricted zone performed the best and thosebel ow
restricted zone performed the worst. They concluded that contrary to the common contention,
finer gradations have stronger aggregate structure than coarse gradations.

Sousaet d. (31) evaluated the effect of aggregate gradation on thefatiguelifeof HMA.
In this study, 100 percent crushed granite with gradations passing above, through, and below
the restricted were used. To evauate fatigue life of HMA, four-point bending fatigue tests
were performed according to the SHRP M009 test protocol. Fatigue lives of 230 actual
|aboratory tests were compared with predictions by Shell, Asphalt Institute, and SHRP-A003

fatiguepredictive equations. Oneof their conclusionswasthat thefine-graded mixtures(above
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(ARZ) and through (TRZ) therestricted zone) out-performed those bel ow (BRZ) the restricted
zone, with respect to fatigue life.

Van-de-Ven et a. (32) reported on a joint study between University of Stellenbosch,
South Africa and South Central Superpave Center (located then at Austin, Texas). The
objectiveof thisresearch wasto examinethe Superpave aggregategradation and fine aggregate
angularity specification. Basically, three gradations: above, through, and below the restricted
zone were used. The nominal maximum size of 100 percent crushed aggregate used in the
study was 9.5 mm. For mixtures below restricted zone, researchers used fine aggregates with
different FAA values. Even though the mixtures were designed using the Superpave
volumetric method, some of the mixtures did not meet all of the Superpave requirements.
Obvioudy, therestricted zone requirement wasviolated intentionally. SST and Model Mobile
Load Simulator (MMLYS) were used to evaluate relative properties of HMA. Dynamic creep
and indirect tensile tests were also performed. The authors pointed out that asmall variation
in nominal maximum aggregate size of a mix may change the restricted zone of that mix.
Although based on the limited data, one of the conclusions of this research was that the
mixtures passing through the restricted zone perform well and sometimes better than those
below or above the restricted zone.

Cooley, (33) expressed concern that the Superpave coarse mixtures ( gradationspassing
below the restricted zone) are more permeable than pavements previously designed with
Marshall hammer.

Rouque et al. (34) examined the influence of aggregate gradation on shear resistance
and volumetric properties of HMA. Other objectives of that study were to find an optimized
aggregategradation to maximizeshear resistanceto determineif it ispossibleto produce dense
gradations that provide shear resistance equal to or greater than that of stone matrix asphalt
(SMA) mixture. Eighteen mixtureswere prepared using different coarse aggregate gradations
ranging from SMA to those near the maximum density line. Gradations near the maximum
density line can be considered as TRZ (9). Shear resistance of mixtures were estimated using
the gyratory shear value determined from Corpsof Engineersgyratory test machine. Thisstudy
showed that a broad range of aggregate gradations ranging from TRZ to SMA can yield good
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shear resistance in HMA. Gradation of the coarse aggregate fraction is the most pronounced
factor affecting the shear resistance of theHMA. VMA could not berelated to shear resistance
of the mixture.

El-Basyouny et al. (35) studied the effect of aggregate gradation, nominal maximum
size, and binder content on the rutting related volumetric propertiesof HMA mixtures. Inthat
study, mixtureswere prepared using aggregatewith different gradations(ARZ, TRZ, and BRZ).
Using the results from uniaxial creep tests, VESY S-3AM software predicted their rutting
potentid. Thissoftware predicted a10-mm rut depth for TRZ mixture and an 11-mm rut depth
for ARZ and BRZ mixture.

During 1994-95, a 2.9-km oval test track (WesTrack) was constructed at the Nevada
Automotive Test Center near Reno, Nevada under the sponsorship of FHWA (Project No.
DTFH61-94-C-00004) and National Cooperative Highway Research Program (NCHRP Project
No. 9-20). Thisfull-scaletest track contained 26 test sections. Two of the several objectives
of these test sectionswere to examine the effect of variability of construction and materialson
the performance of HMA and to establish afield verification of the Superpave mixture design
and analysis system. Beginning in 1996, loading was applied with driverless triple
trailers/trucks operating at a speed of 65 km/hr. During March 1996 to June 1998, 4.7 million
80-kN ESALswereapplied (9). Numeroustypesof pavement performance datawere collected
bi-weekly and monthly.

The WesTrack test sections originally constructed included three different gradations:
fine (ARZ), S-shaped coarse (BRZ), and fine plus (fine gradation with additional bag house
fines) graded mixtures. Crushed gravel and PG 64-22 asphalt were used for these sections.
The amount of filler, asphalt content, and air voids were varied systematically to simulate
construction variability inthefield (9). The mixtures were designed following the Superpave
volumetric mixture design system. Performance of the BRZ mixture sections were
unexpectedly poor. These coarse-graded sections exhibited the greatest amount of rutting and
fatigue cracking of all mixture variable combinations. All coarse-graded sections were
replaced with similar gradations but different aggregate (100 percent crushed granite). Other

variableswere kept essentially the same. The performance of these replacement sections were

17



evenworse. Both typesof fine-graded sections exhibited clearly better performance than the
coarse-graded sections.

National Pooled Fund Study 176 was conducted in two phases (36). One objective of
this study was to investigate the effect of aggregate gradation on permanent deformation of
HMA and validate the Superpave volumetric specification. Phase | of this study was limited
to only six mixtures containing limestone and limestone sand. Phase Il of this study was
conducted with twenty-one mixtures. These mixtureswerecomposed of two coarse aggregates
(granite and limestone) and three fine aggregates (granite, limestone, and natural sand). Two
aggregaes (nominal maximum size 19.0 mm and 9.5 mm) with gradations ARZ, TRZ, and
BRZ were used for mixture design.

Mixture performance was evaluated (36) using Superpave volumetric mixture design
data, atriaxial test, PURWheel |aboratory-scale wheel track test, and Indiana DOT/Purdue
University prototype-sca e accd erated pavement test (APT). Thetriaxial test was performed
in the dry condition. Specimens compacted using the Superpave gyratory compactor (SGC)
wereaxially loaded at aconstant confining pressureto 1.0 percent compressivestrain. Stresses
obtained at this strain level were plotted against asphalt content. From that plot, the authors
suggest that the mixtures could be observed to trandtion from a stable state to unstable state.
PURWhesl isalaboratory-scaletorture test device. It can be operated on acompacted slab in
the dry or wet condition. Twenty thousand wheel passes or 12.5-mm rut (whichever comes
first) was applied on the compacted slab at a tire pressure of 793 kPa. The INDOT/Purdue
APT isaprototype-scd etorturetest device where oneor two directiond wheel (or dual wheel)
loads can be applied on compacted mat. The APT ismore suitableto simulate thetruck traffic
than the PURWhes!.

The authors (36) summarized their observations stating that both laboratory and
prototype-scd e performance testsindicated that adequate rutting performance can be achieved
with gradationsARZ, TRZ, and BRZ. They found that ARZ and TRZ mixtures might provide
dlightly better performance than BRZ mixtures. APT results did not show clear trend.

Mallick et al. (37) conducted arelated study. Their objective was to evaluate rutting
potential of HMA with gradationsboth complying with and violating the Superpave restricted
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zone. In that study, researchers designed HMA mixtures containing granite, limestone, and
gravd. All three aggregates were crushed. Gradations used were ARZ, TRZ, and BRZ.
Mixtures were designed for wearing courses and binder courses usng 12.5-mm and 19.0-mm
nominal maximum size of aggregate, respectively. Only one type of asphalt (PG 64-22) was
used. Test samples, compacted usng the SGC, weretested using the APA and repeated shear
at constant height test. APA and RSCH tests were conducted using 8,000 and 5,000 cycles,
respectively.

The researchers (37) summarized their observations by stating that the statistical
analyses of APA rut depth data obtained on all mixtures indicated sgnificant differencesin
performance among different gradations. They observed that, for granite and limestone, BRZ
generally exhibited the highest and TRZ exhibited the lowest rut depths, and ARZ showed
intermediate rut depths. For river gravel mixtures, the order from highest to lowest rut depth
wasARZ, BRZ, and TRZ. Test resultsfrom RSCH was not as definitive as that from APA,
but it followed the same genera trend. The BRZ limestone mixture yielded the highest peak
shearing strain for both wearing and binder courses. TRZ river gravel showed the lowest and
ARZ river gravel showed the highest peak shearing strain for both wearing and binder courses.

Very recently, the National Center for Asphdt Technology (NCAT) completed
construction of a2.7-km oval test track near Auburn, Alabama. Thistrack will beusedfor full-
scal e accel erated testing of flexible pavements. HMA mixtures with coarse, fine, and through
restricted zone gradations mixtures will be used to construct the test sections. Thisfull-scale
testingfacilitywill providean excdlent opportunity to examinethe effectsof gradation onfield
performance.

Onthebasisof resultsfrom previousresearch, theauthorsfoundthat rut resistant HMA
can be developed using fine-graded mixtures. Most of the studies indicated that the ARZ
and/or TRZ gradation Superpave mixtures exhibit less permanent deformation than coarse-
graded BRZ Superpave mixtures. Some researchersconcluded that mixtureswith adequaterut

resistance can be produced with either of the gradations.
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CHAPTER 3
EXPERIMENTAL PROGRAM

3.1 PLAN OF STUDY

This research focused on examining the effects of crushed and uncrushed aggregate
gradationson permanent deformation in Superpave HMA mixtures. The coarseside (plusNo.
4 sieve) of the grading curve remained unchanged, whilethefine side (minus No. 4 sieve) was
varied in order to pass through, above, and below the restricted zone. Laboratory tests were

used to predict pavement rutting (Table 1). Thework plan was divided in the following steps:

» Materials selection and acquisition: This phase includes identification and
collection of the four aggregate types (partially crushed river gravel, crushed
granite, crushed limestone, combination of partially crushedriver gravel & rounded
natural sand) and one binder to prepare the HMA blends.

e Asphat cement and aggregate characterization: The individual mixture
components were tested to determineif they meet Superpave requirements.

» Superpave mixture design: Several trial blends were prepared to obtain the design
aggregategradation and asphalt content for thedifferent mixtures (4 aggregatetypes
x 3 gradations = 12 HMA designs).

« Asgphalt concrete mixture evaluation: Performance tests to establish rut resistance
of the HM A mixtureswere performed. Performance test of HMA includestheuse

of Superpave Shear Tester and Asphalt Pavement Anayzer.

Thetest plan includes preparation of HMA specimens with three aggregate gradations
(ARZ, TRZ, and BRZ) with all four aggregates using design or optimum asphalt content. For
each of these aggregate gradations and asphalt contents, different sets of specimens were
prepared at different degrees of compaction (different air void leves). As specified in
Superpave, replicate specimenswere tested to improve the reliability of the results.
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Since the river gravel mixtures proved more susceptible to permanent deformation,
additional specimens were prepared with high and low asphalt contents (Table 1). After the
first three mixtures showed no effect of the restricted zone, a fourth low-qudity mixture
containing river gravel and rounded (uncrushed) fines was designed. This was done to

determineif arut-susceptible mixture contai ning rounded sand show any effect of therestricted

zone. Thismixture did not meet all the Superpave criteria (FAA and VMA).
Tablel. Different Mixturesand Test Description

Agoregate Name of Asphalt Content Number of Air Test
Tests Specimens | Voids Temperature
(%) (O
Partially SSCH Design, high, & low | 2* 7 4, 20, and 46
Crushed River | FSCH Design, high, & low | 2* 7 4, 20, and 46
Gravel RSCSR High 2 3 46
RSCH Design 2 4 46
APA Design 3 pair 4 64
100 % Crushed | SSCH Design 2* 7 46
Granite FSCH Design 2* 7 46
RSCSR High 2 3 46
APA Design 3 pair 4 64
100 % Crushed | SSCH Design 2* 7 46
Limestone FSCH Design 2* 7 46
RSCSR High 2 3 46
APA Design 3 pair 4 64
Crushed River | SSCH Design 2* 7 46
Grave & FSCH Design 2* 7 46
Rounded Sand | RSCSR High 2 3 46
APA Design 3 pair 4 64

* Same specimen is used for both SSCH and FSCH test
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3.2MATERIALSSELECTION AND ACQUISITION

Thisstudy focused on crushed river gravel because, anong thethree primary aggregate
types, river gravel was assumed to be most proneto permanent deformation, since it presents
partially rounded particle shape and relatively smooth surface texture. Although the river
gravel was crushed, it retained some rounded faces with smooth surface texture. Studies
conducted by R. C. Ahlrich (38) and A. Chowdhury (39) demonstrated that crushed river gravel
aggregaes often contain rounded particles with smooth surface texture even after crushing.
Granite and limestone were selected because they posses widely different characteristicsand
are commonly used in asphalt pavements.

The origin of the aggregates used in this study are: partially crushed river gravel from
McAllen, Texas (Fordyce); crushed limestone from Brownwood, Texas (Vulcan Materials);
and crushed granite from Forsyth Quarry, Georgia(Martin Marietta). Thefourthaggregate,i.e.,
the combination of coarse crushed river gravel and rounded natural sand was selected
intentionally to develop a poor HMA mixture. The rounded natural sand was collected from
the Brazos river valley in Brazos county, Texas. The crushed gravel, limestone, and granite
have demonstrated generally good field performanceinHMA. About oneton of each of these
aggregates was obtained for mixture design and specimen preparation.

Binder selection was according to the Superpave binder specification (AASHTOMPL,
Appendix A). In this specification, the binders are selected on the basis of the climate and
trafficinwhich they areintended to serve. The geographic location selected for thisstudy was
Lubbock, Texas, and the traffic level selected was between 3 and 10 million ESALSs for
limestone, river gravel, and natural sand aggregates, and between 1 and 3 million ESALsfor
granite. Thetrafficlevel for graniteisdifferent becauseitsgradation curve passing through the
restricted zoneisagradation curve commonly used in Georgia(provided by the GeorgiaDOT),
and researchers could not achieve a Superpave volumetric mix design for 3 to 10 million
ESALs. Thesetraffic (1 to 10 million ESALS) levels were selected because they correspond
tointermediate levels of analysisin Superpave, and they are anticipated to be the predominant
Superpave analysis used in typical highway applications (6). The PG grade that corresponds

to this geographic location and the traffic levels, obtained from Superpave Software version
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2.0 program using a 98% reliability, is PG 64-22. Researchers assumed that the projected
pavements will be subjected to fast moving loads, so no adjustment for the binder grade was

required.

3.3TESTSFOR ASPHALT CEMENT CHARACTERIZATION
One of the three major components of the Superpave mixture design process is the
asphalt binder performance grading specification (AASHTO MP1). Asphalt binder is tested

in conditions that ssimulate its critical sages during the service, such as:

« During transportation, storage, and handling - original binder is tested.

e During mix production and construction - simulated by short-term aging the
original binder in arolling thin film oven (RTFO).

o After 5to 10 years of service - ssimulated by long term aging the binder in the
rolling thin film oven test plus the pressure aging vessel (PAV). Inthe PAV, the
RTFO residue is exposed to high air pressure and temperature for 20 hours to

simulate the effect of long-term pavement aging.

