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SECTION I
INTRODUCTION

A. OBJECTIVE

The objective of this research was to investigate asphalt-aggregate
interactions in hot recycling by conducting fundamental studies and to use
the results as a basis for developing guidelines to improve material
selection for asphalt recycling applications.

B.  BACKGROUND

Bonding between asphalts and aggregates in paving mixtures is
inadequately understood because of the complexity and variability of
asphalts and aggregate surfaces. Adhesion of asphalts to aggregates is a
surface phenomenon controlled by the physical and chemical properties of the
component materials. Since the early 1900s, investigations have attempted to
study this surface interaction through such techniques as: (1) scraping and
peeling (References 1 and 2), (2) contact angle (Reference 1), (3) water
stripping (References 3 and 4), (4) inverse gas-liquid chromatography
(Reference 5), (5) infrared spectroscopy (References 6 and 7), (6) the Gagle
procedure (Reference 8), and (7) microcalorimetry (Reference 9).
Observations indicate that viscosity or penetration effects of binders alone
cannot account for pavement performance problems; yet, recycling is
conducted by restoring aged pavements based soley on considerations of
viscosity or penetration or both,

Few studies have been reported to investigate asphalt-aggregate
interactions in hot recycling. There are no guidelines incorporating the
henefirial aspects of proper binder rejuvenation into the design process.
The complexity of the materials has been identified (Reference 10) as a
probable cause for the absence of such guidelines; however, hot recycling
has become common practice in highway and airfield reconstruction programs.

*Highway (and some Air Force)pavement rehabilitation efforts have
reported financial savings of 25 to 40 percent from using recycled instead
of virgin materials. Although many highway departments engage in recycling
projects, problems identified by Blaschke (Reference 11) persist such as




difficulty in (1) characterizing the component materials in the pavement, “

(2) excluding moisture effects in the pavement, and (3) maintaining quality
control throughout the project.

Through the study of asphalt-aggregate interactions in hot recycling,
this research will attempt to gain a fundamental understanding of the
properties of recycled mixes that affect performance. Performance in this
research is measured by the retained tensile strength after water damage.
The results obtained will be used to stress the need to develop test methadc
or test programs for characterizing the component materials in a pavemen*
targeted for hot recycling.

This research investigates the following:

£«

* Bonding characteristics of Recycled Asphalt Pavement (RAP) f
* Effect of a recycling agent on the bond behavior
* Moisture-resistance characteristics

The characteristics of both strength and stiffness of recycled
mixtures,

R

The basis for comparison is a control mixture consisting of a virgin asphalt
and a virgin or reference aggregate.

C. SCOPE

The scope of this effort consisted of a state-of-the-art technology X
review of asphalt-aggregate interactions and the methods used for their
evaluation. This review led to the selection of test procedures for 3
characterization of the interaction between asphalt and aggregate in a hot
recycling environment. The methods used in this study were applied to a
virgin asphalt, two recovered RAP binders, a modifier, two recycled blends,
and three aggregates. The results were analyzed and correlations
identified between performance and material properties. This report ;

documents the findings, conclusions, and recommendations, for continued
research in this area. Guidelines for the selection of materials for hot
recycling projects are proposed.
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D. CONDUCT OF RESEARCH

This research consisted of two phases. Phase I consisted of a
literature review, preliminary materials selection and evaluation, parameter
definition and test matrix determination. Phase Il consisted of
identification and acquisition of additional materials, development of
testing methods, final test matrix configuration, evaluation of the test
matrix, analysis of results, development of guidelines, conclusions and

recommendat ions.

In Phase I, a literature review was conducted to identify techniques
applicable for studying asphalt-aggregate interactions in hot recycling.
Materials were collected from three air force bases (MacDill, Nellis, and Tyndall)
and Hurlburt Field where hot recycling projects were under consideration,
ongoing, or recently completed. These materials were tested and the results
from these tests provided the basis for the work conducted in Phase II.

In Phase II, the test matrix was constructed to include five binders,
three aggregates, and one modifier. The binders were a virgin AC-30, two
RAP binders, and two recycled blends. The blends were prepared, using the
two RAP binders and one modifier, which was selected using the criteria
established in ESL-TR-84-47 (Reference 12). Two aggregates from Georgia
were chosed, based on their past performance record as documented by the
Federal Highway Administration (FHWA) and the Georgia Department of
Transportation (DOT). Previous experience with these materials in other
studies (Reference 13) also aided in their selection. The third aggregate
was a combination of 40 percent RAP aggregate to 60 percent new aggregate.
This aggregate blend was chosen to mimic the actual recycling formula used
at Nellis AFB although no prior performance data for this aggregate were
avaliable. Aggregates were tested for chemical, physical, and surface
properties. Asphalts were tested for physical, chemical, and solution
properties. Bonding energies between binders and aggregates were measured
and mixtures were tested for water resistance. Resilient modulus and
tensile strength testing before and after water treatment was conducted to
provide a measure for performance of the mixtures. Correlations between
material and mixture properties were identified and used to propose

guidelines for selection of materials for hot recycling projects.
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SECTION 11
LITERATURE REVIEW

A.  INTRODUCTION

The performance characteristics of asphalt-aggregate paving mixtures
are largely determined by the adhesive bond between binder and aggregate and
the cohesive forces between binder molecules. Mechanical interlocking
between aggregate particles and that of the asphalt into the aggregate pores
also contributes to the strength and performance of the mixture. The adhe-
sive bond is affected by a nunber of properties of the asphalt and the
aggregate. Polar molecules present in asphalts such as carboxylic acids,
dicarboxylic anhyrides, sulfoxides, ketones, and pyridinic-type molecules
exhibit strong intermolecular attractions (References 14, 15, and 16).

These molecular types may agglomerate together in asphalt to form micelles
or they may adsorb at the asphalt-aggregate interface. The microscopic
properties of the aggregate such as surface area, porosity, and surface
chemical composition determine the number and nature of active sites for
adsorption of asphalt molecules. Adsorbed material on the aggregate surface
such as dust, jons, and water may prevent the asphalt from bonding to the
aggregate surface. The adsorption of polar molecules at the aggregate
surface results in a molecularly structured layer extending out into the
asphalt binder because of the action of dipole forces induced on asphalt
molecules. The strength of the initial bond and the degree of molecular
structuring around the aggregate may be a significant factor in asphalt-
aggregate mixes that show "tender" behavior and may also be related to the
water resistance of the mix (Reference 9).

Stripping of asphalt molecules from aggregate surfaces occurs by
several mechanisms, including detachment, displacement, emulsification, pore
pressure, and hydraulic scouring. MWater damage in asphalt-aggregate mix-
tures may be related to the strength of the bond initially formed between
asphalt and aggregate (Reference 9). Chemical analyses of the fraction of
asphalt strongly adsorbed onto the aggregate both before and after water
treatment have revealed that polar groups may be displaced by the action of
water (Reference 6). Although polar functionalities capable of strong

hydrogen bonding (such as carboxylic acids) are most easily displaced by




water, strong hydrogen bonding species such as pyridinic-type molecules are
thought to be important in increased water resistance of pavement mixtures
(References 9, 17, 18).

As an asphalt ages, the concentration of asphaltenes increases due to
oxidation and agglomeration of asphalt molecules. Oxidation increases the
polarity of asphalt molecules. This leads to increased molecular agglomera-
tion and higher viscosities. Addition of a recycling agent to an aged
binder changes the solubility of the binder, altering the properties.

Except in the case of 100 percent recycling, recycled pavements use a
modifier, virgin asphalt, and new aggregate. Properly recycled binders in
mixes are claimed to exhibit better aging characteristics than virgin mixes
as shown in Figure 1 (Reference 19). In past years, recycled mixes have
been designed by restoring the aged binder to its original viscosity or
penetration with a recycling agent. Recently, researchers have developed
criteria that make possible the selection of a modifier most chemically
compatible with the aged binder to be recycled (Reference 12). The effect
that chemical alteration of the aged binder has on the old asphalt-aggregate
bond is not known, although 100 percent recycled systems may take months to
reach equilibriun (Reference 20). However, in recycling cases where new
aggregate is used, the bonding properties of the blend with the new
aggregate should be measurably different from the properties of the aged
binder new-aggregate bond.

The properties of the aggregate play an important role in determining
the properties of an asphalt-agyregate mixture. Aggregates having a silica
(SiOz) content greater than 65 percent are considered "acidic" and generally
exhibit greater stripping problems than "basic" aggregates that contain less
than 55 percent Si0, (Reference 3). Aggregates containing an Si0, from 55-
65 percent are classified as intermediate. Basic aggregates usually contain
considerable amounts of carbonates. Aggregates with high silica contents
are more hydrophilic than basic aggregates, primarily because silicates have
higher dipole moments than carbonates. Consequently, silica surfaces hold
more adsorbed water strongly than do carbonates. The competition of asphalt
molecules with water for adsorption sites on the aggregate becomes more
intense on silicate surfaces because of the increased resistance of the
water to displacement by weaker adsorbing asphalt molecules. The surface
area and porosity of the aggregate determine the number and accessibility of
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Figure 1. Change in Performance Properties of Recycled Binders
(Reference 19).
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active sites for adsorbing molecules. An increase in the number of active e
sites would benefit stripping resistance by requiring more water molecules
to displace asphalt molecules from the surface, Surface material - such as
dust, water and ions - that is loosely bound reduces the ability of the
asphalt to wet the aggregate surface and reduces the number of active sites
available for asphalt adsorption. However, adsorbed material on the
aggregate surface also reduces the surface energy of the aggregate, thereby,
lowering the attraction for water adsorption (References 3 and 21).

Although weathered aggregates have more adsorbed material on their surface,
they are not as susceptible to water stripping as freshly crushed aggregates
(Reference 21).

Several adhesion theories have been postulated for interpreting the
properties of asphalt-aggregate mixtures. Mechanical interlocking assumes
no chemical interaction between asphalt and aggregate so that all bonding
strength is a result of cohesion within the binder and the interlocking of
aggregate particles. Thus, the surface texture, porosity, and shape of the
aggregate particles determine the bond strength (Reference 3). Chemical
bonding theories assume a chemical reaction between the aggregate and the
asphalt (Reference 22) although true chemical reactions probably do not
occur., However, there are definite formations of weak bonds due to dipole o\
forces.

The molecular orientation theory involves the structuring of asphalt
molecules at the asphalt-aggregate interface. The structuring extends out =
from the surface and into the binder (References 22 and 23). The E
interfacial theory assunes that adhesion develops because of a dec-ease in
the surface energy of the aggregate as the asphalt is adsorbed onto the
surface (References 3 and 22). In reality, the strength of the bond formed -

between asphalt and aggregate is probably a combination of all the above- E;
mentioned effects. The decrease of surface energy on the aggregate is a F“
result of the formation of weak bonds that induce a dipole on the adsorbed 3&
molecules. This dipole effect extends out into the binder matrix causing $§
structuring of the asphalt molecules away from the aggregate surface., The B:i

A

structuring within the binder away from the aggregate surface is probably
related to the cohesive strength of the binder.




The following sections present descriptions of the techniques chosen
for the study of binders, aggregates, and binder-aggregate mixtures.

B. BINDER ANALYSIS
The following techniques were performed on the binders:

* Modified Clay-Gel Compositional Analysis
* Heithaus Flocculation Ratio
* Viscosity
* Penetration
; « Ductility
* Rolling Thin-Film Oven Test (RTFO)

A modification of the Clay-Gel absorption chromatographic method for
separating extender o0ils into generic chemical fractions (American Society
for Testing and Materials [ASTM] D2007-75) has been employed extensively for
separating asphalt in previous recycling studies (Reference 12).
Precipitation of asphaltenes with n-pentane is followed by separation of the
remaining components, according to their relative affinities for attapulgus
clay and silica gel in a range of polar to nonpolar solvents. Three
fractions are obtained from the chromatographic separation: aromatics, polar
aromatics, and saturates. The percentages of the four generic chemical
fractions have been used as important parameters in seeking the best
available modifier for a given aged binder (Reference 12). A considerable
base of Clay-Gel data exists on extracted RAP binders, recycling agents,
blends, and binders from recycled mixes.

The Heithaus Flocculation ratio method (Reference 24) yields informa-
tion on the solution properties of asphalts. The technique involves titra-
tion of an asphalt sample dissolved in toluene with n-dodecane and determin-

ing the amount of titrant necessary to induce flocculation of the asphal-
tenes present in the sample. The ability of the maltene fraction to dis-
perse the asphaltenes (maltene peptizing power) is a measure of the
efficiency of the maltenes to solublize the asphaltenes. The peptizability
of the asphaltenes refers to the ease of solublization of the asphaltenes by
the maltene fraction. The state of peptization provides a measure of the
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dispersion of the asphaltenes in the maltene fraction. This method has 'aﬂ
proven to be valuable in determining the compatibility of modifiers with M
aged asphalt binders (Reference 12). A considerable base of Heithaus data i;
has accumulated from previous recycling studies of Air Force runway :§5
pavements (Reference 12). These compatibility data show the effects of IE
recycling agents on the solubility state of the aged binder and the effects
of oxidation on a particular binder. AT
Aged binders and modifiers are subjected to a series of tests to ;&_
determine their physical properties. Mdifiers are tested for weight loss ':';
* (ASTM D2872), flash point (ASTM D92), and viscosities at 100, 140, and ;;"
212 °F (ASTM D2170 and D2171). Viscosity measurements are conducted at E"
these temperatures to determine the temperature susceptibility of the modi- 12’
fier. The modifier viscosity is used to determine the suitability and pro- h}
portion of the modifier to reconstitute recovered aged binders for a given %f‘
target consistency. The recovered aged binders, as well as the blends, were fi'
tested by a variety of standard methods. Equipment and procedures necessary ;:
for conducting these tests are listed in Volume 4.03 of the Annual Book of Ef’
ASTM Standards (Reference 25). L
]
C.  AGGREGATE ANALYSIS ;E ‘
The following tests were performed on the aggregates:
A
+ Surface Area Py )
« Porosity .
« X-Ray Fluorescence v
) » X-Ray Diffraction :
» Cation Exchange Capacity (CEC) é;
« Water-Soluble Ions ?i.
The amount oi strongly adsorbed components on the aggregate surface is th
dependent on the surface area of the aggregate (Reference 15). The surface i%
area of the aggregate can be measured using the method developed by 2&
Brunauer, Emmett, and Teller (Reference 26). The aggregate sample is cooled {SE‘

to liquid nitrogen temperature and a known quantity of gas (typically _
nitrogen or krypton) is admitted to the sample chamber. A limited amount of N
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this gas adsorbs onto the aggregate surface. From the known volume of the
sample chamber and several measurements of pressure and temperature as the
volume is increased, the volume of gas comprising one adsorbed monolayer may
be determined. This volume can be related to the surface area of the sample
from the cross-sectional area of the adsorbed gas (Reference 26). Aithough
the surface area that the krypton or nitrogen atom “sees" is different from
that of a much larger asphalt molecule, the relative areas between samples
of different aggregates is proportional to the amount of strongly adsorbed
asphalt molecules (Reference 15).

The porosity of an aggregate may be important in determining the
strength of an asphalt-aggregate bond. High porosity results in increased
surface area for bonding of more asphalt molecules to the aggregate surface.
Also, mechanical interlocking of the asphalt to the aggregate is increased.

Porosity is measured by forcing liquid mercury into the pores of the
aggregate under high pressure (up to 33,000 1b/in2a) and measuring the
volume change of the mercury. Assuming a contact angle of 140 degress and
cylindrical pore shape, a distribution of the pore volume as a function of
the pore radii is obtained (Reference 27). In larger aggregate particles,
internal pores are not accessible to the surface if no connection to the
surface is made (closed porosity).

Elemental analysis of bulk aggregate can be performed using X-ray
flourescence of samples frozen in lithium fluoride glass (Reference 28) and
X-ray diffraction of powdered materials. Further analysis can be made based
on weakly adsorbed surface ions desorbed with distilled-deionized water and
on exchangeable cations inside the crystal lattice using atomic absorption
spectroscopy (Reference 29). .

The CEC of soils and minerals is a measure of the number of cations
that can be readily exchanged with other cations present in solution (Refer-

ence 30). CEC arises from replacement of higher valence cations with lower
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valence cations of similar size (such as Al*3 replacing Si**) and unequal
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charge distributions because of imperfections in the lattice structure.
These imperfections result in a net charge deficiency in the lattice that is
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o
balanced by adsorbing cations at unbalanced charge centers and crystal EE
faces. These weakly adsorbed cations may be exchanged with other cations E’
present in aqueous solutions causing significant changes in the physical >
properties of the mineral. CEC has not been widely applied to the study of q;
aggregates although some potential exists for observing CEC effects in :;
asphalt-aggregate mixtures. <
The surface free energy of an aggregate is determined by the number of 35
unsatisfied surface bonds that may contribute to the overall charge on the :i
aggregate (Reference 21). Higher surface energy causes more water to be ﬁf
attracted to the surface. Weathering and adsorption of material onto the f
aggregate surface lower the free energy of the aggregate surface. Thus, g
weakly adsorbed and easily exchangeable ions may be related to the water j;
susceptibility of the asphalt-aggregate bond. Also, cations such as Fett ;f
and Ca** have been postulated to have effects on the physical and chemical g?
properties of asphalts. Addition of hydrated lime slurries to asphalts and ?;
treatment of aggregates with 1ime reduce the rate of oxidative aging (Refer- 5ﬂ
ence 31) and the susceptibility of the asphalt-aggregate mixture to water :u
damage (Reference 4). >
A

D.  ASPHALT-AGGREGATE MIXTURE ANALYSIS ;;
The following techniques will be applied to asphalt-aggregate mixtures: ;i

+ Microcalorimetry Y

« National Cooperative Highway Research Program (NCHRP) 274 Water b
Damage Testing ji:

+ Indirect Tensile Strength :
+ Resilient Modulus ;:1

[

Polar functionalities in asphalts have been found to be selectively gi
adsorbed onto aggregate surfaces (References 5, 15, 32, and 33). The types W
of functionalities found at the interface are carboxylic acids, dicarboxylic ;:{
anhydrides, sulfoxides, basic nitrogen types, 2-quinolone types, and ketones Eﬁ‘
listed in decreasing order of their relative affinity for aqgregate :fﬁ
surfaces. Their relative susceptibilities to water damage have been found :3‘
to decrease in this order although the basic nitrogen types are found to be _
displaced easier than sulfoxides and 2-quinolone types (References 15 and ”'
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33). These trends are averaged for a variety of common aggregates and may
vary slightly depending on the particular aggregate.

Microcalorimetry measures small changes in the heat release of a system
such as the heat release which occurs when a solid is dropped into a liquid.
The amount of heat released when an insoluble solid is dropped into a pure
liquid is proportional to the degree of interaction of the liquid with the
solid surface, This interaction results from the strength of the
association between solid and liquid or the degree of adhesion between the
two phases. This phenomenon is governed by chemical forces such as ionic, ’
dipole-dipole, induced dipole, and dispersion acting at the solid-liquid
boundary. Heats of immersion for typical solid-liquid systems involve a
sudden release of energy that ceases after a short time (Reference 34).

The heat released by immersion of aggregate into asphalt is unigue
because the release of energy slowly tapers off but may continue for days.
This behavior for asphalt-aggregate systems may be rationalized by assuming
that the initial energy released is due to the adsorption of the first
monolayer of asphalt molecules surrounding the aggregate resulting in a
large initial heat release (see Figure 2, Region A). This initial heat flux
is followed by multilayer adsorption because of the induced dipole forces
created by the adsorption of the first monolayer (Figure 2, Region B). This
multilayer adsorption process is illustrated in Figure 3. The first
adsorbed monolayer of polar molecules i~ furthur polarized by the electric
field present at the aggregate surface. This polarization effect is "felt"
by molecular neighbors near the monolayer causing further polarization
extending out from the aggregate into the binder. This polarization effect
causes a molecularly-structured region to form about the aggregate. The
strength of the initial bond formed between asphalt and aggregate and the
degree of molecular structuring may be related to the water susceptibility
and the "tender" or “"nontender" characteristics of the asphalt-aggregate
mixture (Reference 9).
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Microcalorimetry was first applied to the study of asphalt-aggregate
interactions by Ensley and Scholz in 1970. The hea* released upon immersion
of aggregate into asphalt was postulated to arise from either chemical
reaction or from the adsorption of molecules onto the aggregate surface
followed by the buildup of subsequent molecular layers (Reference 34). More
microcalorimetry experiments (References 35 and 36), flow measurements
(References 37 and 38), dipole alignment measurements (References 37 and
38), and contact angle studies (Reference 38) further supported the
multilayer adsorption theory. ODipole alignment measurements demonstrated
that the more positive region of polar asphalt molecules are aligned towards
the aggregate. This is not surprising because of the buildup of net
negative charges on aggregate surfaces. Microcalorimetry data have shown
that bonding energies increase with temperature. This apparent anomaly is a

result of a higher rate of dissociation of asphalt molecular clusters at
elevated temperatures, allowing more individual molecules to migrate to the

aggregate surface, thus, increasing the bond energy. This phenomenon may

have significant effects on the bonding of recycled binder to both old and
new aqggregate, depending on the characteristics of the hot mixing process

(Reference 20).