Results of the binder tests are included in Appendix A.

3.3.1 Dynamic Shear Rheometer (DSR)

Researchers used the DSR to characterize viscous and elastic behavior of asphalt
binders at high and intermediate service temperatures. The DSR measures the complex shear
modulus (G") and phase angle (d) of asphalt binders at desired temperature and frequency of
loading. Complex modulus is a measure of the total resistance of a material to deformation

when repeatedly sheared. It consists of two components:

« Storage modulus (G') or the dastic (recoverable) part,

e Lossmodulus (G") or the viscous (non recoverable) part.
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Thelag time between theapplied peak stressand resulting peak strainisthe phaseangle
(d). For perfectly elastic materials the phase angleis 0 degrees, and for perfectly viscous fluid
materidsit is 90 degrees. Asphalt bindersbehave like elastic solids at very low temperatures
and like viscous fluids at high temperatures. However, a typical pavement service
temperatures, it behaves like a viscoel astic material, therefore, d will be greater than zero but
smaller than 90 degrees (4).

The DSR is used to determine the rutting parameter of the asphalt binder at high
temperatures for unaged binders and short-term aged binders. For rutting resistance, a high
complex shear modulus (G") value and low phase angle (d) are both desirable. Higher G
valuesindicate stiffer binders that are more resistant to rutting. Lower d valuesindicate more
elastic asphalts that are more resistant to rutting. Therefore, alarger G'/sin d signifies more
resistance to permanent deformation by the asphalt binder.

The DSR is also used to determine the fatigue resistance of the asphalt binder at
intermediate temperatures for long-term aged binders. For fatigue resistance, alow complex
modulus value and a low phase angle are both desirable. Therefore, smaller values of G'sin

d indi cate more resistance to fatigue cracking.

3.3.2 Bending Beam Rheometer (BBR)

The BBR measures a binder’ sresistance to thermal cracking. Thermal cracking may
occur in asphalt pavementswhen thetemperature dropsrapidly at low temperatures. TheBBR
usesatransient creep bending |oad onthe center of an asphalt beam specimen held at aconstant
low temperature. Thistest isperformed on asphalt binder that has been subjected to long-term

aging. From this test, two parameters are obtained:

» Creep stiffness - a measure of how the asphalt binder resists the constant creep
loading.
* m-value - which isameasure of the rate at which the creep stiffness changes with

time of loading.
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If creep stiffness increases, the thermal stresses developed in the pavement due to
thermal shrinking also increase, and therma cracking becomes more likely. If m-value
decreases (the curve flattens) the ability of the asphalt binder to relieve thermal stresses

decreases, and the propensity of thermd cracking increases.

3.3.3 Direct Tension Tester (DTT)

The DTT measures thelow temperature ultimate tensile strain of the binder. Thistest
is performed using binder subjected to long-term aging. The DTT isperformed only when the
asphalt creep stiffness obtained from the BBR is greater than 300 M Pa but smaller than 600
MPa. The DTT is performed because there are some asphalt binders which may have high
creep stiffness but do not crack because they can stretch further beforebreaking. Larger failure

strain indicates more ductile binders and, therefore, more resistant to cracking.

3.34 Rotational Viscometer (RV)

The rotational viscometer was adopted in Superpave for determining the viscosity of
asphalt binder a high temperatures, primarily to ensurethat it is sufficiently fluid for pumping
or mixing. Rotational viscosity is determined by measuring the torque required to maintain a
constant rotational speed of acylindrical spindle. HMA mixing and compaction temperature

ranges are determined using the rotational viscometer

3.3.5 Mixing and Compaction Temperature

Superpave HMA mixtures are mixed and compacted under equiviscous temperature
conditions corresponding to 0.17 Pa-sand 0.28 Pa-s, respectively (6). Viscosty of the asphalt
was tested using Brookfield rotational viscometer at 135°C and 175°C. Plottingtheresult in
a viscosity versus temperature graph (log-normal), the mixing and compaction temperature
ranges were determined.

Details of the binder testing results and determination of the mixing and compaction

temperatures are described in Appendix A.
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3.4 TESTSFOR AGGREGATE CHARACTERIZATION
Superpave specifications contain two categories of aggregate properties. consensus
properties and source properties (6). Consensus properties are those aggregate characteristics

which are critical to well performing asphalt mixtures. These propertiesinclude:

o Coarse aggregate angul arity,

Fine aggregate angul arity,

Flat and elongated particles, and

Clay content.

The specific criteria for these consensus aggregate properties are based on traffic leved and
position of the layer within the pavement structure.

Sourcepropertiesarethose aggregate propertiesthat, although important for the asphalt
mixture performance, they were not considered critical, and no critical vadues for those
propertieswere defined by Superpave (4). Criteriafor the aggregate source properties are left

for the local agencies. Those properties include:

« Toughness,
e Soundness, and

e Dedleterious materials.

Only the consensus aggregate propertieswere consideredin thisstudy becausethey can
be related to permanent deformationin HMA mixtures. The source aggregate propertieswere
not examined since these tests do not correlate particularly well with pavement deformation
(40, 41).

3.4.1 Coarse Aggregate Angularity (CAA)
CAA isthe percent by weight of aggregates larger than No. 4 (4.75-mm) with one or

more fractured faces. Higher CAA enhances coarse aggregate internal friction and thusHMA
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rutting resistance (6). CAA was measured following ASTM D 5821-95. A fractured faceis
defined asan angular, rough, or broken surface of an aggregate particle created by crushing, by
other artificial meansor by nature. A facewill be counted asfractured only if it hasaprojected
areaat least aslarge as one quarter of the maximum projected area (maximum cross-sectional
area) of the particle and the face has sharp and well defined edges (42).

Superpave has a required minimum value for CAA as a function of traffic level and
position within the pavement. The traffic level selected was less than 3 million ESALSs for
graniteblendsand lessthan 10 million ESAL sfor limestoneand river grave blends. Thedepth
from the surface selected was less than 100 mm primarily because the study is focused on
plasticdeformation intheasphalt layers, andthistype of rutting occursmainlyin the uppermost
asphalt layers.

Tables 2, 3, and 4 show that the aggregates meet the coarse aggregate angularity
requirements except for the 19-mm river gravel, which does not meet either of the fractured
faces criteria. However, this material can be used as long as the selected blend of coarse

aggregae meets the design criterion.

Table2. CoarseAggregate Angularity for River Gravel (alsoused with Rounded Sand)

Aggregate Size 1 + Fractured Minimum 2 + Fractured Minimum
Faces Criterion Faces Criterion
19 mm 82 85 72 80
12.5 mm 89 85 84 80
9.5mm 93 85 90 80
4.75 mm 98 85 95 80
Coarse Gradation o3* 85 89* 80

*Each of the three river grave blends has the same coarse aggregate proportions.
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Table3. Coarse Aggregate Angularity for Granite

Aggregate Size 1 + Fractured Minimum 2 + Fractured Minimum
Faces Criterion Faces Criterion
19 mm 90 75 85 -
12.5 mm 95 75 91 -
9.5mm 97 75 94 -
4.75 mm 99 75 98 -
Coarse Gradation o7* 75 o3* -
* Each of the three granite blends has the same coarse aggregate proportions.
Table4. Coarse Aggregate Angularity for Limestone
Aggregate Size 1 + Fractured Minimum 2 + Fractured Minimum
Faces Criterion Faces Criterion
19 mm 92 85 88 80
12.5 mm 96 85 93 80
9.5mm 98 85 95 80
4.75 mm 99 85 97 80
Coarse Gradation o7* 85 94* 80

* Each of the three limestone blends has the same coarse aggregate proportions.

3.4.2 Fine Aggregate Angularity (FAA)

FAA is the percent air voids present in loosely compacted aggregates of a specified
gradation smaller than 2.36 mm. Higher void contents generally mean more fractured faces.
This criterion is designed to ensure a high degree of fine aggregate internal friction and thus
rutting resistance (6). Thetest procedurefollowed wasASTM C 1252, Method A. Superpave

has a required minimum value for fine aggregate angularity as a function of traffic level and
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layer position within the pavement. Design traffic level and depth have been stated in Section
3.4.1. Test resultsare shownin Table5.

Although limestone and crushed river gravel do not meet the FAA criteria (see Table
4), the values obtained were accepted because the measured values are very close to the
minimum criterion, and the aggregate has demonstrated good performance in HMA.
Chowdhury (39) demonstrated that FAA valuesfor aggregate containing 100 percent crushed

but cubical particles were often lower than those for aggregates containing rounded particles.

Table5. Fine Aggregate Angularity

FAA Minimum criterion (%)
River gravel 44.3 45
Granite 48.0 40
Limestone 435 45
River Gravel + 39.0 45
Rounded Sand

3.4.3 Flat and Elongated Particles (F&E)

According to Superpave, F& E isthe percentage by mass of coarse aggregate particles
larger than 4.75 mm that have amaximum to minimum dimension ratio greater than five. This
criterionisan attempt to avoid particleswith atendency to break during construction and under
traffic. Thetest procedure followed was ASTM D 4791 (Table 6).

Superpave has a required maximum vaue for F& E coarse aggregate particles as a

function of traffic level.

3.4.4 Clay Content
Clay content isthe percentage of clay material (by volume) contained in the aggregate
fraction finer than 4.75 mm. Superpave has arequired minimum value for clay content of fine

aggregate particles as a function of traffic level. This property ensures that the relative
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proportion of clay-likeor plastic finesin granular soilsand fine aggregatesisnot too high. The
test procedure followed was ASTM D 2419-95 (Table 7).

Table6. Flat and Elongated Particlesfor Aggregates

Aggregate Aggoregate Percent by Weight Flat Requirement
Type Size and Elongated Particles (maximum percent)
19.0 mm 6
River 125 mm 4 N/A
Gravel
9.5mm 3
4.75 mm 2
Coarse 3* 10
gradation
19.0 mm 8
Granite 125 mm 9 N/A
9.5mm 8
4.75 mm 5
Coarse 8* 10
gradation
19.0 mm 6
Limestone 125 mm 4 N/A
9.5 mm 4
4.75 mm 2
Coarse 4* 10
gradation
River Gravel + Coarse 3* 10
Rounded Sand gradation (Sameas River Gravel)

* Three blends (ARZ, TRZ, and BRZ) of each aggregate has the same coarse aggregate
proportions.
** F& E criterion for all traffic levelsisamaximum of 10% F& E particles by weight of total
particles > 4.75 mm.
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Table7. Clay Content

Aggregate Type Sand Equivaent (%) | Minimum Criterion (%)
River gravel 88 45
Granite 79 40
Limestone 78 45
River Gravel + 89 45
Rounded Sand

3.4.5 Specific Gravity

The specificgravity of theaggregatesisrequired to determinefine aggregate angul arity
aswell asfor the Superpave mixture design. The test procedure followed was ASTM C 127
for coarse aggregates and ASTM C 128 for fine aggregates.

Thecriteriafor distinguishing between coarseand fine aggregatesisthe 4.75-mm (No.
4) sieve. Table 8,9, and 10 provide the specific gravity values for each aggregate used in this
sudy. The specific gravity of the coarse portion of the rounded natural sand mixture wasthe
same as that listed for river gravel of river gravel.

Table8. Crushed River Gravel and Rounded Natural Sand Specific Gravity

Agoregate Size Bulk Specific Bulk Specific Apparent

Gravity (ovendry) | Gravity (SSD)* Specific

Gravity
+19 mm (coarse) 2.578 2.591 2.613
+12.5 mm(coarse) 2.603 2.617 2.642
+9.5 mm(coarse) 2.604 2.619 2.643
+4.75 mm(coarse) 2.597 2.616 2.647
-4.75 mm (fine) 2578 2.609 2.662
Rounded Natural Sand (Fine) 2.572 2.592 2.643

* saturated surfacedry.
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Table9. Granite Specific Gravity

Aggregate Size | Bulk Spedific Gravity Bulk Spedific Apparent
(oven dry) Gravity (SSD) Specific Gravity
+19 mm (coarse) 2.706 2.719 2.743
+12.5 mm(coarse) 2.704 2.718 2.743
+9.5 mm(coarse) 2.704 2.717 2.743
+4.75 mm(coarse) 2.705 2.718 2.742
-4.75 mm (fine) 2.672 2.701 2.752

Table10. Limestone Specific Gravity

Aggregate Size | Bulk Spedific Gravity Bulk Spedific Apparent
(oven dry) Gravity (SSD) Specific Gravity
+19 mm (coarse) 2.668 2.689 2.729
+12.5 mm(coarse) 2.664 2.687 2.726
+9.5 mm(coarse) 2.667 2.687 2.723
+4.75 mm(coarse) 2.668 2.682 2.671
-4.75 mm (fine) 2.633 2.668 2.729

3.5 SUPERPAVE MIXTURE DESIGN
One of thethree mgor components of Superpaveisthe mixturedesign procedure. Once
the aggregates and asphalt materials have been selected and tested, the following steps are

followed to develop the mixture design:
» Develop aggregatetria blends,

» Prepare mixtures,

o Compact specimens,
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e Conduct volumetric analysis, and

« Determine the optimum asphdt content.

Superpave mixtures were designed using AASHTO PP 28-97 standards. The mixture
design data for the different blendsis provided in Appendix B.

3.5.1 AggregateBlends

To properly devel op theaggregate blends, the aggregatesweresieved and separated into
binsthen recombined in preparing asphalt mixtures. Thisseparationwasvery important in order
to obtain accurate mixture gradations, because the differences between the three gradations
developed (ARZ, TRZ, and BRZ) for the different aggregates werefairly small.

The Superpave aggregate gradation controls were maintained using the FHWA 0.45
power chart (Figurel1). Thischartisused to define a permissible gradation. This chart usesa
unique graphing technique where the ordinate shows the percent passing and the abscissaisan
arithmetic scale of sievesizein millimeters, raised to the 0.45 power (4). Themaximum densty
gradation theoretically plotsasastraight line from the maximum aggregate size (two sieve sizes
larger than the first sieve size to retain more than 10 percent) to the origin. The mix gradation
must pass between certain control points. These control pointsfunction asmaster rangesserving
three purposes: to control the top size of the aggregate, to control the relative proportion of
coarse and fine aggregate, and to control the proportion of dust (4).

Thereisan areacalled ‘restricted zone' lying alongthe maximum density line extending
from the 0.30-mm (No. 50) sieve size to the 2.36-mm (No. 8) or 4.75-mm (No. 4) sieve size,
through whichitisundesirablefor amix gradationto pass(5). Thezoneterminates at the 2.36-
mm or 4.75-mm sieve, depending on the nominal maximum size of aggregate used. This
restricted zone was establishedin an attempt to minimizetherisk of poor volumetric properties,
to minimize the amount of rounded, fine sands; and to encourage the development of a strong

aggregae structure in the mixture.
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Figure 1. Superpave Gradation Control for 19.0-mm Mixtures

The restricted zone was adopted by Superpave to reduce premature rutting. However,
it isone of the most controversial components of the Superpave mixture design procedure.

Thelocation of the control points aswell asthe restricted zonedepend on the aggregate
nominal maximum size. In Superpave, the nominad maximum sizeisdefined asonesieve size
larger than the first sieve to retain more than 10 percent of the aggregates. Maximum sizeis

defined as one sieve size larger than the nominal maximum size. Each one of the aggregate

blends sd ected has the same nomind maximum size, which is 19 mm.

Detailed characterizations of thedifferent aggregate blendsisprovidedin Appendix B.
During the devel opment of these aggregate blends, several trial blends were tested in order to

select viable blends.
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3.5.2 Preparation of HMA Mixtures
Oncethe aggregate blends were selected and theinitial trial asphalt binder content was
calculated, the HM A mixtureswere prepared. Thisphase consists of the following main steps:

» Heating the aggregates and asphalt binder to the mixing temperature (159 £+ 3°C).
* Mix both components and short-term age the mixture for 4 hours at 135°C.

» Compaction the mixture at atemperature of 145 + 3°C.

3.5.3 Compaction
All specimens were compacted using the SGC manufactured by Industrial Product
Corporation, Inc., Australia (Figure 2). The SGC was developed by SHRP researchers to

achievethe following objectives:

» Obtain realistic compaction of specimens,

» Bean effective method of compaction for aggregate gradationswith particle sizes
up to 37.5 mm,

» Beableto monitor compactability during the process of compaction, and

« Beportable;

The SGC was based on the Texas gyratory compactor and the French gyratory
compactor.

In Superpave, as with other mixture design procedures, asphat mixtures are designed
using a specific compactive effort. Compactive effort is a function of the design number of
gyrations, N, NgiSusedto vary the compactive effort of the design mixture as afunction of
climate and traffic level. Two other compaction levels are of interest: the initial number of

gyrations (N,,;) and maximum number of gyrations (N,,.,.)-

Log N;; =0.45x Log N
Log N, = 1.10 x Log N
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Climateisrepresented by the average design high air temperature. For Lubbock, Texas,
itis<39 C. Selectedtrafficlevelswere1-3million ESALsfor granite blends, and 3-10 million
ESALsfor limestone, river gravel, and the rounded natural sand mixture, as stated before. For
the selected traffic levels, N;; Ny, and N, are indicated in Table 11. Specimens for the

volumetric analysis were compacted to N,

Figure 2. Superpave Gyratory Compactor by Industrial Process Control

3.5.4 Volumetric Analysis
To complete the volumetric analysis, determination of the bulk specific gravity of the

specimens compacted at N, was required. Bulk specific gravity was determined using the
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standard test method for non-absorptive compacted bituminous mixtures (ASTM D 2726). The
ratio between the measured bulk specific gravity and the estimated bulk specific gravity
obtained from the gyratory compactor at N, isthe correction factor. This correction factor
was applied to the estimated bulk specific gravities of the specimen during the compaction
process. With the data obtained from the Superpave gyratory compactor and the bulk specific

gravity of the specimens, the volumetric analysis can be compl eted.

Table11l. Superpave Gyratory Compactive Effort

N N ges N

River Gravel 8 96 152

Granite 7 86 134

Limestone 8 96 152

River Gravel + 8 96 152
Rounded Sand

Superpave specifiesacceptableval uesfor thefollowing volumetric characteristicsof the

specimen:

e Percentage of air voidsat N

» Percentage of the theoretica maximum specific gravity of themix (% G,,,,) a Niitia
and N,

e Voids in the mineral aggregate (VMA), according to the nominal maximum
aggregate size (19-mm for the blends analyzed),

» Voidsin the mineral aggregate filled with asphalt (VFA), according to the traffic
level,

e Dust proportion, whichisthe percent by mass of the material passingthe 0.075-mm

sieve size divided by the effective asphalt binder content in percent.
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Volumetric criteriafor the different aggregatesis givenin Table 12.

Table12. Superpave Mixture Design Volumetric Criteria

Volumetric Parameter River Granite Limestone | River Gravel +
Gravel Rounded Sand

Airvoidsat N, (%) >2 >2 >2 >2

Air voids at N, (%) >11 >11 >11 >11

Air voids a N (%) 4 4 4 4

VMA at N (%) >13 >13 >13 >13

VFA at N, (%) 65-75 65-78 65-75 65-75

Dust proportion 0.6-1.2 0.6-1.2 0.6-1.2 0.6-1.2

Oncethevolumetric analysis has been conducted in thetrial blends, the asphalt content
of thesetrial blendswas correctedin order to estimate the asphalt content required to obtain 4%
air voids at N, (the most restrictive of all the requirements). With this estimated asphalt
content, the other volumetric characteristics of the blends will change, therefore, they are also
estimated with the equations provided in the FHWA report tilted “ Background of Superpave
Asphalt Mixture Design and Analysis’ (6). After establishing all the estimated properties, the
estimated values obtained for the different trial blends are compared with the volumetric

requirementsto determine if any of thetrial blends are acceptable or if more trials are needed.

3.5.5 Dedgn Asphalt Content
The optimum asphalt content was determined by compacting and analyzing two

specimens at each of the following four asphalt binder contents:

» Estimated asphalt binder content (obtained previously from the trial blends),
» Estimated asphalt binder content + 0.5%,
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Estimated asphalt binder content - 0.5%, and
Estimated asphalt binder content + 1.0%

Compaction and volumetric properties were evaluated for the selected blend at the

different asphalt binder contents. From these values, graphs of air voids, VMA, and VFA were

plotted as afunction of asphalt content. The design asphalt binder content was established at

4.0 percent air voids, and the other mixture properties were checked.

3.6 TESTSFOR ASPHALT CONCRETE EVALUATION
The mixtures designed were tested in the laboratory primarily to evaluate their relative

resistance to permanent deformation. Threetypes of Superpave shear tests were performed on

all mixtures

Simple Shear at Constant Height- A specific shear stressis appliedto the sample at
aconstant rate. This stress value is maintained for 10 seconds, after which it is
reduced to zero at a defined rate. The height of the specimen is kept constant
throughout the test (43).

Frequency Sweep at Constant Height- A sinusoidal shear strain with an amplitude
of £0.05-mm/mm at different frequencies (from 0.1 to 10 Hz) is applied. The
number of cycles applied with each frequency is between 4 and 50 (44). Theheight
of the specimen is kept constant throughout the test.

Repeated Shear Test at Constant Stress Ratio- Repeated shear and axial stressesare
applied with a ratio between 1.2 and 1.5 for a certan number of cydes. The
objective of thistes isto identify whether the mix will exhibit tertiary plastic flow

(tertiary creep) (45).

For the river gravel mixtures, Repeated Shear at Constant Height was also peformed.

Thistest isnot required by Superpave, but it was developed as a simplified method to predict

prematurerutting. Inthistest, repeated shear and axial stressesare applied, but the axial stress,

40



inthis case, isrequired to maintain the specimen at constant height. A detailed explanation of
the tests and results is provided in the next chapter.

All mixtures were tested using Asphalt Pavement Analyzer (Figure 3). Loaded steel
wheels are oscillated over a pneumatic rubber hose located on cylindrical or beam specimens
for a specified number of cycles (usually 8,000) a certain test conditions. The depressions
formed on the sample are measured and termed as APA rut depth. APA rut depth providesan
indication of rut susceptibility of the HMA mixture on a pavement. In this study, only
cylindrical specimens compacted by SGC were tested in the dry condition to assess rutting
susceptibility (Figure 3).

Figure 3. APA Testing Setup (Rubber Hose is not Shown)
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CHAPTER 4
EVALUATING SUPERPAVE MIXTURES

41  SUPERPAVE SHEAR TESTER (SST)

The SST isused for both permanent deformation and fatiguetesting. Itisaclosed-loop

feedback, servo hydraulic sysem that consists of four major componernts.

e Testing apparatus includes a reaction frame and a shear table. The shear table
impartsshear loads. Thereactionframeisextremelyrigid, so that precise specimen
displacement can be measured without displacements due to frame compliance.

» Test control unit consists of the system hardware and the software. The hardware
isthe computer and its peripherd saswell asthe controllersand signal conditioners.
The software are the algorithms required to control the testing apparaus and to
acquire data.

« Environmental control unit maintains constant temperature and air pressure inside
the testing chamber.

» Hydraulic system provides the required force to load specimens according to the

required testing conditions.

The control unit and the testing apparatus are connected through linear variable
differential transducers(LVDTSs). TheLV DTsarefixed to the specimen to measureand control

specimen deformations (4).

4.2 PERFORMANCE TESTS

Accordingtothetrafficlevelsselected for thissudy, anintermediate analysisisrequired
for the HMA mixtures made using four aggregates. This analysis prediction of permanent
deformation requires:

» frequency sweep at constant height (FSCH),

« simple shear at constant height (SSCH), and

» repeated shear at constant stress ratio (RSCSR).
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Figure4. Cox SST MachineUsed for HMA Evaluation

The simple shear at constant height and the frequency sweep tests, for Level Il analysis,
are performed at a specified temperature caled effective temperature for permanent
deformation, T(PD). T.(PD) isdefined asa singletest temperature at which some amount
of permanent deformation would occur equivalent to that measured by considering each season
separately throughout the year. A detailed procedure for obtaining T (PD) isincluded in the
SuperpaveMix Design Manual for New Construction and Overlays, Report SHRP-A-407 (45).
For this study, T(PD) was calculated as 46°C for Lubbock, Texas.

Repeated shear at constant stress ratio test is performed at a control temperature, T,
whichisobtained fromthe T(PD) andthetrafficlevel (45). Several specimenswere prepared
andtested a T, but test resultswere questionabl e, therefore, new specimenswere prepared and
tested at T.(PD). The possible reasons for this inadequate test performance a T, may be
because of the high temperatures (Reference 45 required testing at 62.8°C), and the
corresponding stress va ues selected to perform this test.
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The frequency sweep at constant height and the simple shear at constant height tests
must be performed at three different asphalt contents:

» Design Asphalt Content- when 4 percent voids are achieved at the design number
of gyrations,

» High Asphalt Content- when 3 percent voids are achieved at the design number of
gyrations, and

» Low Asphalt Content- when 6 percent voids are achieved at the design number of

gyrations.

As stated previously, the river gravel was assumed to be more sensitive to permanent
deformation than thelimestoneor granite, therefore, in order to better characterize itsbehavior,
additiond tests were performed which included additional frequency sweep and simple shear
at constant height tests at 4°C and 20°C, as well as repeated shear test at constant height. For
the granite, limestone and river gravel with rounded natural sand mixtures, a simplified
intermediate analysis was performed. Table 1 summarizes the specimen properties and test

condition for different mixtures.

4.3 SPECIMEN PREPARATION AND INSTRUMENTATION
Specimens were prepared according to the Superpave procedure, asindicated in
Chapter 111. The specimens had the following general characteristics (Table 13):

Table13. Specimen Characteristics

Aggregate mass 4700 gm (approx.)
Asphalt cement mass 250 gm (approx.)
Specimen height 125 mm (approx.)
Specimen diameter 150 mm
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The specimens were prepared at different asphalt contents and compacted to different

air void contents, depending on the test to be performed:

» Frequency sweep at constant height and simple shear at constant height: River
gravel specimenswere prepared at three different asphalt contents (high, design, and
low) and compacted to 7 percent air voids. All other aggregates specimens were
prepared with design asphalt content and 7 percent air voids.

» Repeated shear a constant height: Specimens were prepared at the design asphalt
content and compacted to 4 percent air voids,

» Repeated shear test at constant stressrati 0: Specimenswere prepared at high asphalt

content and compacted to 3 percent air voids.

The tolerance adopted for compaction was one percentage point for air voids for the
frequency sweep and simple shear at constant height. Thisisthetolerance suggested in ASTM
D 4867 M-96 (42) for specimens compacted to evduate moisure sensitivity of asphdt
mixtures. In fact, there was no mention of tolerance for compaction in the AASHTO
provisional standard TP7 (until AASHTO Standard, Interim April 2001).

The tolerance for repeated shear tests at constant stress ratio and constant height was
reduced to 0.5 percentage points, because with low air voids, the mixtures are more sensitive
to permanent deformation. Reducing the tolerance was needed to increase accuracy. A
summary of air void content of compacted specimensislisted in Appendix B.

Both ends of all test specimens were sawed. These saw cuts were perpendicular to the
longitudinal axisof the specimens such that the height of the specimenswas 75+ 2.5 mm. Both
ends have to be smooth and mutually parallel within 2 mm. AASHTO TP7-94 (Standard Test
Method for Determining Permanent Deformation and Fatigue Cracking Characteristics of Hot
Mix Asphalt Using the SST) (43) indicates that, for anominal maximum aggregate size of 19-
mm, the height of the specimen is50 mm. Asthe objectivein thisresearch isto determine the
resistanceto permanent deformation of different asphat mixtureswhile applying shear stresses,

aspecimen height of 75 mm was adopted to ensure adequate accuracy. With the greater height,
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the distance between the ends of the saw cut specimen, which are glued to the platens, and the
LVDTswasgreater, and therefore, the distortion duetotheir proximity to the glued platenswas
smaller.

The specimens were glued to the platens using a Superpave gluing device which
compressesthe specimen between the platenswith a 32-kPaload for 30 minutes, whiletheglue
setsup. Thisgluing devicerigidly holdsthe platens and specimento ensurethat the platen faces
are paralel. Test specimenswere glued to the platens using Devcon high strength, 5-minute,
fast drying epoxy. After setting, the epoxy was subsequently allowed to cure overnight before
testing the specimens.

After marking their locationswith atempl ate, mounting screwswereattached totheside
of the specimen with acyanoacrylate gluewith an accel erator, and, onceit set up, thehorizontal
LVDT holders were attached and the LVDTs were installed. The difference in horizonta
displacement was measured between the two LV DTswith agage length of 38.1 mm. Thetests
were conducted using the Cox & Sons 7000 SHRP Superpave Shear Tester.

The abbreviations used in thisreport areindicated in Table 14. For example, RGAd20
meansRiver Gravel blend with the gradation pass ng Abovetherestricted zonewiththe Design
asphalt content and tested at 20°C.