The relationship between moisture damage and microcalorimetry data is
not yet firmly established although some correlations do exist, Curve tail
height at some arbitrarily selected time has shown some agreement with
stripping test data (Reference 34). A detailed study of the effects of
moisture damage on the asphalt-aggregate bond showed no apparent correlation
with the degree of water damage as measured by Lottman's procedure

(Reference 40) or the water-susceptibility test (Reference 4). However,
further work demonstrated that some agreement between the initial bonding
strength and Lottman's water damage data is apparent (Reference 9).
Excellent correlation between lower curve tail height and tender asphalt-
aggregate mixes was noted for pavement mixes with past records of tender
behavior (Reference 9).
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The NCHRP 274 (Reference 39) is a modification of the Lottman procedure
(Reference 40). The test samples are not allowed to reach the maximum water
saturation limit and are not exposed to a freeze-thaw cycle as in the
Lottman test. Specimens are prepared according to ASTM D4123 to
approximately 7 * 1 percent air void content, Samples are immersed in
water for a finite period under 20 inches of mercury vacuun until saturated
to the 55-80 percent level. These presaturated specimens are soaked in a
140 °F water bath for 24 hours followed by a l-hour immersion in a 77 °F
water bath. The samples are then tested for indirect tensile strength.
Results are reported as the percent retained tensile strength of the dry
versus the wet samples. A retained tensile strength of 70 percent or
greater is considered to indicate a mixture with good water resistance.
Resilient modulus of briquets before and after water treatment was also

conductea in this investigation.

The GHD-66 procedure (Reference 41) evaluates mixtures using the
Lottman method. This procedure modifies the Lottman tensile strength ratic
criteria from a minimum value of 70 to 80 percent. In addition, visual
inspection using numerical ratings which range from 0 for nonstripping to 3
for severe stripping is included in the GHD-66 procedure and was also used
in this study.
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SECTION ITI
LABORATORY INVESTIGATION AND TEST MATERIALS

A. TEST PLAN

The laboratory investigation was divided into three test plans;

general, physico-chemical, and interactive. The test materials included one

virgin asphalt, two recycled blends, and two RAP binders. The virgin
asphalt was considered to be the control binder. Properties of mixtures
made with the control binder were compared to properties made with the
blends. Properties of mixtures made with blends were compared with
properties from mixtures made with RAP binders.

The general test plan (Table 1) was designed to investigate asphalt-
aggregate interaction compatibility by using two extreme performing
aggregates where performance is measured by resistance to moisture damage.
The Rome aggregate is a nonstripping or slight-stripping aggregate and the
Grayson aggregate is the severe stripper. The Nellis (40/60) formula,

40 percent RAP aggregate to 60 percent virgin aggregate, is a neutral

aggregage for which no water-damage susceptibility information was available

at the time of the study.

The physico-chemical matrix shown in Table 2 is a subset of the general

test plan. These tests were planned to determine fundamental physical and
surface chemical properties of the aggregate systems. Bulk samples of
crushed aggregate were tested for chemical composition, CEC, and water-
soluble ions to determine variations from the sieved aggregate portions.
Bulk samples were not evaluated for surface area and porosity because
material that will not pass through a #4 sieve generally offers negligible
contributions. The - #50 + #200 fraction was not tested for chemical
properties because variations in composition between the larger fractions

are not as large as those of the - #200 fraction. Surface area measurements
on each of the sieved fractions were conducted to allow a calculation of the

surface area for a given weight of an aggregate mixture. Porosity
measurements were conducted on the two fractions used in the
microcalorimetry tests (- #4 + #16 and - #16 + #50) and on the - #200
fraction. Porosity measurements of the finer fractions may reveal closed
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TABLE 1. GENERAL TEST MATRIX

Rome Grayson Nellis
Binder 1imestone granite gneiss (40/60) formula
Gwinnett AC-30 X X X
Nellis blend X X X
Tyndall blend X X X
Nellis RAP X X X
Tyndall RAP X X X

TABLE 2. PHYSICO-CHEMICAL TESTS CONDUCTED ON AGGREGATES

Bulk Elemental
composition Cation analysis
Surface by X-Ray exchange by atomic
area Porosity fluorescence capacity absorbtion
Rome bulk sample - - X X X
Grayson bulk sample - - X X X
- #4 to X X X X X
+ #16 sieves
- #16 to X X X X X
+ #50 sieves
- #50 to X - - - -
+ #200 sieves
- #200 sieve X X X X X
Notes: x = Test
- = No test
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pores accessible only in the - #200 fraction. The results from these

measurements were used for explaining mixture property differences between
the various asphalt-aggregate combinations.

The interactive tests listed in Table 3 were chosen for testing
asphalt-aggregate mixtures. The NCHRP 274 method was applied to triplicate
dry and wet specimens of each asphalt-aggregate mixture. The results from
the NCHRP 274 test method were used as an indicator of performance. The
microcalorimetry test was applied to duplicate mixtures of various asphalt-
aggregate combinations. The results from microcalorimetry tests were used
to explain the performance differences from the NCHRP 274 measurements on
the various asphalt-aggregate combinations. In particular, the comparison
between recycled and virgin mixture performance differences, as measured by
the NCHRP 274 method, is prime to this study.

B.  NOMENCLATURE

The following abreviations are used: GG for Grayson Granite, RL for
Rome Limestone, and NF for Nellis (40/60) Formula aggregates. Mixtures are
designated by the aggregate symbols followed by the binder used to
manufacture the mixture, For exanple, GG Gwinnett stands for mixtures made
with Grayson granite and Gwinnett AC-30 binder.

C. TEST MATERIALS
1. Binders

Test materials were considered from locations where hot recycling
was being considered, ongoing or just completed. Project sites identified
were Nellis AFB, MacDill AFB, Tyndall AFB, and Hurlburt Field
AFB is in a hot-dry region and the others are in hot-wet locations.

The virgin binder used to manufacture mixtures with Rome and
Grayson aggregates in previous work (Reference 13) was chosen to be the
control asphalt. This asphalt was originally a Lithornia AC-30 asphalt.
Gwinnett AC-30 asphalt was substituted because of the unavailability of
Lithornia AC-30 at the time the materials were collected. These two
asphalts are produced by the same company and used interchangeably in the

same state., A comparison of the two materials is presented later. The
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TABLE 3. INTERACTION TESTS ON ASPHALT-AGGREGATE MIXTURES
Rome Grayson Nellis

Test method Binder 1imestone granite gneiss  (40/60) formula

Gwinnett AC-30 X X X

Nellis blend X X X
NCHRP 274 Tyndall blend X X X

Nellis RAP X X X

Tyndall RAP X X X

Gwinnett AC-30 X X X
Microcal- Nellis blend X X X
orimetry Tyndall blend X X X

Nellis RAP X X X

Tyndall RAP X X b
Note: x = Test
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2. Aggregates

Initially, aggregate materials were selected to come from the same
sites as the RAP materials. However, virtually no data were available on
the past performance record of these aggregates in pavements., Aggregates

with well-documented histories of performance were chosen for the experimental
design,

A preliminary evaluation of the aggregates from Nellis AFB, MacDill AFB,
and Hurlburt Field was conducted to determine aggregate chemical properties. Bulk
chemical composition, water displaceable ions, and cation exchange capacity tests
were conducted on selected sieve ranges of the naturally screened aggregates. The
results indicated variations were significant between sieve ranges for the same
aggregate. Also, no data were available on the past performance of these
agqregates in paving projects. A severe stripping aggregate and a nonstrippina
aggregate were selected for the study. A further reguirement for %nese m2<er -z -
was that the total aggregate requirement for a mixture had to come from one
source.

The two aggregates selected were from Georgia: a Rome limestone and
Grayson granite gneiss. Previous experience with these two aggregates aided in
their selection (Reference 13). The Grayson material is known to be a severe
stripper and the Rome material a slight stripper. Samples of these aggregates
were collected from both Rome and Grayson, Georgia.

The Grayson aggregate originates from an igneous rock system located
about 20 miles northeast of Atlanta, Georgia. The parent rock is slightly
metamorphosed. The rock deposit consists of contorted and noncontorted phases in
its formation. It is highly granular, highly abrasive, and contains about
10 percent pegmatite. The abrasion losses of this deposit are described to exceed
the 40 percent maximum which is currently required for most paving operations.

The Rome aggregate comes from a sedimentary rock deposit located about

o

75 miles nor.hwest of Atlanta, Georgia. This material is described to consist }:
about 98 percent calcite and or dolomite (calciun-magnesium carbonate). The rock ‘Eﬁ
is slightly soft and slightly alkali reactive in concrete because of the presence Z;_
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of a small amount of caaicedany; howese=, 11 s accepted for paving operations in
the State of Georygia. This aqareqats i, considered to be a slight stripper in
Georgia because the mixtures made witn 't da not meet the state's minimum retained
tensile strength of &0 percent determinet by the Lottian procedure (Reference 40).
The 80 percent value is g mu¢ification f the mi- “mum 70 percent origina’ly

established by Lottman.

A third aggrogate syston was ~hosen cansisting o7 40 percent RAP
aggregate and bl percest virgin dagi~aite,  The 40/60 formula was selected to
approximate the design used it N:=11li- AFF to recvele the cunway in 1984, The
virgin aggresate was obtain! {rom the .one tountain pit quarry located about
13 miles northwest of Lac Veges, N-.ads and the RAP uggregate was obtained from
extracting aged binder from the RAP material, discussed earlier., The Lone
Mountain pit quarry was the wan ~opoe Al virgin agareqdate for the recycling
effort on the runway at %01 5 AFE. Te KAY wsed in the recycling effort at

Nellis AFB was milied fron the o o o wy.

The Neliis aggeegate ¢ e frow o dolomitic iimestone rock deposit at
the Lone Mountain pit quarry. 2decaie nt the arid natare of the region, the
deposit 1s Jacated in an arog where wingd own 5 1nd prevails.  The sand often shows
Jdp i the fine pertion of the »ruhen rock tractiions,  There was no performance

information obtained on this rock wiil reosect to moisture resistance,

The RAP aggregate was ubtained by extracting and recovering aged binder
from RAP. The aggregate was visually descrited to consist predominantl  of
limestone, some quartzite, <ome rhyolite, and traces of btasalt. Preconstruction

records were unavallable to licate the crrginal wogroe of rnis jearegate,

3. Mixtures

Mixtures were prepdrad o.1nyg Aprro At ety e Sane grading and binder
content (5.0 percent) for fne ‘noe o eragato oy tome “he temperature of
preparation was 290 - o Tp oo 1 0 e m ot Eve e e ppnacted 3t 2R0
£ 10 °F (138 ¢ 5.5 °f) . Theoe tocger o v oy wer o getor cimeed from viscosity
measurements of the Guwinrett A0 0 D irdaier wet o ™M 1559, The Rome
Timestone was used to detec et oot aptent 0 wn oy 7] prreent air
/01d prevailed,  Theoo aivature o 0 paser gt aimp tion of 75 blows per face

of each brigquette.
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SECTION TV
MATERIAL TESTING

A.  TEST PROCEDURES

The following test procedures were selected for evaluating materials
during the course of this research.

1. ASTM C-127, Standard Test Method for Specific Gravity and
Absorption of Coarse Aggregate (Reference 25).

2. ASTM (C-128, Standard Test Method for Specific Gravity and
Absorption of Fine Aggregate (Reference 25).

3. ASTM C-136, Standard Test Method for Sieve Analysis of Fine and
Coarse Aggregates (Reference 25).

4. Bulk chemical composition and elemental analyses of aggregates
(Reference 29).

5. Surface area and porosity tests on aggregates (References 26 and
27).

6. Modified Clay-Gel Composition Analysis (Reference 13).
7. Heithaus Flocculation Ratio (Reference 13).

8. MIL-STD-620A, Military Test Methods for Bituminous Paving
Materials, May 1961 (Reference 42).

9. Air voids analysis by MS-2 procedure (Reference 43).

10. ASTM D-2726, Standard Test Method for Bulk Specific Gravity and

Density of Compacted Bituminous Mixtures using Saturated Surface Dry
Specimens (Reference 25).

11. ASTM D-4123, Standard Method of Indirect Tension Test for
Resilient Modulus of Bituminous Mixtures (Reference 25).
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12. Moisture treatment of compicted bituninous mixtures using NCHRP 274
method (Reference 39).

TAN

13. Microcalorimetry tests (Referoncis 3 and 245

Other test proceduras used in tnis research are identified in tnic report at

the time of use.

B. TEST DESCRIPTIONS

The test plun onutiired *he macecislc and test orocedures uceda.  The
following discussion wil'! describe rach test ia Jetail, The results from

these tests are presented in Section V.
1. Physico-chemical Tests on Aggrejates
a. Bulk Cnemical Composition

Bulk chemical ccmpusition of the aggregates was determined by
X-ray fluorescence. The aggregate samples were crushed, frozen in lithium
fluoride glass, and irradiated with X-radiaticn. Absorption of the X-rays
results in emission of Tower-enwrcy radiation that is characteristic of the
components present in the aggregate (Reference 28). This technique ailows
precise determination of the amount of oxides [(Si0 , Al ,0,, Ca0, MgQ, for
example) and trace metils present in the aggregate sampie, The amount of
nonadsorbed water [H.0(-)] is determined by baking the aggregate at
temperatures from 110-i20 “C. Heat:irg the agyregate to 1000 “C allows
determination of the amount 7f adsorbed water on the surface and CO, [H,0(+)
+ C0,] released trom decomposition ot carbonates. The 1oss an ignition
is determined from the [H,0 + ©0_] valwe with a corvectine for the oxygen
liberated upon heating of Fe 04, Ferric oxide (Fe .0 ) concentrations are

determined gravimetrically !(Reforencs 2,

ThH vnlnura}g\:u '1‘,15]:)‘\ Ay, ,Jf 'wh-_" J’](;":‘gdte; wis dete"m]ned

by X-ray diffraztion of powdered samp -, The <amples arve hombarged with

X-rays and the diftr ot oo potter o0 e Scat{ercs rays recorded.  The
diffraction nattern 1o a4t and g Dot ciard maneragl Jliffraction
pattern to determioo o0 onpL st o L e g gregate
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Several sieve ranges were analyzed to determine the variation
in composition between the coarse and fine fractions. Bulk specimens from
Rome, Grayson, and Las Vegas were tested. Each specimen was ground to pass
a #200 sieve prior to bulk analysis.

b. Surface-Adsorbed Ions

The nature of weakly adsorbed sturface ijons can be determined
by washing the aggregate with distilled deionized water and analyzing the
wash by atomic absorption spectroscopy. The aggregate sample is immersed in
distilled deionized water for 72 hours. The water is then removed and ana-
lyzed for ion content by atomic absorption spectroscopy. Preliminary work
showed that these ions are indicative of the aggregate composition and that
the number of ions detected decreases as the particle size decreases.

c. Cation Exchange Capacity

CEC of soils and minerals is a measure of the number of
cations that can be readily exchanged with other cations in an aqueous
solution. CEC is measured by leaching cations from the material with
neutral pH water: however, carbonate rocks dissolve slightly in neutral pH
water yielding false CEC values. To circumvent this problem, aggregates
were leached with a solution of barium chloride and triethanolamine
(BaC1,/TEA) adjusted to a pH of 8.2 to prevent dissolution of carbonates
(Reference 44). The leachate from the aggregates are analyzed by atomic
absorption spectroscopy to determine the types and concentration of
exchangeable ions. Preliminary studies in Phase I of this work showed that
CEC is characteristic of the aggregate type and increases with the surface
area of the aggregate,

d. Surface Area and Porosity

The amount of strongly adsorbed asphalt components on the

aggregate surface is dependent on the surface area of the aggregate (Refer-
ence 6). The surface area of the aggregate was measured, using the method
described in References 26 and 27. The surface area measurements were

conducted at the University of New Mexico's Powders and Granular Materials
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Laboratory on a Quantasorb flow surface area analyzer. Four aggregate sieve

ranges were tested on each aggregate.

An aggregate specimen is heated to remove any water that may

be adsorbed onto the surface. It is tnen cooled to liquid nitrogen temperature.

A known quantity of nitrogen is admitted to the sample chamber and a limited
amount adsorbs onto the aggregate surface. From the known volume of the
sample chamber and severa! measurements of pressure and temperature as the
volume is increased, the volume of gas comprising one adsorbed monolayer can
be determined. This volume can be related to the surface area of the sample
from the cross-sectional area of the adsorbed gas.

Although the surface area that the nitrogen atom “"sees" is
different from that seen by a much Jarger asphalt molecule, the relative
areas between samples of different ajgregates is proportional to the amount
of strongly adsorbed asphalt molecules [Reference 6). The surface area of
the aggregates measured by this technique includes that of the pores; thus,
it is advantageous to measure the porosity of the aggregate.

Porosimetry measurements were conducted on a Quantachrome
Autoscan-33 mercury porosimeter. The porosity is determined by immersing
the aggregate into mercury and forcing the mercury into the pores with high
pressure. The difference in volume of the mercury with and without pressure
is related to the pore volume of the aggregate. The amount of mercury
forced into the pores as a function of pressure (0 to 33,000 1b/in<a) yields
the pore size distribution of the aggregate,

2. Physical Tests on Aggregates

Gradation of crushed screenings of virgin and RAP aggregates was
conducted following standard ASTM procedures. The Georgia DOT Mix-F grading
(Reference 45) was chosen for this study to take aavantage of the data base
compiled from an earlier study in Reference 13, The results determined the
combinations needed to meet the chos=n grading for the mixes. Mix-F grading
is compared to the AFM-58 grading requirsments (Reference 46) in this
report,
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Specific gravity and water absorption tests were conducted on

varijous fractions of each aggregate in accordance with standard ASTM test
procedures listed earlier.

3. Asphalt and Recycling Agent (Modifier) Tests

A modification of the Clay-Gel absorption chromatographic method
(ASTM D2007-80) for separating asphalt into generic chemical fractions has
been employed extensively in previous recycling studies reported in
Reference 12. Precipitation of asphaltenes with n-pentane is followed by
separation of the remaining components according to their relative affinity
for attapulgus clay and silica gel in a range of polar to nonpolar solvents.
Three fractions are obtained from the chromatographic separation; aromatics,
polar aromatics, and saturates. The percentages of the four generic
chemical fractions have been used as important parameters for selecting the
best available modifier for a given aged binder. A considerable base of
Clay-Gel data exists on several reclaimed aged binders extracted from RAP
taken from Air Force runways around the country, a number of modifiers used
in rejuvenating these binders, and re-extracted binders from recycled mixes.
A more complete description of the Clay-Gel technique may be found in
Reference 47.