Table 14. AbbreviationsUsed in the Analysis

RG River Gravel (Partially Crushed)

GR Granite (Crushed)

LS Limestone (Crushed)

NS Rounded Natural Sand (with RG as coarse portion)
T,A,B Through, Above, or Below the restricted zone, respectively
d, h, | design, high, or low asphdt content, respectively

4, 20, 46 Test temperature 4, 20, 46°C
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44 FREQUENCY SWEEPAT CONSTANT HEIGHT

FSCH isashear strain controlled test. Thetest appliesarepeated sinusoidal horizontal
shear strain with apeak amplitude of approximately + 0.005 percent and avariable axid stress
to maintain constant the height of the specimen. It isthe only SST test which uses dynamic
loading. The shear strainisapplied at different frequencies, including 10, 5, 2, 1, 0.5, 0.2, 0.1,
0.05, 0.02, and 0.01 Hz. The specified strain level was sdected during the SHRP program to
ensure that the viscoelastic response of the asphalt mixture is within the linear range. This
means that the ratio of stress to strain is a function of loading time and not of the stress
magnitude. 1n some caseswithin thisrange of frequencies, it hasbeen observed that, at the high
and low frequencies, the behavior becomes nonlinear. In Reference 47, it is shown that the
dynamic shear modulus (ratio of stress to strain) of asphalt cement is approximately linear
between the frequency range of 0.01to 10 Hz.

Before testing, the specimens were preconditioned by applying acontrolled sinusoidal
shear strain at a frequency of 10 Hz for 100 cydes and a peak to peak amplitude of 0.0001
mm/mm. A detailed description of this test method is given in AASHTO TP7, Procedure E
(43) and Superpave Asphalt Mixture Analysis: Lab Notes (46). The number of cycles applied,
sampled cycles, and data points per cycle for the standard procedure wereincreased in order to
increase accuracy of the results (Table 15).

The axial deformation, shear deformation, axial load, and shear load at each of the ten
different frequencies were recorded. The data obtained from the FSCH test was used to
calculate the material properties. dynamic shear modulus (with its real and imaginary parts),

phase angle, and slope of the dynamic shear modulus versus frequency on alog-log scale.

4.4.1 Dynamic Shear Modulus (G") and m-values
Dynamic shear modulus is defined as the ratio of peak stress to peak strain at agiven

frequency. Itisameasure of tota stiffness of asphalt mixtures. It consists of two parts:

e G, rea part or shear storage modulus, elastic behavior.

« G’, imaginary part or loss storage modulus, viscous behavior.
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Table 15. Frequencies, Number of Cydes Applied, and Data Points per Cycle (FSCH)

Frequency (Hz) Total No. of Cycles No. of Cycles Data Points Per
Sampled Cycle
10 50 10 60
5 50 10 60
2 20 10 60
1 20 10 60
0.5 10 10 60
0.2 10 10 60
01 10 10 60
0.05 5 1 60
0.02 5 1 60
0.01 5 1 60

In the Superpave distress model for permanent deformation, the m-value (slope of the
dynamic shear modulus versus frequency on alog-log scae) is used to calculate plastic stran
accumulation during N number of load applications. Validity of the model is based on the
assumption that the higher the test temperature, the higher the m-value will be; and the higher
the m-value, the greater the permanent deformation will be. In Tables 16 and 17 are listed the
different m-values for the different asphalt mixtures. Asindicated previously, in some cases
at extreme frequendes, the behavior was not linear, and, therefore, those values were not
considered in obtaining the slope.

In order to compare the asphalt cement rheology with that of asphat concrete, the
complex shear modulus and shear phase angle of unaged asphalt were determined using the
DSR machineat different frequenciesand at three different temperatures(7, 20, and 46°C). The
test results are provided in Appendix A. Figure 5 exhibits the complex shear modulus (G*)
plotted on log-log chart against frequencies tested a three different temperatures. Complex
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Table16. Parameter m for River Gravel Mixtures

Mixture Type m-valueat 4°C m-value at 20°C m-value at 46°C
RGTd (average) 0.278 0.407 0.260
RGTh (average) 0.287 0.404 0.270
RGTI (average) 0.242 0.342 0.304
RGAd (average) 0.265 0.427 0.283
RGAh (average) 0.393 0.422 0.226
RGAI (average) 0.261 0.339 0.240
RGBd (average) 0.289 0.394 0.210
RGBh (average) 0.321 0.459 0.152
RGBI (average) 0.283 0.419 0.254

Table17. Parameter mfor Granite, Limestone, and Rounded Natural Sand Mixtures

Aggregate Type Mixture Type m-value at 46°C
Crushed Granite GRTd (average) 0.362
GRAd (average) 0.330
GRBd (average) 0.314
Crushed Limestone LSTd (average) 0.440
L SAd (average) 0.419
LSBd (average) 0.337
Rounded Natural Sand NSTd (average) 0.355
NSAd (average) 0.396
NSBd (average) 0.475
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shear modulusof the binder increaseswith decreasing temperatures and increasi ng frequencies.
Thedlopefor the asphalt binder increases with increasing temperaures and approachesavalue

of 1.0 indicating its tendency to behave as a Newtonian fluid at high temperatures.

Fromthe complex shear modulusversusfrequency chart, the m val uesof asphalt cement
were calculated as 0.613, 0.739, and 0.929 at 7, 20, and 46°C temperature, respectively.
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Figure5 Complex Shear Modulus of Asphalt Cement ver sus Frequency

In Figures 6 throughl1, the complex (dynamic) shear modulus of different mixturesare
plotted against the testing frequencies on log-log chart. The following conclusions appeared
warranted form the graphs:

e BasedonFigures6to 11 and Tables 16 and 17, the asphalt mixture dynamic shear
modulus, G, increases when the frequency increases as well as when the

temperaturedecreases(Note: only river gravel mixturesweretested at threedifferent
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temperatures). But the dynamic shear modulus slope (m-value) in the asphalt
mixtures behaves different than in the asphat cement. The slope in the asphalt
mixtures increases with increasing temperatures; it reaches a peak and then
decreases. According to Zhang (47), this is because the rheology of asphalt
mixtures at high temperatureis predominantly affected by the aggregateinstead of
the asphalt binder. On the other hand, at low temperatures, asphalt cement and
mixtures show asimilar trend, indicating that influence of the asphalt cement in the

rheology of the asphat mixturesis more prominent at low temperatures.

Validity of the Superpave performance model isbased on the assumption that higher
test temperature indicate higher m-values and higher m-values indicate greater
permanent deformation. This assumption is not correct, because the m-value
increases with increasing temperatures, reaches a peak between 4°C and 46°C, and
then decreases. The 1993 Superpave performance model might yield unreasonable
predictions if the parameter m is used as the slope of the permanent deformation
performance model equation. As the parameter S of the performance model
eguation is not relaed to the parameter m, it should be determined from arepeated
load test (47).

Comparing the m-values of the mixtures with different asphalt contents and at
different temperatures (Table 16) showsthat the m-val ueisgreater with high asphalt
contentsat low temperatures. But at high temperatures, them-valueishigher at low
asphalt contents. Therefore, at low temperatures, the greater the asphalt content, the
more sensitive to loading times the asphalt mixture will be, but not a high

temperatures.

Two different “rankings’ to characterize the m-values of the asphalt mixtures were
examined. In the first, the different blends (TRZ, ARZ, and BRZ) at the same
temperature and asphalt content were compared (Table 18). In the second, the
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different blendswere compared at the three different temperatures (Table 19). Itis
observed that, at low temperatures, greater m-values correspond to the blends
passing below the restricted zone, but, at high temperatures, greater m-values
correspond to the blends passing through and abovethe restricted zone. Higher m-
values indicate more sengitivity to loading time for the asphalt mixture.

G* is highly temperature and frequency dependent. The G* values in the asphat
mixtures at 46°C, the most concern temperature in permanent deformation ranges
from 1.57x10" to 2.96x10° Pain river gravel (ratio 18.8), from 3.14x10’ to
4.86x10° Pain granite (ratio 14.16), from 1.52x10" to 3.43x10° Pa in limestone
(ratio 22.5), and from 8.13x10° to 1.29x10° Pa in rounded natural sand mixture
(ratio 15.9). Based on these values, the aggregate most sensitive to gradation is
limestoneand theleast sensitiveisthegranite. Thestiffest aggregateis graniteand
the least is river gravel with rounded natural sand. That is, mixtures containing
rounded natural sand were most prone to rutting.

Higher G* values indicate more resistance to HMA permanent deformation.
Comparing the G* curvesfor the different blends and temperatures shows that, for
the river gravel mixtures, greater G* are obtained with low asphalt contents and
lower G* values are achieved with high asphalt contents. Further, blends below the
restricted zone tend to have lower G* values. From the data obtained with the
granitemixtures, thestiffest blends arethose which passthrough therestricted zone.
For the limestone mixtures, no conclusion regarding which oneis stiffer can be
achieved; results depend on frequency (see Table 20). G* for the ARZ mixture
containing rounded natural sand is higher than that of the TRZ and BRZ mixtures.
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Table 18. Comparative Ranking of Asphalt Mixtures Considering m-values

m- River Gravel Granite | Limestone | River Gravel +
value Natural Sand
High Design Low Design Design Design
alc alc alc alc alc alc
4°C A>B>T B>T>A B>A>T - - -
20°C B>A>T A>T>B B>T>A - - -
46°C T>A>B A>T>B T>B>A T>A>B A>T>B B>A>T
Table19. Ranking of Asphalt Mixtures Considering m-values
m-value 18 2 3¢ 4 5 6" 7" g g
(worst) (best)
RGat4'C Ah Bh Bd Th Bl Td Ad Al T
RGat 20°C 5h Ad Ah Bl Td Th BB T Al
RG at 46°C Tl Ad Th Td Bl Al Ah Bd Bh
GR at 46°C Td Ad Bd
LSat 46°C Ad Td Bd
NSat 46°C Bd Ad Td

*) 1% indicates the greatest m-value and 9" indicates the smallest one.
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Table20. Ranking Asphalt Mixtures Considering G*

G* value | 1% A L - A Y G- gt
(best) (worst)

RGat4'C Ad Tl Td * * * Bh Bd Ah

RGat 20°C T * * * * * * Bd Bh

RGat 46°C T Al * * * * * Bd Bh

GRat 46°C Td Bd Ad - - - - - -
LSat 46°C * * Td - - - - - -

NSat 46°C Ad * * - - - - - -

* indicates that there is no clear classification.

- indicates there is no data available.

4.4.2 Shear Phase Angle

Shear phase angle is defined as the |ag time between the application of a stress and the
corresponding strain.

Figures 12 through 18 show shear phase angle versus frequency for the asphalt cement
binder and the HMA mixtures tested. Based on these findings, the following conclusions

appear warranted:

» The shear phase angle in the asphalt cement is highly temperature and frequency
dependent. The phase angle vaues ranged from 45 to 89 degrees. At the high
temperature (46°C) and low frequency (0.01 Hz), the phase angle is very near 90
degrees. At the highfrequency (10 Hz) and low temperature (7°C), the phase angle
wasvery near 45 degrees(i.e., el astic and viscous components of the asphalt cement
aresimilar).

* Inthe HMA mixtures, the shear phase angle decreases with increasing frequencies
and decreasing temperatures for intermediate (20°C) and low temperatures (4°C),

as with the asphalt cement. But at high temperatures, the shear phase angle
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decreases with decreasing frequencies (opposite from the asphalt cement). In the
HMA mixtures, the slope of phase angle as afunction of frequency at intermediate
and low temperatures is smaller than at high temperatures, which means that itis
lessdependent on time of loading at |low and intermediate temperaturesthan at high
temperatures (opposite from the asphalt cement).

At low temperatures, the shear phaseangleinthe HMA mixturesfor thefrequencies
studied, ranged from 22 to 45 degrees; at intermediate temperatures, from 26 to 56
degrees; and at high temperatures, from 32 to 68 degrees. Therefore, a high
temperaures, the asphalt mixture exhibit more viscous behavior than at low
temperatures, but it will behighly dependent onloading time. At hightemperatures,
the HMA mixture exhibited predominantly elastic behavior at low frequenciesand
a viscous behavior at high frequencies. For the HMA mixtures at low and
intermediatetemperatures, the el astic shear moduluscomponent isgenerally greater

than the viscous component (mainly at high frequencies).

100
_. 90,
= a0 -
:1___________
% 70 S T
4 e T
==
il
g ‘\‘\\ _—EI—\_.__\__\_\_
E éil —— 7 e
e a0 —o—] \
46 C |
40 T T
1.0E-02 1.0E-01 1 .0E+00 1.0E+01
Frequency (Hz)
Figure 12 Shear Phase Angle of Asphalt versus Frequency
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« Atlow and intermediate temperatures, the shear phase angle of the asphalt cement
and asphalt mixturefollow similar trendswith the different frequencies becausethis
property of the asphalt mixture is primarily affected by the binder at these
temperaures. But, at high temperatures, asphalt cement and asphalt mixtures
exhibit opposite trends because, at high temperatures, the shear phase angle of the
mixture is more affected by the aggregate (mainly at low frequencies).

» Lower phase angles indicate more resistance to permanent deformation of the
asphalt mixture. Figures 13 through 15 show that high asphalt contents give higher
phase angles, and low asphalt contentsgive lower phaseangles. Seealso Table?21.

» Regarding the restricted zone, no clear trends from the shear phase angle can be
obtained.

» Therange of shear phase angle valuesin the HMA mixturesat 46°C isfrom 32 to
68 degrees in the river gravel mixtures (ratio 1.75), from 35 to 60 degreesin the
granitemixtures(ratio 1.50), from 36 to 58 degreesin the limestone mixtures (ratio
1.44), and from 12 to 67 degree in the gravel plus rounded natural sand mixtures
(ratio5.6). Thetest resultsfrom the rounded natural sand mixture are questionable.
Even at the same frequency (0.01 Hz), the phase angle varies 12 to 30 degrees
among mixtures of different gradations, which is very unusual. Again, these data
indicate that the river gravel mixtures are the most susceptible to permanent

deformation (the phase angle values and its range are greater).

443 G*/sindRatio

For rutting resi stanceto be contributed by asphalt cement, ahigh complex modulus, G*,
and low phase angle, d, are both desirable. The ratio used in Superpave to determine the
resistance to permanent deformation by asphalt cementsis G*/sin d at different temperatures.

The greater thisratio, the more resistant to permanent deformation the asphalt cement will be.
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Table21. Ranking Asphalt Mixtures Considering Phase Angle

dvaue | 1*(worst) | 2@ | 3¢ | 4" | 5" | 6" | 7 | 8" | 9"(best)
RGat4C Ah Bh Al * * * * Ad I
RG at 20°C Bh Th | Ah | = | = | = | = | A 1]
RG at 46°C Bh Th * * * * Tl Al Bh
GRat 46°C * * Bd - - - - - -
LSat 46°C * * * - - - - - -
NSat 46°C * * * - - - - - -

* indicates that there is no clear classification.

- indicates there is no data available.