The Heithaus Flocculation Ratio method (Reference 24) yields
information on the solution properties of asphalts. The technique involves
titration of an asphalt sample dissolved in toluene with n-dodecane and
determination of the amount of titrant necessary to induce flocculation of
the asphaltenes present in the sample. The peptizing power of the maltene
fraction required to disperse the asphaltenes, the peptizability of the
asphaltenes, and the state of peptization as a whole may be determined from
the titration data. This method has proven to be a valuable technique for
determining the compatibility of modifiers with aged asphalt binders. As
with the Clay-Gel method, a considerable base of Heithaus data has accumu-
lated from previous recycling studies of Air Force pavements (Reference 12).
A more detailed description of the Heithaus technique is available in
Reference 13.
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b. Physical Tests

Aged and virgin recycled asphalt binders and modifiers were
subjected to a variety of tests to determine their physical properties.
Modifiers were tested for weight loss (ASTM D2872), flashpoint (ASTM pg2),
and viscosities at 100, 140, and 212 °F. Viscosities were run at these
temperatures to determine the temperature susceptibility of the modifier.
The modifier viscosity at 140 “F was used to determine the proportion
required to reconstitute recovered aged binders to a target viscosity of
3000 + 600 poises at 140 °F. The recovered aged binders and the blends were
tested by a variety of standard methods. These methods include the
following:

1. Viscosity (ASTM D2170 and D2171) at 140 “F, 212 °F, and
275 °F

2. Penetration (ASTM D5) at 39.2 “F and 77 °F

3.  Ductility (ASTM D113) at 60 “F and /7 °F
Ro1ling Thin-Film Oven Test (ASTM D2872)

4, Asphalt-Aggregate Interaction Tests

Microcalorimetry measurenents were carried out at the Western
Research Institute in Laramie, Wyoming. A detailed description of the
apparatus will not be presented here, but may be found in Reference 34. A
known weight of aggregate is placed in a cylindrical sample holder from
which it is released and submerged in molten asphalt. The aggregate is
initially separated from the asphalt by a trap door at one end of the
aggregate sample holder. The entire sample cell is placed in the
microcalorimeter and allowed to reach thermal equilibrium at 130 °C for
24 hours. After equilibriumn is obtained the trapfdoor is released, allowing
the asphalt and aggregate to interact. The energy released during the
interaction is measured by the thermocouple, amplified, and recorded on a
strip chart recorder.

Bond energy measurements were conducted using the procedure

discussed above on two ranges of screenings. The ranqg2s include material

passing #4 and retained by #16 sieves and material passing #16 and retained
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by #50 sieves. Each fraction of each aggregate was tested in duplicate.
The two ranges of materials were chosen to determine if the bond energy per
gram of material was dependent on the surface area of the aggregate.

Microcalorimetry tests are normally conducted on material passing #25 but
retained on #48 mesh sizes.

The NCHRP 274 procedure (Reference 39) was used to evaluate
mixtures for moisture-damage resistance. In this procedure, test samples
are not allowed to reach the maximum water saturation limit and are not
exposed to a freeze-thaw cycle as in the Lottman test (Reference 40).
Specimens are prepared at approximately 7 * 1 percent air void content.
Specimens are then immersed in water for some time and subjected to
approximately 20 inches of head of vacuum until presaturation values of 55
to 80 percent are obtained. The presaturated briquets are soaked in 140 °F
water for 24 hours after which they are soaked in a 77 °F water bath for
1 hour and then tested for tensile strength. Results are reported as the
percent retained tensile strength of the dry versus the wet samples. A
retained tensile strength of 70 percent or greater is considered to be

indicative of mixtures with good water resistance using the Lottman
criteria,

In this study, mixtures were prepared in accordance with the MIL-
STD-620A (Reference 42) using 75 blows per each face of the briquette.
Voids were calculated using the MS-2 procedure because air voids determined
by the MIL-STD-620A are usually lower because of the use of an apparent
specific gravity value in the calculations.

The Rome limestone aggregate and the Gwinnett AC-30 asphalt were
used to determine the binder content at which the air void criterion of 7 +
1 percent was achieved. This level of binder content of 5 percent was
established and used throughout the study for all mixtures tested.
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SECTION V
RESULTS AND DISCUSSION

L XA

A.  AGGREGATE ANALYSIS

1. Chemical/Surface Test Results

The chemical property data consist of bulk chemical composition,
elemental analysis of water-soluble ions and exchangeable bases, and CEC.
The bulk chemical composition of each aggqregate, water-desorbed ions, and
the elemental analysis data or the exchangeable bases and CEC are summarized
in Tables on following pages.

The surface tests consisted of measuring the surface areas and
porosities of each aggregate. The surface areas and pore volumes, and the
pore volume distribution of the #200 mesh fraction for each aggregate, are
sunmarized as presented. The chemical and surface properties will be
discussed in separate sections for each individual aggregate.

a. Bulk Chemical Composition

The bulk chemical composition data provide detailed chemical
analyses of the aggregate and allows classification cf the aggregates
according to their composition to be either basic or acidic. The X-ray
flourescence technique and wet chemical procedures comprise the main portion

4

of the composition data and were used to determine the percentages of oxides ::
in the aggregates. The precision of these techniques are less than f§

AN

0,02 percent, The X-ray diffraction data were matched against mineral
standards to provide mineralogical classification of the aggregates.
Scanning electron microscopy of the surfaces was conducted to allow visual
inspection of the aggregate surfaces. Analyses on the - #4 + #16 mesh
range, - #16 + #50 mesh range, - #200 mesh, and bulk rock samples were
conducted where possible. Differences in the composition from the coarse to

the fine fractions may be caused either by heterogeneity of the sample or

environmental factors.

.............



(1) Grayson. The Grayson, Georgia granite gneiss is known to
be a severe stripper by the Georgia DOT and a variety of researchers
(References 6, 13, and 48). The aggregate has been widely studied because of
its severe stripping characteristics. The composition of this material is
given in Table 4. The bulk and sieved fractions are homogeneous in
composition with high silica and alunina contents and little carbonate. The
high silica content (greater than 65 percent) places this aggretate in the
acidic category; thus, it would be likely to exhibit stripping problems. The
largest differences in composition between this aggregate and the others
studied are the low carbonate and high silica contents. There are also
appreciable amounts of alumina not present in other aggregates. This material
contains more sodiun and potassium oxides than the other aggregates.

(2) Rome. The Rome, Georgia limestone is classed by the
Georgia DOT as a slight stripper. The chemical composition of the bulk rock
and the crushed fractions are compared in Table 5. The aggregate is a
calcitic limestone and contains less than 55 percent silica; thus, it is
considered to be a basic rock. A range of 55-65 percent silica content is
considered intermediate (Reference 3). The sieved Rome samples are fairly
homogeneous with the bulk sample having considerably higher silica (SiQ2) and
alumina (A1203) contents. The sieved samples also have a higher percentage of
carbonate. Despite appreciable amounts of silica and alumina, the sample is
mainly carbonaceous rock.

(3) Nellis 40/60. The recycling project at Nellis AFB
combined 40 percent milled RAP with 60 percent of new aggregate. The new
aggregate was taken from the Lone Mountain pit quarry. It was decided that an
aggregate blend of 40 percent RAP aggregate plus 60 percent new aggregate
would more closely approximate the actual recycling project without seriously
deviating from the experimental design for this study. The composition of
these materials are given in Tables 6 and 7.

For the Lone Mountain pit aggregate, the composition of the
bulk sample and the naturally screened fractions is quite different. The bulk
rock sample contains 13,96 percent silica, 18.3 percent Mg0, and 22.38 percent

32 TN



TABLE 4.

BULK CHEMICAL COMPOSITION OF THE GRAYSON, GEORGIA AGGREGATE

- #4 + #16

Constituent Bulk - #16 + #50 - #200

Si0, 68.52 71.74 73.17 66.57

Ti02 0.53 0.31 0.28 0.64

A1,04 15.53 15.13 13.30 14.73

Fe203 0.89 0.55 1.08 1.19

FeO 1.53 1.57 1.09 0.94

MnO 0.062 0.058 0.065 0.083
Mg0 0.564 0.310 0.389 0.642
Ca0 1.76 1.53 1.38 3.41

Na,0 3.78 4.30 3.00 3.74

K20 5.85 4.97 5.57 5.16

H,0(-) 0.00 0.08 0.06 0.00

H20(+) + CO2 0.46 0.35 0.60 2.08

P,04 0.131 0.056 0.023 0.205
TOTAL 99.60 100.24 100.03 100.02

Total Fe

(as Fe,03) 2.59 2.93 2.30 1.60

LOI 0.30 1.91 0.48 0.26

Fe0 after LOI 0.04 0.12 0.04 0.04

Notes: LOI
Bulk

"

Loss on Ignition

A piece of rock selected at random from the
quarry.
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TABLE 5. BULK CHEMICAL COMPOSITION OF THE ROME, GEORGIA AGGREGATE

Constituent Bulk - #4 + #16 - #16 + #50 - #200
Si0, 26.97 11.14 10.05 12.96
Ti02 0.17 0.068 0.063 0.13
Al,0; 4.56 1.56 1.49 2.85
Fe203 0.15 0.00 0.03 0.24
Fe0 0.98 0.38 0.33 0.47
MnO 0.039 0.037 0.037 0.038
Mg0 2.75 2.15 2.00 2.51
Ca0 33.90 47.94 46.68 44.09
Na,0 0.11 <0.01 <0.01 <0.01
K20 1.30 0.32 0.30 0.629
| H,0(-) 0.04 0.00 0.04 0.00
H,0(+) + CO; 29.04 36.15 38.92 36.38
P,0s 0.133 0.159 0.163 0.181
TOTAL 100.14 99.90 100.1 100.48
Total Fe
(as Fe,0;) 1.24 0.425 0.394 0.758
LOI 28.94 36.11 38.89 36.33
FeQ after LOI 0.03 0.04 0.04 0.05

Notes: LOI
Bulk

P RTATN A
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Loss on Ignition

A piece of rock selected at
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random from the quarry.




| naahiadia Aa Al Al R Al Call Sall ol Sl Sl Sofl Gl S Ko dagc A v « TV * “ath a\l ade AR LUR aia

TABLE 6. BULK CHEMICAL COMPOSITION OF THE LAS VEGAS LONE MOUNTAIN
PIT AGGREGATE

Constituent Bulk + #4 - #200

Si0, 13.96 7.77 25.40
Ti02 0.083 0.04 0.27
A1,04 1.54 0.78 4.24
Fe203 0.61 0.09 1.23
FeO ---- 0.08 0.31
MnO 0.043 0.040 0.050
Mg0 18.33 19.0 12.9
Ca0 22.38 28.1 20.2
Na,0 0.042 <0.01 0.44
K20 0.544 0.37 1.23
H,0(-) 0.21 0.14 1.98
H20(+) + CO, 42.15 43.53 31.70
P,0, 0.115 0.089 ¢.09
TOTAL 100.14 100.0 100.0
Total Fe

(as Fe,0,)  ----- 0.18 1.58
Lor ee--- 43.52 31.67
FeQ after LOI  ----- -——- --=-

Loss on Ignition

A piece of rock selected at random from the
quarry.

Notes: LOI
Bulk
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TABLE 7. BULK CHEMICAL COMPOSITION OF THE NELLIS RAP AGGREGATE
Constituent - #4 + #16 - #16 + #50 - #200
Si0, 21.46 32.08 30.39
Ti0, 0.18 0.29 0.29
Al1,0, 4.04 6.21 4.96
Fe,03 0.76 1.03 0.96
Fe0 0.28 0.38 0.68
Mn0 0.048 0.053 0.048
Mg0 10.34 7.30 7.86
Ca0 29.80 23.52 24.56
Na,0 0.83 1.33 0.713
K,0 1.41 1.93 1.32
H,0(-) 0.00 0.06 0.22
H,0(+) + CO, 31.20 26.00 27.85
P,0g 0.178 0.169 0.150
TOTAL 100.53 100.35 100.0
Total Fe
(as Fe,03) 1.07 1.45 1.72
Lol 31.17 25.96 27.78
FeQ after LOI 0.05 0.03 0.02

Notes: LOI

= Loss on Ignition
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Ca0. The + #4 fraction has a lower Si0, concentration than the - #200

material (7.77 percent versus 25.4 percent), the Mq0 nercentages vary

(19.0 percent versus 12.9 percent), the Ca0 values differ (28.1 percent versus
20.2 percent) as do the loss of ignition percentaqes (43,53 percent versus
31.70 percent). These compositions place this material in the basic aqgreqate
cateqorv. The large differences in chemical comnosition annear to be due to

nonhomogeneity in the samples.

The Nellis RAP agqregate was stripped of the asphalt with a 1:7
methanol/trichloroethylene solvent system. The material is mainly carbonate
(Mg0 + Ca0 + LOI) with silica concentrations ranging from 21.46 to 30.39
percent; thus, this aggregate is classed as basic. Some concern was expressed
over whether strongly adsorbed polar asphalt components might not be removed
from the surface of this material by extraction. However, the compositional
data available from the tests conducted do not provide any information that
proves or disproves the efficiency of the extraction. The assunption is that
the agaregate is no different from the other materials studied.

Comparison of the Lone Mountain aggregate and the Nellis RAP
aqgregate indicates that the two materials are probably from similar sources.
In general, the Lone Mountain material contains more carbonates than does the
Nellis material. The naturally screened - #200 mesh fraction of the Lone
Mountain aggregate may contain windblown dust contributing to the high
silicate content.

b. Water Soluble Cations

4 Al

Aggregate samples washed with distilled deionized water were :g?

analyzed for their elemental content by atomic absorbtion spectroscopv. ;ﬂ
Preliminary studies showed that the water-soluble ions are characteristic of i&
the aggregate type although the jons may not be present in the same ratios N
found in the bulk rock. The data presented in Table 8 have been normalized to é
the surface area of the samples to yield a water-soluble jon concentration per :E

area of aqgreqate,




FABLE 8. WATER SOLUBLE TON CONCENTRATION PER UNIT AREA OF AGGREGATE IN
MILLIGRAMS PER SQUARE METER

Aggregate
system Sith ATt3 Fet+ Mgtt Ca** Na* K* Mntt

Grayson
- #4 + #16 72.5 20.00 15.75 5.75 8.50 18.13 71.25 <0.63
- #16 + #50 80.0 18.75 11.25 11.00 57.50 12.25 86.25 <0.63

EOE % o

- #200 1.64 0.49 <0.08 0.75 6.72 0.57 1.07 <0.04 o

‘.

Average 51.38 13.08 9.03 5.67 24 .4 10.32 572.86 ---- .
Rome

- #4 + #16 3.37 <0.36 <0.12 2.41 16.14 1.14 1.69 .06

- #16 + #50 1.41 <0.23 <0.08 1.72 10.55 0.78 0.3  <0.06 i
- #200 0.22 <0.07 <0.02 0.47 3.37 0.18  0.13 <0.0l :
Average 1.67 ---- -—-- 1.53 10.02 0.70 0.89 ----

Nellis :
- #4+ 416 2.75 <0.28 <0.09 3.21 10.55 1.61  0.61 <0.05 >
- #16 + #50 3.15 <0.24  <0.08 2.50 9.68 1.90  0.60 <0.04 2
- #200 0.3 <0.03 <0.01 0.53 2.22 0.28  0.09 .0l :
Average 2.08  e-e= == 2.08 7.48 1.26  0.43 ---- 5

.f.
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The Grayson aggregate had the highest concentration of ions per
area of the three aggregate systems with the water-soluble ion content being
an order nf magnitude greater than the other aqgregates. The concentrations
of Si**, AI*3, Fet*  Na%, and K* ions are significantly higher for the Grayson

material. The Rome aggregate is a limestone and is partially soluble in
water; thus, the largest concentration of ions found are Catt. Measureable
concentrations of Si*t“, Mg**, Na*, and K* ions are also present. As in the
Rome 1imestone, the Nellis 40/60 blend had a large amount of Ca**. The Nellis
material has a higher concentration of Mg*t as would be expected for a
dolomitic limestone. As the surface area increases for each agqreqate, the

) number of water-soluble ions decrease dramatically.

c. fation Exchange Capacity

The CEC of a material is a measure of the ability to exchange 5
cations with cations present in an aguenus solvent. Previous studies showed '
the CEC to be characteristic of the material and tn increase as the size of
the fraction decreases. The CEC data are given in Table 9, As in the water

snoluble ion concentration per area, the numnber of ions increases as the mesh .

£

size decreases.

ror o
S

The Grayson aggregate has the greater water-soluble ion

1, l‘

A

concentration per area and would be expected to have the largest CEC but it
does not. The lower CEC may be somewhat misleading as only Na*, K*, Mg** and

.
-

Catt are targeted for analysis. Inns such as Sit“, Al*3  and Fet* are found
in appreciable concentrations in a pure water wash of the aggregate and are

almost certainly present in the aqueous extract »~f the CEC procedure.

The Rome limestone has a high CFC for Cat* as would be expected <

for a calcite but also can exchange considerable amounts of Ma*t., The CEC
values are highest for the - #200 fraction and decrease for the other
fractions. The Rome material also has the highest total CEC values nf the
other aggregates. The CFC values for Na* and K* are low: however, the
concentrations of the oxides giving rise to these ‘ons in the buylk rock are
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TABLE 9. CATION EXCHANGE CAPACITY (CEC) OF AGGREGATE SYSTEMS IN UNITS
OF MILLIEQUIVALENTS PER GRAM

Aggregate Total

system K* Na* Mgt Ca*tt CEC

Grayson

- #4 + #16 0.1 0.0 0.0 0.3 0.4

- #16 + #50 0.1 0.0 0.1 0.4 0.6

- #200 0.8 0.4 0.4 16.2 17.8

bulk 0.1 0.1 0.1 1.1 1.4
Rome

- #4 + #16 0.0 0.0 0.2 9.1 9.3

- #16 + #50 0.0 0.2 1.0 15.7 16.9

- #200 0.2 0.2 3.3 29.6 33.3

bulk 0.1 0.3 4.3 4.3 9.6
Nellis

- #4 + #16 0.1 0.1 0.6 7.3 8.1

- #16 + #50 0.1 0.3 1. 12.5 14.3

- #200 0.5 0.8 8.0 11.7 21.0
Note: Bulk = A piece of rock selected at random from the quarry.
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The Nellis 40/60 material exhibited high Ca** and Mg** CEC
values. The CEC values for K* and Nat reflect the low concentrations of the

corresponding oxides found in the whole rock.
d. Surface Area and Porosity

The surface areas of selected sieve ranges are shown in
Table 10 and the pore volume distributions for the - #200 mesh fraction are
illustrated in Figure 4. Table 10 also lists values for the total porosity
for the - #200 fraction of the aggregate for selected ranges of pore radii.

The Grayson aggregate had the lowest surface area and pore
volume. The instrument precision (+ 0.02 m2/gram) was not great enough to
measure a difference in surface area between the Grayson - #4 + #16 and - #16
+ #50 fractions. As with the Rome limestone, most of the pore volume was
found at the larger pore radii. The Grayson material had more closed pores
than the other aggregates as evidenced by the large increase in surface area
from the larger to the smaller fractions,

The Rome limestone had intermediate surface area values with an
apparent anomaly between the - #16 + #50 and - #50 + #200 fractions; however,
this is possibly due to inhomogeneity in sample selection. The material had
less pore volume at smaller pore radii than the Nellis aggregate but
considerably higher pore volume at the larger radii. The Rome limestone had
the largest total pore volume due to the higher porosity at larger pore radii.

The Nellis material had the largest surface area of any of the
aggregates tested although the porosity was not the highest. The surface
area of the - #200 Nellis material was twice that of the Rome material and
szven times that of the Grayson, However, the Nellis material had the largest
portion of its surface area residing in pores of 1300 A radii or less.

A comparison of the pore volume distribution shown in Figure 4 and the
total porosities (Table 10) of the aggregates is interesting. The total
porosity of each aggregate can be derived from the area under the pore volume
distribution curve. Based on the surface area and the pore volume
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TABLE 10. SURFACE AREA AND PORE VOLUME CHARACTERISTICS OF THE
AGGREGATE SYSTEMS

Aggregate Gradation ranges
- #4 + #16 - #16 + #50 - #50 + #200 - #200

Surface area (m? per gram)

Grayson 0.08 0.08 0.14 1.22
Rome 0.83 1.28 1.13 4.45 o
Nellis (40/60) 1.09 1.24 1.68 8.88

K

Pore volumes (cm3 X 10-8) ;
Total <1000 A radii  >1000 A radii !