A comparison of the G*/sind valuesfor the different asphalt mixtures was conducted.
Figuresl19 through 25 show G*/sin d as afunction of test frequency for the asphalt cement and

different mixtures. Comparing these figures has produced the following conclusions

» Fortheriver gravel mixtures, the blendsthrough and abovetherestricted zonewere
the more resistant to permanent deformation, at the temperatures tested, and the
blends below the restricted zone were more prone to rutting (Table 23). For the
granite mixtures, the blends through the restricted zone were most resistant to
permanent deformation. For thelimestone mixtures, no clear trendswere observed.
Note that G*/sin d depends on the frequency sel ected.

» Lower asphalt contents indicate more resistance to permanent deformation of the
HMA mixture. The graphs, indicate that low asphalt contents give higher G*/sin
d values than higher asphalt contents. For a constant air void content in al the
blends, higher asphalt contents generally yield higher susceptibility to permanent
deformation. See Table 22.



» Therankings provided in Table 22 are very similar to those in Table 20 (rankings
of the asphalt mixtures considering G*). Thisindicatesthat G* hasamuch greater
effect than sindin theratio G*/sin d.

Table22. Ranking Asphalt Mixtures Considering G*/sind

G*/sind 1% (best) | 2 | 3¢ | 4" | 5" | 6" | 7™ | 8" | 9"(worst)
RGat4'C Ad T Td | Th * * * * Bd
RGat 20°C Tl Ad | Al * * * * Bd Bh
RGat 46 °C Tl Al * * * * * Bd Bh
GR at 46°C Td Bd | Ad - - - - - -
LSat 46°C * * Td - - - - - -
NSat 46°C Ad * * - - - - - -

* indicates that thereis no clear classification

- indicates thereis no computed data
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4.5 SIMPLE SHEAR AT CONSTANT HEIGHT

The SSCH is ashearing stress controlled test. Thetest isperformed at different stress
levels depending on the test temperature. Shear stress was applied at arate of 70 + 5 kPa per
second up to the stress level indicated in Table 23. The stress level was maintained for 10
seconds, and, afterwards, it was reduced to O kPa at a rate of 25 kPa/s. As the specimen is
sheared, it triesto dilate (increasein height). A controlled axial load is applied to maintain a
constant specimen height.

All specimens were preconditioned for 100 cycdes with a shear stress having a peak
magnitude of approximately 7 kPa. Each cycle has a duration of 0.7 seconds, consisting of a

0.1-second loading period followed by a 0.6-second rest period in a haversine wave form.

Table23. StressLevelsApplied in the SSCH Test

Test Temperature Shear Stress, kPa

4°C 345
20°C 105
46°C 35

The SSCH was performed after the frequency sweep at constant height using the same
specimens. The tests at the lowest temperatures were performed first. A detailed description
of this test method is provided in AASHTO TP7, Procedure D (43) and Superpave Asphalt
Mixture Anayss: Lab Notes (46).

Material propertiesobtained from thistest are maximum shear strain, plastic and elastic
shear strain, and permanent deformation after the first load application.

A summary of the blends and temperatures at which the SSCH test was performed is
givenin Table 1.
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451 Maximum Shear Strain
The maximum shear stress was the same for all SSCH specimens tested at a given
temperature. Therefore, it is possible to compare the expected performance of the different
mixtures based on the maximum shear strain resulting from the applied shear stress at agiven
temperature. Mixtures exhibiting low strains are expected to be more resistant to permanent
deformation. Fromtherankingsin Table 24 and Figure 26, thefollowing conclusionsaregiven:
» Blends more susceptible to permanent deformation are those which pass bel ow the
restricted zone for river gravel and limestone and those which pass above the
restricted zone for granite. Blends more resistant to permanent deformation are
those which pass above therestricted zone for river grave and limestone and those
which pass through the restricted zone for granite.
» Mixtures with higher asphalt contents exhibited more susceptibility to permanent
deformation.
o Performance of the HMA mixtures at 46°C and 20°C was similar, but, at 4°C, they
were different (Table 24).
» Both River gravel blends exhibited greater maximum shear strain than granite or

limestone blends, thus indicating more susceptibility to rutting (Figure 26).

Table24. Ranking Asphalt Mixtures Considering Maximum Shear Strain

Max. Shear 1¥ 2" 3 4" 5 6" 7 gn gn
Strain (worst) (best)
RGat4°C Ah Al Bd Th Bh BI Td Ad Tl
RG at 20°C Bh Bd BI Ah Td Al Ad Th Tl
RG at 46°C Bh Bd BI Th Td Ah Ad Al Tl

GRat 46°C Ad Bd Td - - - - - -
LSat 46°C Bd Td Ad - - - - - -
NSat 46°C Bd Ad Td - - - - - -

- indicates there is no computed data.
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4.5.2 Permanent Shear Strain

As indicated previously, the maximum shear stress was the same for all SSCH
specimens tested a a given temperature. Therefore, it is possible to compare the expected
performance of the different mixtures based on the permanent shear strain resulting from the
applied shear stress. Mixtureswith low permanent strains are expected to be more resistant to
permanent deformation. From the rankings presented in Table 25 and Figure 27, the same

conclusions as those for the maximum shear strain are supported.
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Table 25. Ranking Asphalt Mixtures Considering Permanent Shear Strain

MaX. Shear 1st 2nd 3rd 4th 5th 6th 7Ih 8th 9th
Strain (worst) (best)
RGat4°C Ah Al Bd Bh Th Bl Td Ad T
RGat 20 °C Bh Bd Bl Ah Td Al Ad Th T
RGat 46 °C Bh Bd Bl Th Td Ah Ad Al T
GRat46°C Ad Bd Td - - - - - -
LSat46°C Bd Td Ad - - - - - -
NSat 46 °C Bd Td Ad - - - - - -
- indicates there is no computed data.
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Figure 27 Permanent Shear Strain at 46°C for Different Mixtures
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4.5.3 Recovered Shear Strain

Recovered (elastic) strainsof thedifferent SSCH specimenswerecompared torankings
the blends. Recovered strain was measured 10 seconds after |oading the specimen according
to AASHTO TP7, Procedure D (43). Analyzing the daarevea ed that at 46°C, the recoverable
strainisabout 15 percent to 30 percent of the maximum strain. At 20°C, therecoverable strain
is between a 30 percent to 40 percent of the maximum strain. And, at 4°C, it is between a 40
percent to 50 percent of the maximum strain. A ratio between recovered and maximum
deformation in the different blends can be computed. Smaller recoverablestrain in the SSCH
test indicatesgreater permanent and maximum shear strain and thus more rutting (assuming the

same temperature). Comparing the rankings prepared in Table 26 and Figure 28 indicate:

» Higher asphalt contents yield greater recoverable strain.

» The percentage of recoverable strain in a specimen increases when the temperature
decreases, because the asphalt cement is more elagtic at |low temperatures.

e For the river gravel mixtures, recoverable shear strain is greater in the blends
passing below the restricted zone. For the limestone and granite mixtures, the

higher recoverable strains are in the blends passing above the restricted zone.

Table 26. Ranking Asphalt Mixtures Considering Recover able Shear Strain

Max. Shear | 1° 2 | 39 | ogh | o5 | o | 70 | gh g
Strain (Best) (Worst)

RGat4°C Ah | Al | Bd | Th | Bh | BI T | Td Ad

RGa20°C | Bh Bd | Bl | Al | Ah | Td | Ad | Th Tl

RG at 46°C Bd Bh Bl Th Td Tl Ah Ad Al

GRat 46°C Ad Td Bd - - - - - -
LSat 46°C Ad Td Bd - - - - - -
NSat 46°C Td Bd Ad - - - - - -

- indicates thereis no computed data

73



2.50E-03
B O200E-03 [T [
E
E
€ sEm [
[ =] | —
§1.DDE,|33- =
T HHHHHHH H
000E+00 HEL - 8 e .
mom a g 2 B B E % % @ B = £ % m
o] [ C."@
S0 2oaYpgE3EREEELEE

Figure 28 Elastic Shear Strain at 46°C for Different Mixtures

45.4 Permanent Shear Strain After theFirst Load Application

Permanent strain after the first load gpplication from the SSCH is used as the
independent term in the Superpave performance model. To obtain the permanent shear strain
after the first load application, a loading time of 0.02 seconds was selected. This is
representative of the range of loading times occurring in practice and equivalent to a vehicle
speed of 70 km/hr (40 mph) according to McLean's (49)square wave loading. This time of
loading value has also been suggested by Shell (50). In Table 27 and Fgures 29 and 30,
permanent shear strains after the first load application are provided. These data support the

following conclusions:
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e The blends which developed the greatest early permanent strains are those which
pass below the restricted zone for river gravel and limestone and those which pass
above the restricted zone for granite.

» Mixtures with higher asphat contents usualy exhibited greater early permanent
deformation.

» Rankings of blends at 46°C and 20°C was similar, but, at 4°C, the rankings were
different.

» Blends prepared with river gravel appeared more susceptible to rutting.

* Rankings obtained here are very similar to those obtained for maximum and

permanent shear strain.

Table27. Permanent Defor mation after the First Load Application

Max. Shear Td Th TI Ad Ah Al Bd Bh Bl
Strain
RG at 4°C 1.45E-6 | 2.99E-6 | 1.16E-6 | 1.25E-6 | 6.82E-6 | 4.62E-6 | 3.84E-6 | 2.93E-6 | 1.89E-6

RG at 20°C 2.85E-6 | 2.34E-6 | 1.08E-6 | 241E-6 | 291E-6 | 2.67E-6 | 4.59E-6 | 5.53E-6 | 3.50E-6

RG at 4°C 107E-5 | 1.23E-5 | 3.99E-6 | 7.00E-6 | 1.22E-5 | 548E-6 | 1.93E-5 | 1.97E-5 | 1.46E-5
GR at 46°C 2.83E-6 - - 4.21E-6 - - 3.37E-6

LSat46°C 5.41E-6 - - 3.65E-6 - - 7.50E-6

NS at 46°C

- indicates thereis no dataavailable
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4.6 REPEATED SHEAR AT CONSTANT STRESSRATIO

RSCSR evauatesthe potential for tertiary flow of asphalt mixtures. Thisform of rutting
normally occurs at low air void contents and is the result of mixture instability.

In the RSCSR test, a repeated synchronized haversine shear and axial load pulses are
applied to the specimen. The load cycle requires 0.7 seconds, wherein a 0.1-second load is
followed by 0.6-second rest period. The ratio of haversine axial load to shear load was
maintained at a constant ratio within the range of 1.2 to 1.5. Thistest was performed at high
asphalt content (asphalt content corresponding to three percent air voids at N,.) to enhance
tertiary rutting for the aggregate type and gradation. The shear stress and axial stress selected
correspond to astrong base condition was 98 kPa and 148 kPa, respectively(6, 46).

The specimens were preconditioned by applying 100 cycles of shear load pulses with
a peak magnitude of 7+1 kPa and corresponding axial loads. After preconditioning the
specimens, the repeated shear test was initiated. A detailed description of this tes method is
given in AASHTO TP7, Procedure C (43).

Test specimens were subjected to 10,000 load cycles at a temperature of 46°C. No
tertiary flow was observed in any specimen, but the data obtained was analyzed to characterize
theasphalt mixturesat thetest conditions. From thistest and the Superpave performance model
(Table 28 and Figure 31), the following is concluded:

* Blends with highest permanent deformation, after 10,000 cycles, are those which
passbel ow therestricted zonefor river gravel, limestone, andriver gravel + rounded
sand and those which pass above the restricted zone for granite.

» Blends most resistant to permanent deformation are those which pass above the
restricted zonefor river gravel, limestone, andriver gravel + rounded sand and those
which pass below the restricted zone with granite.

* River gravel mixtures are more prone to permanent deformation than any other
mixture.

e Similar S-values(dopeof log e (N) versuslog (N)) were obtained for the different
gradationswhen the same aggregate, test temperature, and loading conditions were
used (Table 29).

77



Permanent Shear Strain (mm/mm’

2.5E-02

2.0E-02

1.3E-02

1.0E-02 [

5.0E-03 [~

0.0E+00

Figure 3l

RGTha

RG ARG
RGEMA
CGRETHG

SRARG

:

GREA
LaThds

M3shda

MEBMG

Permanent Shear Strain After 10,000 Cyclesfor RSCSR Test

Table28. RSCSR S-Valuesat 46°C

Aggregate Type Svaue

River Gravel 0.537-0.571
Granite 0.347-0.406
Limestone 0.387-0.422
Rounded Natural Sand | 0.386-0.419
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Table29. Permanent Shear Strain Models from RSCSR

RGTh46 | log(e (N)) =log(1.371E-4) + 0.5374 x log(N)
River Gravel RGAh46 | log(e (N)) =log(6.721E-5) + 0.5625 x log(N)
RGBh46 | log(e (N)) =log(1.251E-4) + 0.5714 x log(N)
GRTh46 | log(e (N)) = log(1.605E-4) + 0.4062 x log(N)
Granite GRANh46 | log(e (N)) = log(4.426E-4) + 0.3476 x log(N)
GRBh46 | log(e (N)) = log(3.045E-4) + 0.3846 x log(N)
LSTh46 log(e (N)) = log(3.033E-4) + 0.4226 x log(N)
Limestone LSAh46 log(e (N)) = log(2.456E-4) + 0.3872 x log(N)
L SBh46 log(e (N)) = log(2.641E-4) + 0.4186 x log(N)
River Gravel + NSTh46 log (e (N)) = log (2.687E-4) + 0.3862 * log (N)
Rounded Natural NSAh46 log (e (N)) = log (8.372E-5) + 0.4121* log (N)
Sand NSBh46 | log (e (N)) = log (3.684E-4) + 0.4192 * log (N)

e (N) isthe permanent shear strain after N cycles

4.7 REPEATED SHEAR AT CONSTANT HEIGHT

The RSCH test is not required by Superpave. It was devel oped as asimplified method
for Superpave Levels 2 and 3 to estimate rut depth. Inthe RSCH test, repeated haversine shear
load pulses (68 kPa) are applied to the specimen. When the repeated shear load is applied, the
test specimentendstodilate. To prevent verticd dilation, acontrolled axial load is applied to
keep the specimen at a constant height. The load cycle requires 0.7 seconds, wherein a 0.1-
second load isfollowed by 0.6-second rest period. Thistest was performed at the design asphalt
content (asphalt content correspondingto four percent air voidsa N, using only the mixtures
containing river gravel.

Before testing, the specimens were preconditioned by applying 100 cycles of a
haversine shear |oad with a peak magnitude of 7+1 kPa. After preconditioning, the specimens
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were subjected to 5,000 load cycles at atemperature of 59°C in accordance with ATS Manual,
Version3.1(48) and AASHTO TP7, Procedure F (43). Thistemperature was obtained from the
maximum pavement design temperature expected a adepth of 5 cm and increased by two times
the standard deviation to give 97 percent reliability.