Graysaon 105.3 7.7 97.6 i.
Rome 175.1 37.2 137.9 N
Nellis (40/60) 127.2 51.2 76.0 ;
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distribution, the Nellis material wuuld be expected to have the highest total
porosity. However, due to the larger pare volume as the pore radius exceeds
1 micron, the Rome limestone has the largest total porosity. At pore radii
less than 1 micron, the Nellis material has the highest pore volume.

e.  Summary

Overali, based cn the analyses conducted here, the Nellis
aggregate would be expected to be the best-performing aggregate. The material
has a high surface area because of the increased pore volume at smaller pore
radii. This basic aggregate also has the lowest number of ions adsorbed on
the surface; thus, the asphalt may adhere to the surface better. The Rome
material is also expected to be a satisfactory aggregate because it is basic
and contains a moderate surface area. This aggregate also had Tow amounts of
water-soluble ions per area of aggregate and had the highest porosity of the
three aggregates studied here. The Grayson aggregate would be expscted to be
the worst-performing aggregate. The material is acidic 'n nature, has a low
surface area and porosity, and has relatively large amounts of adsorbed
material on the surface.

2. Physical Test Results
a. Gradation

Tabie 11 1ists gradation test results of crushed screenings for
Rome, Grayson, and Lone Mountain agqregate systems. The results for Rome and
Grayson aggregates were proportioned o meet the Georgia DOT Mix-F grading
which is listed in Table 12, The lon. “ountain test results were used to

prepare the Nellis {4(/60' “srmiyia. Thic formula consists of 40 percent RAP
aggregate and 60 percent Lone2 Mountain aggr-gate hy weight. -

Table 12 also lists the specified grading ranges from the o
Georgia DOT and the AFM-88-6. The grading values used are .enerally within -

the normalized AFM-88-6 limits. Normalization is based on *aking the 3/8-inch -

sieve to he the laragest 29 shown in Tahle 12.
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TABLE 11. GRADATION OF CRUSHED SCREENINGS

Lone Mountain
Grayson Limestone Rome Limestone Pit Limestone

Screen, inch No. 89 No. 810 No. 89 No. 810 3/8-1inch

stone stone stone stone stone
- 1/2 100 100 100 100 100
3/8 100 100 100 100 100
Sieve, #

4 34 84 29 72 91

8 6 71 5 47 59

16 2 61 2 33 37

30 1 46 1 25 25

50 0.6 30 0.0 18 18

100 0.0 18 0.0 14 14

200 0.0 11 0.0 11 10

TABLE 12. SUMMARY OF GRADATIONS USED IN MIXTURES

a
Screen, inch Rome Grayson Nellis GA-DOT- F-MIX AFM-88-6 AFM-88-6

3/8 100 100 100 90-100 75-93 81-100
Sieve, #
4 72 68 70 55-75 59-73 63-78
8 46 47 47 44-50 46-60 49-65
16 31 37 34 29-40 34-48 37-52
30 21 28 25 19-34 24-38 26-41
50 14 19 17 12-28 15-27 16-29
100 9 11 10 7-16 8-18 9-19

200 6 6 6 4-7 3-6 3-6

aNorma]ized with respect to the 3/8-inch sieve
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b. Specific Gravity and Water Absorption

Table 13 Tists both specific gravity and water absorption
values for the three aggregate systems. The specific gravity values are
within normal ranges for aggregates. The water absorption values suggest that
none of the aggregates can be considered to be absorptive for normal paving
applications. Absorptive aggregates have average absorption values exceeding
2.5 percent,

B.  ASPHALT AND RECYCLING AGENT TEST RESULTS

1. Chemical Test Results
a. Clay-Gel Separation Data of Binders

Table 14 summarizes the composition data for the binders used
in this study. The Gwinnett asphalt has a Tower saturate content than the
Nellis blend and Tyndall blend binders. However, the Gwinnett asphalt has a
higher asphaltene content than the two blends. The asphaltene content of
Nellis RAP binder was the highest while that of Tyndall RAP binder was almost
equal to the Gwinnett asphaltene content. The general belief is that the
higher the asphaltene content of an asphalt, the higher the viscosity. In
this study, this is true with respect to Nellis RAP binder. However, the
asphaltene contents of Gwinnett and Tyndall RAP binders, were almost equal but

the viscosities were about 1:15 Gwinnett:Tyndall RAP binder. Viscosity

5

results are discussed Tater, R
N

o

The Gwinnett asphalt has a slight'ly lower polar content but a higher o

e

(N LI P b

Polars/Saturates ratio tha» cach of the blends. The lower polar content for
the Gwinnett asphalt suggests that the solvent action in the blends exceeds
that in the Gwinnett. This observation should manifest into lower aging

'.- L)

’!
¥

indexes fur the blends than in the Gwinnett asphalt.

..
1

The Nellis and Tyndall RAP binders, have lower contents of polar and

/
o

'.‘.'-I'.{"

Y

e

aromatic fractions in comparison to both the virgin Gwinnett and blend
binders. This is expected because these fractions are assumed to convert to

the asphaltenes ac binder hardening progresses.  The action of a compatible
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TABLE 13. SUMMARY OF SPECIFIC GRAVITY OF AGGREGATES

Fine Aggregate ASTM

Course Aggregate
ASTM C-127 ASTM C-128 D-854
Aggregate size Filler
- 3/8
inch - #4 - #8 - #16 - #30 - #50 - #100 - #200

+ #4 + #8 + #16 + #30 + #50 + #100 + #200

TR Y

Grayson granite

ga

ssd
G
%app

abs

[2 I 2

Rome

ga

ssd
app
abs

R O O G

2.572 2.624
2.604 2.638
2.656 2.660
1.235 0.518
limestone

2.653 2.647
2.676 2.672
2.716 2.715

0.934

Nellis (40/60) formula

G
ga
Gssd

G
app

abs

2.678 2.661
2.708  2.696
2.760  2.758
----- 1.320

.615
.626
.644
.415

O NN

.634
.663
714
.120

= N NN

O N NN

N NN

NN NN

.611
.625
.646
.508

.635
.670
.430
.376

.568
.622
.715
.103

—_= NN O NN

NN DN

.627
.643
.669
.603

.615
.658
731
.617

.552
.611
711
.306

_ N NN O N NN

=N NN

.641
.658
.684
.597

.624
.666
.740
.617

.585
.629
.706
.730

O N NN

N NN

648 --eu-
662 emne-
.686 2.793
535 mmee-

608  ---e-
.660  -----
.751 2.683
988  -----

580 ---a-
635 —mee-
732 2.721
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modifier, MBD-10, after mixing with RAP binders, is observed to: (1) lower k.
. e
the percent of asphaltenes; (2) increase the polar and aromatic fractions; .
(3) increase the Polars/Saturates ratio; and (4) increase the value of the R
interaction coefficient, which is desirable. j‘
» t
The interaction coefficient, IC’ is defined* as: X
IC = (Aromatics + Polars)/ (Asphaltenes + Saturates)
All these factors are components of the phenomenon of improved $
dispersibility. The action of modifier MBD-10 showed by the results :?
discussed above, satisfies the composition part of the modifier selection :%
criteria. 3
b. Heithaus Solubility Data of Binders LE
Table 14 Tists solubility test results of all binders used. e
.
The Gwinnett asphalt has a higher state of peptization, than the Nellis and S
Tyndall blends. This result is in agreement with the higher Polars/Saturates 25
ratio and the Tower saturate content observed in the composition data in 3f
Table 14. However, after RTFO conditioning, the state of peptization for i
Gwinnett asphalt decreases slightly, whereas the corresponding state of S
peptization for the two blends increases, e
The increase in the state of peptization after RTFO ::.
conditioning has previously (Reference 48) been interpreted to mean that the 3
oxidation species formed during oven aging have enhanced the dispersive action -
of the maltenes. A drop in the state of peptization due to oven aging implies ;:
that the formed species enhance the agglomeration of the asphaltenes. Thus, :;
the recycled blends used in this study experienced an increase in the :f
dispersive action of the maltenes upon RTFO conditioning. This observation N
should lead to lower aging indexes for blends, compared tc the Gwinnett virgin E:
I\
binder, as will been seen when physical data are discussed . R:
e a
'I
* From presentation by Mr. Mel Hunter during an asphalt research meeting in )
Laramie.
._-.:
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The action of a compatible modifier is seen in improving the

dispersive action of the maltene fraction in the aged binder. This
improvement can be seen in the state of peptization of the RAP binders
compared to the similar values of the blends. Similarly, the values in the 3
remaining parameters, should be higher for the blends than for the RAP 3
binders. These trends were true for the two blends campared to the RAP

binders.

2. Physical Test Results
a. Gwinnett/Lithornia AC-30s Compared

Table 15 sunmarizes the comparative results of the two virgin
binders. The physical, composition, and solubility test results suggest that
the two asphalts are similar. Physically, the viscosities at 140 and 275 °F
are identical. The corresponding Viscosity Temperature Susceptibilities (VTS)
computed batween these two temperatures are also identical. The renaining
physical properties are quite similar,

The trends in both the composition and solubility test results indicate A
that departures could be partly attributable to test errors. Table 16 shows
variability limits determined recently for the composition and solubility y
parameters from the modified Clay-Gel and Heithaus test procedures. 5

b. Physical Test Results of all Binders

Table 17 lists physical test results of all binders. The
unaged Nellis and Tyndall blends satisfied the AC-30 viscosity requirements
specified in ASTM D 3381. The Gwinnett asphalt shows a lower VTS index than
the Nellis and Tyndall blend binders., Gwinnett asphalt shows a higher
viscosity at 275 °F than the two blends. In fact, the Nellis blend binder ;
shows a lower viscosity at 275 °F than is recommended in ASTM D 3381.
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TABLE 15.