The average (of two specimens) peak shearing strain obtained at the end of 5,000 load
cyclesarereported in Table 30. With this number of cycles, the asphalt mixture was modeled
(Table 30). The equivalence between the load cycles applied at the test conditions described
and the number of ESALSsis estimated to be (48):

log (test cycles) =- 4.36 + 1.24 x log (ESALS)

Table30. Permanent Shear Strain Models from RSCH

Mixture Type | Peak Shear Strain Model

RGTd46 0.046 log(e (N)) =10g(8.815E-4) + 0.4678 x log(N)
RGAd46 0.030 log(e (N)) =1og(4.733E-4) + 0.4838 x log(N)
RGBd46 0.057 log(e (N)) =10g(1.028E-4) + 0.4724 x [og(N)

(*) e(N) isthe permanent shear strain after N cycles
The following are observed from the test results:

» Blendswith higher permanent def ormation arethosewhich passbel ow therestricted
zone. The blends more resistant to permanent deformation are those which pass

above the restricted zone.

» Thedifference in performance between the gradation TRZ and that BRZ is small
(Table 31).

e Similar S-values (dope of log e” (N) versuslog (N)) were obtained for the three
different gradations. The S-values obtained from RSCH test and those obtained
fromthe RSCSR test show that, with the same aggregate type, test temperature, and
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load conditions, similar S-values were achieved for the different gradations (Table
31).

Table31l. RSCH S-values and Permanent Defor mation after 10 Million ESALs

Mixture S-value e10M

RGTd46 0.4678 0.0934
RGAd46 0.4838 0.0590
RGBd46 0.4724 0.1137

4.8 ASPHALT PAVEMENT ANALYZER

All twelve mixturesweretested for rutting using the Asphalt Pavement Analyzer. Four
cylindrical specimensfor each mixturewere prepared using the Superpave gyratory compactor.
Specimen size was 150 mm in diameter and 75 mm in height. The APA manufacturer
recommends using three pairs of specimens for each mixture. But due to shortage a of
materials, only two pairs of specimens were prepared for each mixture. Specimens were
prepared with 4% air voids and rutting tests were performed a 64 °C. Each set of specimens
was subjected to 8,000 load cycles (51). Thewheel load and hose pressure were 445 N and 700
kPa, respectively. Theaverage of two rut depths measured on two sets of specimensisreported

as mixture rut depth.

Table 32 exhibits the rut depths measured for each specimen after 8,000 APA |oad
cycles. Thereisnoindication that mixtures passing through therestricted zone produce highest
rutting. The river gravel + rounded sand mixture yielded the highest rut depth and the river
gravel mixture yielded the second highest rut depth (Figure 32). Rut depth for river grave +
rounded sand and crushed river gravel mixtures are similar. This phenomenon could be

attributed to the fact that the design asphalt contents for rounded sand mixtures were
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significantly lower than those for the crushed river grave mixtures. For both gravel mixtures,

those gradings passing below the restricted zone produced the highest rut depths.

Graniteand limestone yielded much lessrutting than the two river gravel mixtures. For
these mixtures, the highest rutting was shown for the granite BRZ mixture and the limestone
ARZ mixture.

Table32. APA Rut Depthsfor Different Mixtures

Mixture Type Rut Depth (mm)
Specimen 1 Specimen 2 Average
River Above RZ 8.05 8.09 8.07
Gravel Through RZ 11.11 10.75 10.93
Below RZ 13.44 14.25 13.85
Granite Above RZ 4.27 2.74 351
Through RZ 2.88 3.47 3.18
Below RZ 5.22 4.23 4.73
Limestone | Above RZ 4.75 511 4.93
Through RZ 4.61 3.84 4.22
Below RZ 4.68 4.09 4.38
Rounded Above RZ 9.72 10.04 9.88
Natural Through RZ 10.71 8.46 9.58
Sand Below RZ 17.12 13.81 15.47
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49 SUMMARY OF LABORATORY TEST DATA AND DISCUSSION
49.1 General Observation
A summary of all thetest data(Table 33) consistently reveal sthat therestricted zone has
no effect on the rutting susceptibility of the Superpave asphalt mixturestested. Thedatafurther
reveals that, generaly, the coarser mixtures BRZ are the most rut susceptible and the finer
mixtures ARZ are the least rut susceptible. Similar findings were reported by Hand et d. (9),
Hand et al. (36), and Mallick et a. (37). These findings refute the widely accepted concept that
coarse-graded mixturesare normally moreresistant to rutting than similar fine-graded mixtures.
However, the authors still believe this concept to be generally true.
It should be pointed out that Superpave HMA mixtures are, by design, coarser graded
than preceding conventional mixtures, thisis particularly true of those gradings passing below
the restricted zone, which were advocated by SHRP researchers. The authors believe thiswas
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amoveintheright direction. However, dueto lack of funding to study the fundamentals of the
“new” aggregate gradations proposed by the SHRPresearchers, the VMA requirement used with
former conventional dense-graded mixtures were adopted for the Superpave mixtures. Coarser
graded HMA mixtures, such as Superpave mixtures BRZ, possess a greater unit volume of
aggregatethan conventional dense-graded mixturesand, for optimum rutting performance, may
have lower capacity for VMA and even ar voids.

It should also be pointed out that this study examined 19-mm nomind maximum size
HMA mixtures. In order to meet the Superpave VMA requirements during design of mixtures,
thefiller content had to be minimizedin all the mixtureswhich, inturn, yielded arelatively low-
viscosity mastic and thick asphalt films, particularly for the coarser graded mixtures (BRZ)
which possessthelowest specific surface areaof thethree mixturetypes (ARZ, TRZ, and BRZ).
The low viscosity mastic and thick films may have contributed to the relatively poor rutting
performance of the HMA mixtures BRZ.

In conclusion, if VMA requirementsfor HMA mixtures are excessive, this may:

# cause difficulty in obtaining a mixture design that meets the VMA specification,
# forcethe use of fine-graded mixtures (ARZ),

*

invite the introduction of excessive sand-size particles or the production of gap-
graded mixtures,

disalow sufficient filler (minus No. 200 material),

promote excessive film thickness,

needlessly increase the asphalt binder content and thus the cost of the mixture,

produce a mixture that exhibits tenderness during construction, and/or

¥ ¥ ¥ ¥ #

produce a more rut-susceptible mixture (just the opposite of the purpose of VMA

requirements)

All of these circumstances have been experienced at one time or another with Superpave

mixtures.



Table33. SST and APA Test Summary

Test M easured Property Partially Crushed Crushed Rounded
Type Crushed River | Granite Limestone Natural Sand
Gravel
FSCH G* A @T > B T>A>8B A @B>T |A>T @B
G*/sind A @T >B T>A>B A@B>T |A>T @B
SSCH Max Shear Strain A>T>B A @T >B A>T>B |A>T>8B

Perm Shear Strain > B T>A>B A>T>B |A>T>8B

>
\Y
—

Elastic Shear Strain

>

>T >8B A>T>8B A @T>B |A@B>T

Perm Shear Strain @ N=1 >T >B T>B > A A>T>B

RSCSR | Perm Deformation >T>B T>A @B A>T @B |[A>T>8B

RSCH Perm Deformation

> |> | > | >

APA Rut Depth >T>8B T>A >B T>B >A T>A>8B

A= Above, T=Through, B=Below; A >B MeansA ismore rut resistant than B
-- no data available.
492 Statistical Analysis

So far, al the tables prepared for ranking were based upon the numerical value of the
visually observed nature of graphs (average of two specimens). Theranking datain Table 33 was
examined gatistically. Each HMA parameter was compared with respect t above, through, and
below the restricted zone gradations for each mixture type.

Thefrequency sweep test properties (e.g., G* and G*/sind) were analyzed based on their
values at 10 Hz frequency only. This frequency level is comparable with highway speed.
Analyss of variance (ANOVA) and least significance difference (LSD) multiple comparison
method were used to analyze these parametersat a5 percent confidenceleve . No differencewas
found between the different gradations for any of the four mixtures.

At a5 percent confidence level, maximum shearing stran measured by SSCH test for
granite, limestone, and river gravel mixtures do not show any difference between their three
gradations. In the case of the rounded natural sand mixture, below and through gradation and

through and above gradation are statistically the same, but above and below are not the same.
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The below the restricted zone gradation mixture containing rounded natural sand produces
significantly more maximum shearing strain than the corresponding above restricted zone
gradation mixture. A similar trend isobserved for permanent shearing strain measured by SSCH
test. Granite, limestone, and river gravel mixture do not exhibit any significant difference
between the different gradations for the permanent shearing strain property. But for the mixture
containing rounded natural sand, bel ow the restricted zonegradation produce significantly more
strain than that of the above restricted zone gradation. There is no significant differences in
elastic shearing strain measured by SSCH test among the three gradations for mixtures
containing granite, limestone, and rounded natural sand. Elastic shearing strain for below
restricted zone is significantly higher than above and through restricted zone for the mixture
containing river gravel.

Above, through, and below gradation do not exhibit any sgnificant difference with
respect to the property measured by RSCSR test for the mixtures containing granite, limestone,
and river gravel. Permanent shearing strain measured by the RSCSR test on the through
restricted zone rounded natural sand mixture is higher than that of the above restricted zone
rounded natural sand mixture. Again, the below restricted zone natural sand mixture yields
higher permanent shearing strain than the through restricted zone mixture. The RSCH test was
performed only withtheriver gravel mixture. Thereisno significant difference betweenthethree
gradations with respect to the property measured by RSCH test.

The APA resultswere examined using ANOVA and LSD testsat a5 percent confidence
level. The granite and limestone mixtures do not exhibit any statistically significant differences
between the three gradations. For theriver gravel mixtures, the below gradation produced more
rut depth than the through gradation and the through gradation produce more rut depth than the
above gradation. For the mixtures containing rounded natural sand, the above and through
gradations produced statistically equivalent rut depths and they are lower than the rut depth
produced by the below gradation.

The above statistical analyses confirm that there is no indication that the through
restricted zone gradation yields inferior mixtures compared to other gradations, and in some

cases, the below restricted zone mixtures were inferior.
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CHAPTER 5
CONCLUSIONSAND RECOMMENDATIONS

51 CONCLUSIONS

Laboratory experiments were performed to predict the permanent deformation of
Superpave HMA using four aggregate types with gradations that pass through, below, or above
therestricted zone. The aggregates selected for this research were 100 percent crushed granite,
100 percent limestone, 100 percent partialy crushed siliceousriver gravel, and partialy crushed
river gravel plus rounded sand. Rutting susceptibility of HMA mixtures was measured using
SSCH, FSCH, RSCSR, and RSCH with the Superpave SST and the APA. Based on the

findings, the following conclusions and recommendations appear warranted:

* No relationship between the restricted zone and permanent deformation was found
using HMA mixtures of high to relatively low qudity.

»  Superpave HMA mixtures above therestricted zonewere generally most resistant to
permanent deformation and mixtures bel ow the restricted zone were generally most
susceptible to permanent deformation (see data summary in Table 33).

e Aggregate shape and surface texture play a very important role in permanent
deformationof HMA. Blendsprepared with partially crushed river gravel weremore
sensitive to permanent deformation than those prepared with quarried limestone or
granite. The crushed river gravel retained some of its original rounded surfaces and
smooth surface texture.

» Fairly consistent permanent deformation rankingsfor HM A were obtained using the
five different tests performed and nine different test parameters (Table 34).

e Asphalt mixture rheology responds differently a high temperatures than at low
temperatures. At hightemperatures, HMA rheology ispredominantly affected by the
aggregae, but at low temperatures, it is predominantly afected by the asphat

cement.



5.2

Similar S-values (slope of accumulated permanent strain versus number of loads
applicationson alog-1og scal €) were obtained from the repeated shear test at constant
stress ratio and constant height for the different gradations when using the same
aggregate type and test conditions. This indicates that grading had little effect on
rutting even when the grading passed through the restricted zone.

The m-value (slope of the dynamic shear modulus versus frequency on alog-log
scale) should not be used as the slope of the permanent deformation equation in the
Superpave performance model because this might yield unreasonable values of
permanent deformation.

Extreme caution should be exercised when conducting SST procedures at high test
temperatures (> 55°C), because the accuracy of the results decrease at temperatures
above 55°C.

Until validation of the 1993 Superpave performance model, which was used herein
to predict rutting, these tests results should only be used for comparative rankings.

RECOMMENDATIONS

The restricted zone should be eliminated form the Superpave specifications.

Test temperatures above 55°C should be avoided in the Superpave shear tester. Due
to the Superpave shear tester characteristics, it is possible to perform thetests at a
greater number of cycles without an excessive test temperature to simulate severe
loading conditions.

Similar S-values (slope of accumulated permanent strain versus number of load
applications in a log-log scale) were obtained for HMA with different gradations
tested using the same aggregate type, test temperature, and load conditions. A wider
range of aggregate gradations should be tested in order to check this relationship.
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APPENDIX A

ASPHALT CEMENT CHARACTERIZATION
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The asphalt cement used in the asphalt mixtures was tested according to the Superpave
asphalt binder specification (AASHTO MP1). The mixing and compaction temperatures and
complex shear modulus at different frequencies and temperatureswas determined. A summary
of theresultsisprovidedin Table A1l. Theseresultsconfirmthat the grade of the asphalt cement
is PG 64-22.

Table Al PG 64-22 Requirements

Binder Property Binder Aging Test Result | Superpave
Condition Requirement
Flash Point ("C) Unaged 299 >230
Viscosity at 135°C (Pa-second) Unaged 041 <3.00
Dynamic Shear, G*/sind at 64°C (kPa) |Unaged 1.045 >1.00
Mass Loss (%) RTFO aged 0.55 <1.00
Dynamic Shear, G*/sind at 64°C (kPa) |RTFO aged 291 >2.20
Dynamic Shear, G*sind at 25°C (kPa) |PAV aged 2842 <5000
Creep Stiffness, Sa -12°C (MPa) PAV aged 176 <300
m-valueat -12°C PAV aged 0.301 >0.300

Therheol ogical propertiesof theasphalt cement weredetermined accordingto AASHTO
TP5. Thetest gpparatus used was aBohlin Controlled Stress Rheometer. In Table A2, A3, and
A4, test conditions and test results obtained using the Dynamic Shear Rheometer (DSR) are
listed.

The asphalt cement was aged using the rolling thin film oven test (ASTM D 2872 or
AASHTO T 240); and a pressure aging vessel (AASHTO PP1).

The stiffness of the asphalt cement at very low temperatures was measured according
to AASHTO TP1 using a bending beam rheometer. In Table A5 and A6, test results obtained
with the bending beam rheometer (BBR) are listed.
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Table A2. Test Resultson Original Binder from DSR

Test temperature 52°C 58°C 64°C
Complex Shear Modulus (kPa) 5.299 2.257 1.042
Shear phase angle (degrees) 82.5 84.8 86.1
G*/sind (kPa) 5.345 2.266 1.045
Test plate diameter (mm) 25.0 25.0 25.0
Plate Gap (mm) 1.0 1.0 1.0
Test Frequency (rad/sec) 10.08 10.08 10.08
Final Temperature ("C) 52.0 58.0 64.0
Strain amplitude (%) 11.73 11.84 11.95
TEST STATUS Passed Passed Passed

Table A3. Test Reaultson RTFO Residue from DSR

Test temperature 70°C 64°C 58°C
Complex Shear Modulus (kPa) 1.602 2.887 6.458
Shear phase angle (degrees) 85.7 83.1 80.1
G*/sind (kPa) 1.606 2.909 6.556
Test plate diameter (mm) 25.0 25.0 25.0
Plate Gap (mm) 1.0 1.0 1.0
Test Frequency (rad/sec) 10.08 10.08 10.08
Final Temperature ("C) 70.1 64.0 58.0
Strain amplitude (%) 10.04 9.90 9.99
TEST STATUS Failed Passed Passed
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Table A4. Test Reaults on PAV Residue from DSR

Test temperature 19°C 22°C 25°C
Complex Shear Modulus (kPa) 8275.8 6190.0 4511.7
Shear phase angle (degrees) 42.4 41.36 39.05
G*sind (kPa) 5580.4 4090.3 2842.4
Test plate diameter (mm) 8.0 8.0 8.0
Plate Gap (mm) 2.0 2.0 2.0
Test Frequency (rad/sec) 10.08 10.08 10.08
Final Temperature ("C) 18.9 22.0 25.0
Strain amplitude (%) 1.01 1.01 1.03
TEST STATUS Failed Passed Passed
TableA5.  Test Resultsat -12°C from BBR
Time Force | Deflection Measured Estimated | Difference | m-value
(sec) (mN) (mm) Stiffness Stiffness (%)
(MPa) (MPa)
8 993 0.262 306 305 -0.327 0.249
15 994 0.309 259 260 0.386 0.265
30 994 0.374 214 215 0.467 0.283
60 995 0.457 176 176 0.000 0.301
120 995 0.565 142 142 0.000 0.318
240 1000 0.716 113 113 0.000 0.336
A=269 B=-0.196 C=-0.0295 R*=0.999965
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Table A6. Test Resultsat -18°C from BBR

Time Force Deflection | Measured Estimated Difference | m-value
(sec) (mN) (mm) Stiffness Stiffness (%)
(MPe) (MPe)
8 994 0.179 448 447 -0.223 0.230
15 994 0.209 383 385 0.522 0.246
30 994 0.249 322 322 0.000 0.264
60 994 0.300 267 267 0.000 0.282
120 995 0.367 219 218 -0.457 0.301
240 997 0.458 176 176 0.000 0.319
A =283 B=-0.175 C=-0.0302 R?=0.999945

Theflash point temperaturewasdetermined accordingto ASTM D 92. Hightemperature
viscosity was measured using ASTM D 4402. Theviscosity at 135 *C was 410 cP (0.41 Pa-s).
SeeFigure AL

In order to compare the asphalt cement rheology with that of the asphalt concrete, the
complex modulus and the shear phase angle were determined a different frequencies and
temperatures (Tables A7, A8, and A9).
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Table A7. Shear Complex Modulusat 46°C

Temperature ("C) Frequency (Hz) | Phaseangle | Shear Complex Modulus (Pa)
46 10 76.11 6.16E6
46 5 77.57 3.43E6
46 2 79.80 1.54E6
46 1 81.28 8.25E5
46 0.5 82.92 4.36E5
46 0.2 84.61 1.85E5
46 0.1 85.82 9.51E4
46 0.05 87.06 4.87E4
46 0.02 88.64 1.01E4

Table A8. Shear Complex Modulusat 20°C

Temperature ("C) Frequency (Hz) | Phaseangle | Shear Complex Modulus (Pa)
20 10 58.77 5.19E6
20 5 60.64 3.46E6
20 2 63.37 191E6
20 1 65.40 1.22E6
20 0.5 67.19 7.36E5
20 0.2 69.67 3.71E5
20 0.1 71.09 2.17E5
20 0.05 73.15 1.20E5
20 0.02 76.67 3.13E4
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Table A9. Shear Complex Modulusat 7°C

Temperature ("C) Frequency (Hz) | Phaseangle | Shear Complex Modulus (Pa)
7 10 45.24 2.27E7
7 5 48.12 161E7
7 2 51.83 9.82E6
7 1 54.86 6.69E6
7 0.5 57.32 4.38E6
7 0.2 60.62 2.48E6
7 0.1 62.85 1.55E6
7 0.05 65.13 9.78E5
7 0.02 68.49 3.34E5
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APPENDIX B

SUPERPAVE MIXTURE DESIGN

105






Tahle E1.

River Gravel (5radations

RGT Thtough | RGA Ahove RGE Below
Sleve Sieve Jize | Maximum |Control PointsFe stricted Zone| Total % |Individual |Total % [Individual |Total % |Individual
aize (maw) | (0,425 power) |Density line| upper | lower| upper  [lower] Passing | % Betained| Passing |% Betained]Passing |% Fetaited

25 4.2 56695613 100 100 0 100 1] 100 1]

19 3762176102 100 o0 i 4 ] 4 ] 4

12.5 13118086507 a0 86 10 26 10 26 10

Q.5 2754074109 77 9 77 9 77 9

4 475 |2016100254 | 47 34209 55 22 55 232 55 23
g 236 147166988 45 3 348 346 38 17 38 17 32 23
16 118 1.0773254 283 223 25 13 30 8 20 12
30 0.8 0.794635682 207 16.7 16 9 22 8 14 6
50 0.3 0581707368 13.7 13 10 f 14 g g9 5

100 015 |0425834718 5 5 ] & 55 35
200 0075 | 0.311729246 g 2 3 2 3 3 Fin 2

pan 0 0 0 3 3 35

107



Table B2.

Granite Gradations

GRT  Through | GRA Above [d] Below
siewe sieve Hize | Dlasmom |Control PointsfRestricted Zone| Total %6 (Individual | Total Y6 | Indiwidual | Total %e| Indisidual
mize (]| (045 powen)| Density line] upper | lower] upper  lower] Passing | % Betained] Pa ssing |% Betainedy Passing | %6 Fetained

25 4 A5AE00A13 100 100 I 100 ] 100 I
19 376217 A103 100 90 9 2 9 2 B 2
125 | 3116086507 | &4 14 &4 14 &4 14
95 2754074109 &7 17 &7 17 &7 17
4 475 | 2014100254 47 36209 44 23 44 23 44 23
a 436 147166958 44 23 4.6 346 33 11 o il 94 33 11
16 118 107733541 283 2323 25 & 30 4 6 21 12
30 0.6 0.7HE5 5652 207 167 20 5 23 7 157 53
50 0.3 0581707368 137 137 15 5 15 8 127 3
100 015 | 0425834713 g fi g fi 8 47
200 0075 | 031172926 a 2 2 7 2 7 i fi
par 1] I I 2 2 2
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Tahle B3.

Limestone Gradations

LaT Through | L3A Ahove L:E EBelow
Sleve Sieve Size | Maximum |[Control PointsRestricted Zone| Total % |Individual |Total % |Individual |Total %|Individual
Size (ran) | (0045 powed) |Density line| upper [lower] upper  |lowet] Passing | % Betained| Passing |% Retaine ) Passing | % Fetained
25 42566994013 100 100 1] 100 0 100 1]
19 3762176102 100 o0 96 4 6 4 96 4
125 | 3116086507 20 26 10 86 10 26 10
] 2.754074109 77 9 77 9 77 a
4 475 | 2016100254 | 47 36299 35 22 55 22 35 22
8 4.36 1 47166958 45 243 346 346 38 17 36 19 32 23
16 1.18 107732541 83 223 25 13 30 6 20 12
30 0.4 0794635652 07 16.7 16 9 22 B 14 f
50 0.3 0581707368 137 13.7 10 6 14 B g9 5
100 0.15 | 0425834718 5 5 4.5 9.5 5 4
200 | 0075 | 031174924 g 2 3 2 3 1.5 3 2
pan 1] 1] 0 3 3 3
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Table B4.

Eiver Gravel + R ounde d IWatural 5and Gradations

MET  Through | MBA Ahove | MER Below
Sieve | Sieve Size | Madmum [Control PointsfRestricted Zone| Total % | Individual | Total %|ndividual |Total % |ndividuat
aize (045 powet) | Density line] upper [lowerl upper  |lower] Passing | % Betained| Passing % Fetained| Pas sing |%6 Fetained
25 4 I5EADFALS 100 100 I 100 I 100 1]
19 2TA21TA101 100 | ] 4 e 4 96 4
125 31160846507 a6 10 af 10 a6 10
a5 2754074109 T g 77 g 77 9
4 475 Q2016100254 47 36299 55 22 55 4 55 22
& 136 147 16ADES 44 3 346 M 38 17 38 17 32 23
16 118 107732541 283 4273 25 13 30 g 20 12
30 1K} 0.794635A51 207 167 16 g 22 8 14 f
50 0z 0581707 365 137 137 10 fi 14 i B 5
100 015 JO425834718 4 fi 5 g 4 5
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Table B5.

River Gravel Mixture Design Data

Agaregate Bulls Specific Gravity: 2 5881 gmice

R GT (through the restricted zone)

53 % Desion Asphalt Content Spec. 1| dpec 2| Average
AirWoid at Mmas% (152 gymtions) 283 280 4815 >
AirWVoid at MNini % (& gyrations) 1172 1172 11,72 =11
AirVoid at Ndesign % (96 gymtions) [ 397 350 3.94 4
VIVIA at Mdesign, % 14.75 | 14.69 1472 =13
VEA atNdesign, % T3I0 | 7345 | F3TS | 65T5
Cust Proportion .69 0.6-1.2
K GA (above the restricted zone)
|5.0% Design Asphalt Content spec. 1| Spec. 2] Average
AirVoid at Mrras %o (152 gymtions) 307 3.35 3.21 =
AlrVoid at Mini % (3 gyrations) 1105 | 11.33 | 11.205 =11
AirVoid at Mdesign % (96 gymtions) | 403 | 431 4.17 4
VIVIA at Mdesign, % 1383 | 14.08 13,96 =13
VEA atMNdesign, %% 7090 | 6942 | 7016 A5-75
Dzt Propottion 0.73 0.6-1.2
K GE (belowthe restricted zone)
|5.6% Design Asphalt Content gpec. 1] Spec. 2] Average
AlrVoid at Mrmax% (152 gymtions) 256 | 291 4735 =
AirWoid at Mini % (& gyrations) 1216 | 1242 1229 =11
AirWoid at Mdesign % (96 gymtions) | 3091 40a 3.9095 4
VIVIA at Ndesign, % 14897 1528 | 15135 =13
VEA atNdesign, %% 7512 | 7309 | 05 | A5T5
Dust Proportion 0.76 0.6-1.2
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Table B6.

Granite Mixture Design Data

& goregate Bulk Bpecific Gravity: 26941 gmice

GRT (through the restricted zone)

|43 %49 Design Asphalt Content apec. 1 Bpec. 2| Average
AirVoid at Mmar %0 (134 gyrations) 290 | 2985 =3
AirVoid at Nini% (7 gyrations) 117511191 11.83 =11
AirWoid at Mdesizn % (36 gyrations) 3.98 | 3.995 4
VA at Hdesign, % 1306 {13.01 ) 13.035 | =13
VFA at Mdesign, % B934 | B9.35 | BI.06 | 6575
Dast Proportion 063 06-12
GRA (ahove the restricted zone)
|43% Design Asphalt Conient Spec. 1| Spec. 2| Average
AirVoid at Mmae % (134 gyrations) 243 | 2.8B85 )
AirWoid at Hind % (7 gyrations) 116201051 ) 11.065 | =11
AirVoid at Mdesizn % (86 gyrations) 334 | 379 4
Vvl at Mdesign, %o 1264 | 13.16 =13
VEA at Mdesign % JA.88 | 71.266 | 6575
Dast Propottion 0.a3 0é-12
GRE (below the restricted zone)
43 % Desizn Asphalt Content Spec. 1 Bpec. 2| Average
AirWoid at Mma % (134 gyrations) 2E2 | ZE3 =1
AirVoid at Mind % (7 gyrations) 12,29 1236 =11
AirVoid at Ndesign % (26 gyrations) 3.73 377 4
VA at Mdesign % 1204 | 1297 | 12005 | =13
VFA at Mdesign, % 079712 71 £5-T3
Dast Propottion 063 0é-12
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TableB7.

Limestone Mixture Design Data

Aggregate Bulk Specific Gravity; 20573 gmice

LST (through the restricted zone)

4.5 % Design Asphalt Content

AirVoid at Miax% (152 gymtions)
AirVoid at Mini %5 (3 gyrations)

AirWVoid at Ndesign %o (96 gymations)

VA at Mdesign, %
VFA at Mdesign, %
Dust Proportion

LSA (above the restricted zone)

|4.0% Design Asphalt Content

AirVoid at Mmas%a (152 gymtions)
AirWVoid at Mini %6 (8 gyrations)
AirVoid at Mdesign %o (96 gytations)
VA at Mdesign,%

YVFA at Mdesign, %%

Cust Proportion

LSE (belowthe restricted zone)

|4.8 % Design Asphalt Content

AirVoid at Nmas%s (152 gymations)
AirVoid at Mini %o (3 gyrations)
AirVoid at Mdesign % (96 oyrations)
VA at Mdesign, %

WEFA at Mdesign, %o

Dust Proportion

mpec. W opec 2| Average
260 | 2861 2. 603 =
139411381 | 13872 | =11
405 | 410 | 4.075 4
13.01)113.08 | 13.045 | =13
F3.83]| 6369 | BB.TB f5-75
0.52 0.6-1.4
opec. I Spec. 2| Average
278 | 263 271 =i
1242011239 | 124058 | =11
399 | 3.78 | 3.883 4
12060 11.87 | 11965 | =13
BE.2| 6814 | &7.534 G575
0.91 0.6-1.3
spec. || Spec. 2| Average
274 | 2.31 2,825 =l
1473 14.36 | 14.845 | =11
416 ) 379 | 3.975 4
13911360 | 13.795 | =13
FOO0) 7213 | 71.063 | 6575
0.7y 0.6-1.3
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Table B8.

River Gravel + Rounded Natural Sand Mixture Design Data

Aggregate Bulk Specific Gravity, gmicc 2.554

N&T (through the restricted zone)

3.8 % Design Asphalt Content gpec. | Spec. 2[Estirmted
AirVoid at Mmas% (152 gymations) 407 ] 3.39 3.23 =2
AlrWoid at Mini %6 (8 gyrations) 55801 .70 9.3 =11
AirWoid at Ndesign % (96 gymtions) [ 3.84 | 4.40 4.02 4
VIVIA at Ndesign, % 586 | 9.895 849 =13
WA at Mdesign, % B1.23|1 60,79 | 61.02 | A575
Dust Proportion 0.52 0.6-1.2
N SA (above the restricted zone)
|3.5% Design Asphalt Content pec. | Spec. 2[Estimated
AlrWoid at Nmax® (152 gymations) 3.53 | 3.30 342 »2
AirVoid at MNini% (8 gyrations) 10.22] §.10 916 =11
AirVoid at Ndesign % (96 gyrations) [ 4.30 | 3.93 413 4
VIVIA at Mdesign, % HEY | 9.41 962 =13
VFA at Mdesign, % B6.21167.09 | 86.63 | 6575
Lzt Proportion 0.57 0.6-1.2
NSE (belowthe restricted zone)
|4 3% Design Asphalt Content spec. 1| Spec 2[Estimated
AirWVoid at Nrmaw % (152 gymations) 2896 | 342 3.19 »1
AirVoid at Nini % (8 gyrations) 10841 11.98 | 11.28 =11
AirVoid at Ndesign % (96 gymations) [ 373 | 490 3.82 4
VA at Mdesign, %o 1048 11.02 | 10.75 =13
WFA at Mdesign, % 64401 63.47 | 63.93 | 6575
Cust Proportion 047 0612
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Table B9. River Gravel Through Restricted Zone SST Specimen Data

E.GT(through the restricted zone)

Design asphalt content 5.3 % asphalt content.

F.GTd, 4% woids
Design Asphalt content: 5.3 %
Fice specific gravity. 24282

E:ECH

EGTh, 3% voids
High Asphalt content: 5.6 %
Ficespecific gravity: 24118

EECE

F.GTL, 7% volds
Low Asphalt content: 4 .50 %
F.ice specific grawity: 2.4515

R1eT O

Bulk 5p. Grawity|% woids
F.GTI Spec. 1 22898 f.64
F.GT1 Spec. 2 2209032 fal
L erage 2.2599 6.63

Bulk 3p. Grawty%o voids Bulk Sp. Grawity)%o woids
FGTd Spec. 1 23318 3.97 F.GTh Spec. | 2.3344 312
FGTd Spec. 2 23335 39 FGTh Spec. 2 23383 2.97
Average 2.33707 3.94 Avwerage 4.3365 3.05
FGTd, 7% woids SAFS EGTh, 7% woids RIRTI
Design Asphalt content: 5.30% High A sphalt Content: 560 %
Fice specific gravity. 24282 Ficespecific gravity: 24118

Bulk 5p. Grawvity% voids Bullk 5p. Gravity]% woids
RGTd Spec. 1 22530 7.12 FEGTh Spec. 1 22477 f.50
FGTd Spec. 2 23531 7.13 FGTh Spec. 2 23507 f.68
Average 2.2531 T.13 Average 2.24932 .74
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Table B10.

FEGAfabove the restricted zone)

Desgn asphalt content 5.0 % azphalt content.

River Gravel Above Restricted Zone SST Specimen Data

F.GAd, 4% voids
Cedgn Asphalt content: 5.0%
Ficespecific grawty, 24354

RECH

F.GAh, 3% voids
High & sphalt content: 5.30 %%
Ficespecific grawty 24294

RECH

RGAL 7% voids
Low Asphalt content: 4.40 %
Ficespecific gravity: 24740

1

Design Asphalt content: 5.00%
F.icespecific gravity, 2.4 384

Bulk 5p. Grawity® voids Bull: 5p. Grawity]® woids
R.GAd Spec. | 2.3401 4.03 RGAR Spec. 2.3546 3.12
RGAd Spec. 2 2.3333 4.31 RGAh Spec. 2 2.3551 3.10
A TErage 2.334a7 417 A VErage 2.3548 311
RGAd, 7% voids SRFs RGAh, 7% voids SRFR

High A sphalt content: 5.30 %
Fice specific gravity, 24296

Bull 3p. Gravity]%s voids
FGAL Bpec. | 23101 f.h2
RGAL Bpec. 23096 f .64
L verage 2.3099 f.63

Bull 5n. Gravity®s voids Bullz 5p. Grawity® voids
F.GAd Spec. 1 2.2715 f.56 F.GAR Spec. | 22711 .51
F.GAd Spec. 2 22814 f.50 F.GAh Bpec. 2 2.2703 f.56
A verage 22770 .63 Average 22707 f.54
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TableB11.

RGEbelow the re stricted zone)

Design asphalt content 56 % asphalt content.

River Gravel Below Restricted Zone SST Specimen Data

RGE, 7% voids SEJFS
Low Asphalt content: 490 %
Fice specific gravity: 2 4496

Bull: 3p. Gravity|% voids
RGElSpec. 1 1289 6.56
FGElGpec. 2 22898 6.52
&verage 22894 6.54

RGBd, 4% voids R3CH ROBh, 3% voids REC3
Design Asphalt content: 5.6 % High & sphalt content: 5.90 %
Rice specific grawity: 2.4247 Rice specific gravity: 2 3004
BulkZp. Gravity |2 voids| Bulk 3p . Grawvity|% voids
RGBd Spec. 1 2.3298 3% RGBh Spec. 1 23343 3.26
RGBd S3pec. 2 2.3258 408 RGBh Spec. 2 23205 346
& verage 23278 4.00 & verage 23319 3.36
RGE, 7% voids SaFS RGE, 7% voids 23FS
Design &sphalt Content: 5 60 % High & sphalt content: 5.90 %
Rice specific gravity: 2.4247 Rice specific gravity: 2 3996
Bulk Bp. Gravity |2 voids| Bulk 3p . Gravity|% voids
RGEd Spec. 1 24388 8.12 RGEh Spec. 1 223532 6 26
RGBEd Spec. 2 24,4369 779 RGBh Spec. 2 2226 723
Hverage 22320 706 Average 22306 705
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TableB12.

GRTthrough the restrided zone)
Design asphalt content 4.3 %o asphalt content.

GRAabove the restrided zone)
Design asphalt content 4.3 %o asphalt content.

GRE(belowthe restricted zone)
Design asphalt content 4.3 %6 asphalt content.

Granite SST Specimen Data (Through, Above, and Bedow Restricted Zone

GRTd, 7% woids SEFS GETh, 3% voids RECH
Design A sphalt content: 4.30 % High Asphalt Content: 4.60 %
Fice qedfic grasity, 25494 Fice specific grawty, 2.5377

Bulk 3p. Grawity ¥ woids Bulk 3p. Gravitg %o woids
GRTd Spec. 1 23631 711 GETh Spec 1 2445 3.51
GRTd Spec. 2 23701 7.03 GETh Spec 2 2454 3.36
Average 23691 7.07 Average 24450 34
GREBd, 7% woids SEFS GEBh, 3% woids R3CH
Design A sphalt content: 4.30 % High Asphalt Content: 4.60 %%
Fice qedfic grasmty 25433 Fice specific grawty, 25361

Bull: Zn. Grasaty %o woids Bulk Zp. Grastg o woids
GRAd Spec. 1 23574 T3 GRAL Spec. 1 24595 3.02
GRA Spec. I 23614]  T.15 GRAL Spec. 2 2464 291
Average 2.3504 723 Average 24all 297
GEBd, 7% woids SEFS GEBh, 3% woids R3CH
Design Asphalt content: 4.30 %% High Asphalt Cantent: 4.60 %6
Fice gpedfic grawity 23447 Fice specific gravity, 2.5369

Bulk Bp. Gravity%s woids Bulk 3p. Gravity %o woids
GREBd Spec. 1 23791 .58 GEBh Spec. 1 24519 3.35
GEBd Spec. 2 23717 6.87 GFBh Spec. 2 24547 3.4
Average 2.3754 673 Aerage 24533 3.30
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Table B13.

LaTithrough the restricted zone)

Design asphalt content 4.5 % asphalt content.

LaAlabove the restticted zone)

Design asphalt content 4.0% asphalt content.

LEBibelowthe restricted zone)

Design asphalt content 4.8 % asphalt content.

Limestone SST Specimen Data (Through, Above, and Below Restricted Zone)

LATd, M4 woids
DESIGH A sphalt content: 4.50%
Fice specific gravity; 25230

R

L5Th, 3% woids
HIGH A zphalt Content: 4.50 %
Fice specific grawity: 25110

RS

Bulle Sp. Cravity| %o woids Bull Bp. Gravity | % voids
L3Td Spec. | 2333 736 L5Th 3pec. | 24339 307
L3Td Spec. 2 2306 719 L5Th Bpec. 2 24319 315
Average 43385 725 Average 243309 311
L33d, Mawoids SEFD L3ah, 3 woids R3CHE
DESIGH A sphalt content: 4.00% HIGH & zphalt Content: 4.30 %
Fice specific gravity; 25355 Fice specific grawity; 2.5235

Bull; Sp. Cravity| o woids Bulls Bp. Gravity| %o voids
L3Ad Bpec. 1 2303 769 L34h Bpec. | 24506 183
L3Ad Spec. 2311 766 L34&h Bpec. 3 24453 3.09
Average a4.H407 it Average 24480 2.99
LERd, 7o voids SRFSE LEBh, 356 woids RECHE
DESIGH A sphalt content: 4.80%% HIGH & zphalt Content: 5.10%
Rice specific gravity: 25467 Fice specific grawity: 24961

Bull; Sp. Gravity| %o woids Bulls Bp. Gravity|%s voids
LEBd Spec. | 23368 T L3Bh Spec. | 24303 2183
LZRd Spec. 2 23307 705 L3Bh Bpec. 2 2434 255
Average 432488 713 Average 24314 2.50
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Table B14.

MeTithrough the restricted zone)

Design asphalt content 3.8 % asphalt content.

MEAabove the restiicted zone)

Design asphalt content 3.5 % asphalt content.

LiBihelowthe restiicted zone)

Design asphalt content 4.3 % asphalt content.

River Gravel + Rounded Sand SST Specimen Data (Through, Above, and Below Restricted Zone)

MNETd, ™awoids SaFs MNETh, 3% woids RSCE
Design A sphalt content: 3.8% High & zphalt Content: 4.10
Fice specific grawity: 24930 Fice specific granity: 24930

Bull Bp. Cravity| %o voids Bulk; Sp. Cravity| %o woids
MNETd Spec. | 2340 .78 MNETh Spec. 1 2411 3M
NETd Spec. 2 23170 708 NETh 3pec. 2 2447 3.56
Average 2.3205 f.92 Average 24195 340
NEAD, Trovoids SaFs MNEAR, 3 woids R3CE
Design & sphalt content: 3.5% High & zphalt Content: 3.50
Fice specific grawity: 2.5050 Fice specific gramwity: 24540

Bull: Bp. Cravity| %o voids Bulk Sp. Cravity| %o wouds
MNEAd Bpec. | 2.3520 f.13 MNEAR Bpec. | 2417 3.06
NEAD Bpec. 2 2.3420 f.52 NEARL Bpec. 2 244 264
Average 2.34407 .33 Average 24220 2,85
NEBd, Mo woids SRFs NEBh, 3% wroids RZCE
Design A sphalt content: 4.3% High & zphalt Content: 4.60 %2
Fice specific grawity: 24810 Fice specific grawity: 24500

Bulle Bp. Cravity| % voids Bulk Bn. Cravity| %o woids
MNERd Spec. | 2.3190 f.52 MNEBh Spec. 1 2416 281
NERd Zpec. 2 2.30090 £.54 NEBh 3pec. 2 2401 3.20
Average 2.3140 6.73 Average 24000 291

124



	Front Matter

	Title Page

	Abstract

	Disclaimer

	Acknowledgments

	Table of Contents

	List of Figures

	List of Tables


	CHAPTER 1 INTRODUCTION
	1.1 GENERAL
	1.2 PROBLEM STATEMENT
	1.3 OBJECTIVES OF STUDY
	1.4 ORGANIZATION OF REPORT

	CHAPTER 2 LITERATURE REVIEW
	2.1 GENERAL
	2.2 WHEELPATH RUTTING
	2.3 RUTTING CHARACTERIZATION
	2.3.1 Aggregates
	2.3.2 Aggregate Gradation
	2.3.3 Fine Aggregates
	2.3.4 Coarse Aggregates
	2.3.5 Filler

	2.4 SPECIFICATIONS TO REDUCE RUTTING
	2.5 RECENT STUDIES ON SUPERPAVE RESTRICTED ZONE

	CHAPTER 3 EXPERIMENTAL PROGRAM
	3.1 PLAN OF STUDY
	3.2 MATERIALS SELECTION AND ACQUISITION
	3.3 TESTS FOR ASPHALT CEMENT CHARACTERIZATION
	3.3.1 Dynamic Shear Rheometer (DSR)
	3.3.2 Bending Beam Rheometer (BBR)
	3.3.3 Direct Tension Tester (DTT)
	3.3.4 Rotational Viscometer (RV)
	3.3.5 Mixing and Compaction Temperature

	3.4 TESTS FOR AGGREGATE CHARACTERIZATION
	3.4.1 Coarse Aggregate Angularity (CAA)
	3.4.2 Fine Aggregate Angularity (FAA)
	3.4.3 Flat and Elongated Particles (F&E)
	3.4.4 Clay Content
	3.4.5 Specific Gravity

	3.5 SUPERPAVE MIXTURE DESIGN
	3.5.1 Aggregate Blends
	3.5.2 Preparation of HMA Mixtures
	3.5.3 Compaction
	3.5.4 Volumetric Analysis
	3.5.5 Design Asphalt Content

	3.6 TESTS FOR ASPHALT CONCRETE EVALUATION

	CHAPTER 4 EVALUATING SUPERPAVE MIXTURES
	4.1 SUPERPAVE SHEAR TESTER (SST)
	4.2 PERFORMANCE TESTS
	4.3 SPECIMEN PREPARATION AND INSTRUMENTATION
	4.4 FREQUENCY SWEEP AT CONSTANT HEIGHT
	4.4.1 Dynamic Shear Modulus (G* ) and m-values
	4.4.2 Shear Phase Angle
	4.4.3 G*/sin d Ratio

	4.5 SIMPLE SHEAR AT CONSTANT HEIGHT
	4.5.1 Maximum Shear Strain
	4.5.2 Permanent Shear Strain
	4.5.3 Recovered Shear Strain
	4.5.4 Permanent Shear Strain After the First Load Application

	4.6 REPEATED SHEAR AT CONSTANT STRESS RATIO
	4.7 REPEATED SHEAR AT CONSTANT HEIGHT
	4.8 ASPHALT PAVEMENT ANALYZER
	4.9 SUMMARY OF LABORATORY TEST DATA AND DISCUSSION
	4.9.1 General Observation
	4.9.2 Statistical Analysis


	CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS
	5.1 CONCLUSIONS
	5.2 RECOMMENDATIONS

	REFERENCES
	Appendices

	APPENDIX A ASPHALT CEMENT CHARACTERIZATION
	APPENDIX B SUPERPAVE MIXTURE DESIGN