COMPARING PROPERTIES OF GWINNETT/LITHORNIA AC-30 VIRGIN ASPHALTS

Property Gwinnett Lithonia
AC-30 AC-30

A Physical
Viscosity, 140 °F,P 3428 3594
Viscosity, 275 “F,cst 575 581
Penetration, 77 °F .lmm 61 72
VTS (140/275) °F 2.46 2.47

B Composition (%)
Asphaltenes 30.35 27.96
Saturates 8.97 8.61
Aromatics 19.04 22.86
Polars 41.64 40.65
Polars/Saturates 4.64 4,72
Asphaltenes + 39.32 36.57
Saturates

C Solubility unaged  unaged
Asphaltene Peptizability, Pa 0.69 0.67
State of Peptization, P 3.46 3.18
Limiting Dilution xmin 2.46 2.18
Maltene Peptizing Power, Po 1.08 1.06
Limiting Titrant Volume, To 2.44 2.09
Waxman's Cotangent D 2.23 2.05

------
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TABLE 16. SUGGESTED VARIABILITY LIMITS FOR CLAY-GEL/HEITHAUS PARAMETERS
(REFERENCE 47)

Item Index Standard deviation® Coefficient of variation
1S D2s %1S %D2S
Composition b
ASP single operator 0.98 2.77 3.9 10.9
© multiple operatord 1.61 4.56 6.1 17.3
SAT single operator 0.71 2.01 4.2 12.0
multiple operator 1.56 4.34 8.7 24.6
ARO single operator 1.16 3.28 6.2 17.4
multiple operator 3.77 10.66 21.8 61.8
POL single operator 0.93 2.62 2.5 7.1
multiple operator 2.30 6.51 6.2 17.4
ASP+SAT single operator 1.69 4.78 8.1 22.9
multiple operator 3.17 8.90 14.8 41.9
Solubility
Pa single operator 0.03 0.08 3.1 8.7
multiple operator 0.05 0.13 7.9 22.3
P single operator 0.16 0.45 .1 17.2
multiple operator 0.25 0.79 10.1 28.6
Po single operator 0.07 0.19 6. 17.6
multiple operator 0.09 0.26 8.7 24.5
Xmin sin%le operator 0.17 0.48 9.0 25.4
multiple operator 0.29 0.79 15.8 44.8
to single operator 0.21 0.59 13.7 38.8
multiple operator 0.45 1.29 25. 72.4
Cot @ single operator 0.10 0.28 7.3 20.6
multiple operator 0.21 0.60 13.7 38.8
35t andard deviations for composition data in percent
bReference ASTM (670
NOTES: ASP = Asphaltenes TO = Limiting titrant volume
SAT = Saturates P = State of peptization
ARQ = Aromatics xmin = Limiting dilution ratio
POL = Polars Cot B = Waxman's cotangent angle
Pa = Asphaltenc peptizability 1S = ?RgTﬁteggayd deviation
Po = Maltene peptitizing power D2S =

Max imum acceptab%e difference
between two resu
(ASTM C670)
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The RTFO aging properties of the virgin asphalt and the blends are also
listed in Table 17, The results indicate that the Gwinnett asphalt aged about
2.18 times more than either of the two blends. Retained penetration after
RTFO conditioning was higher for the blends than for the virgin asphalt.

These results from RTFO aging of the binders confirm the closeup speculations

made earlier from the composition and solubility data.

In sunmary, the choice of a modifier, based on physical and chemical
properties listed in the selection criteria in Section IV of this report,
suggests the following:

. The oxidized species in the RAP binder are dispersed as measured by
the lowering of the asphaltene content; increase in polar and
aromatic content; and an increase in the Polars/Saturates ratio of
the blend

. The solubility properties of the blend are enhanced compared to
those of the RAP binder
Age hardening defined by the viscosity ratio i1s improved

Overall, the two sets of results have showed that it is feasible to
produce blends equivalent in physical properties to a virgin asphalt.
However, the resulting blends do not have composition and solubility
properties equivalent to those of a virgin binder. The blends in this study
aged at a lower rate than the comparable virgin asphalt. Canessa
(Reference 19) made a similar observation in his paper concerning chemical
aspects of reconstituting aged pavements in hot recycling. Canessa's

observations are shown in Fiqure 1.

T MIXTURF TEST RESULTS

1. Compacted Mixture Analysis

Six independently prepared test specimens were made for each
asphalt-aggregate mixture, Three of these were tested dry and three were
tested wet as discussed in Section III. The results from the testing are
discussed in this section,
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Analysis of the data proceeded with an Analysis of Variance (ANOVA)
from the test results using procedures in References 50 and 51. First, a
series of two-way ANOVAs were run on each of the four independent physical
tests: dry tensile strength, wet tensile strength, dry resilient modulus,
and wet resilient modulus. The purpose of these ANOVAs was to determine the
relative effect of different binders and different aggregates upon the
strength parameter measured. For all of the strength parameters measured, all
three components of a model (aggregate, binder, and binder-aggregate
interaction term) were significant. The results of this analysis demonstrated
Tack of independence between the binder and aggregate.

Concurrent with the ANOVA calculations was a check for homogeneity
of variance with the Burr Foster Q test (Reference 50). This check was
performed with each ANOVA to ensure the validity of the ANOVAs underlying
assumptions of equal variance, and normality of the data. Each check for the
homogeneity of variance was satisfied, thus the results of the ANOVAs were
interpreted directly.

Since the original ANOVAs indicated a strong interaction term, the
analysis proceeded with a series of one-way ANOVAs by aggregate type. This
methodology allows the discussion of pertinent aspects of the analysis without
the confounding influence of the binder-aggregate interaction term. Along
with this analysis, plots of the cell means with corresponding confidence
intervals were produced. One set of plots presented the cell mean along with
two standard deviations calculated from the individual cells. This set is
included in this discussion. The other series of plots; though not shown,
consisted of cell means with twice the standard error from the one-way ANOVAs.
Finally the cell means were compared by the Newnan-Keuls test (Reference 50)
to determine statistically significant ranking in the means. The ranking of
these cell means is given in Table 18 with the subsequent discussion

presenting the highlights of this analysis. The discussion is presented in
the following order:

* Grayson Granite (GG) Mixtures

* Rome Limestone (RL) Mixtures

* Nellis (40/60) Formula (NF) Mixtures
+ Miscellaneous Test Results

* Model Analysis By Two-Way ANOVAs




TABLE 18.

NEWMAN-KEULS RANKING OF STRENGTH AND STIFFNESS PROPERTIES

AGG Binder DTS Rank WTS Rank TSR DRM Rank WRM Rank RMR
TR 221.8 A 106.7 A 0.48 695.7 B 665.3 A 0.96
NR 117.0 D 63.4 ¢ 0.54 1007.3 A 462.3 B 0.46
GG NB 183.3 B 87.2 B8 0.48 481.7 C 446.3 B 0.93
T8 179.6 B 69.2 C 0.39 421.7 ¢C 222.0 C 0.53
G 167.0 C 17.3 0 0.10 341.7 ¢C 28.7 D 0.08
TR 323.7 B 282.3 A 0.87 1435.7 B 138/7.7 A 0.97
NR 407.4 A 219.2 B 0.541730.0 A 1050.7 38 0.61
NF NB 305.7 B 199.5 BC 0.65 920.0 C 543.7 C 0.59
T8 223.5 C 174.9 D 0.78 705.0 ¢C 536.3 C 0.76
G 229.6 C 156.2 D 0.68 609.7 C 363.7 0.60
NR 359.4 A 111.4 C 0.31 1498.7 A 931.0 A 0.62
TR 255.6 B 182.9 A 0.72 938.3 B 719.7 B 0.77
RL NB 238.7 B 178.3 A 0.75 666.3 C 709.3 B 1.06
G 198.9 B 129.7 B 0.65 594.0 C 376.3 C 0.63
TR 185.7 8 131.4 B 0.71 522.7 C 329.7 C 0.63
Notes: AGG = Aggregate Type
0TS = Dry Tensile Strength
Rank = ranking of means by the Newman-Keuls procedure
WTS = Wet Tensile Strength
TSR = Tensile Strength Ratio
DRM = Dry Resilient Modulus
WRM = Wet Resilient Modulus
RMR = Resilient Modulus Ratio
GG = Grayson Granite
NF = Nellis (40/60) Formula
RL = Rome Limestone
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a. Grayson Granite (GG) Mixtures

(1) Tensile strength. Table 19 lists mixture data for all

binders used with Grayson aggregate. The Grayson mixtures were prepared at J
the following mean percent air voids: 7.3 for GG Gwinnett, 6.6 for GG Nellis
blend, 6.7 for GG Tyndall blend, 10.7 for GG Nellis RAP binder, and 6.3 for
GG Tyndall RAP binder. [xcept for the GG Nellis RAP binder mixture, the
levels of air voids were all within the 7 %1 percent range. Thus, for the GG

LW oo o

mixtures, except the GG Nellis RAP binder, air voids were considered
constant.

Mixtures were tested at the following mean levels of
percent saturation: 133.1 for GG Gwinnett, 91.7 for GG Nellis blend, 85.7 for
GG Tyndall blend, 81.7 for GG Nellis RAP binder, and 79.1 for GG Tyndall RAP
binder. The levels of saturation between GG Gwinnett and recycled GG Nellis
blend and GG Tyndall blend were considered to be significantly different. The
GG Gwinnett mixtures were falling apart when they were picked up from the
140 °F hot water bath. However, they firmed up at 77 °F. Thus, recycled
systems with the GG aggregate resisted higher levels of saturation better than
virgin GG Gwinnett mixtures.

Figure 5 shows the mean dry and wet tensile strength of
all GG mixtures along with twice the respective standard deviations. The dry
means of GG Nellis blend and GG Tyndall blend mixtures made with recycled
binders were slightly higher than the mean of virgin GG Gwinnett mixtures.
According to the Newman-Keuls results in Table 18, the difference in the mean
dry tensile strength between recycled mixtures and virgin mixtures shown is
statistically significant and in favor of recycled mixtures.

The GG Nellis RAP binder mixtures had the lowest dry
tensile strength values. This mixture also had the highest percent air voids
of all the GG mixtures. The GG Nellis RAP binder tensile strength values were
significantly lower than similar values for either recycled system. The
GG Tyndall RAP binder mixtures had the highest dry tensile strength of all
GG mixtures presented in Figure 5. The tensile strength of GG Tyndall RAP
binder was significantly higher than any of the values for the recycled

systems, These results concur with the Newnan-Keuls results shown in
Table 18.
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TABLE 19. GRAYSON GRANITE MIXTURE RESULTS

Mixture property G binder NB binder TB binder NR binder TR binder

Tensile strength

Dry mean, 1b/in? 167.0 183.3 179.6 117.0 221.8
Error Timits? £27.5 58.4 $14.1 £31.9 *21.7
Wet mean, 1b/in? 17.6 87.2 69.2 63.4 106.7
frror limits t 3.3 £5.3 6.3 * 4.9 *18.4
Tensile strength
ratio, % 10.5 47.5 38.5 54,2 48.1
Resilient Modulus x 103 1b/in?
; Dry mean 342.0 482.0 422.0 1007.0 696.0
; Error limits +15.0 $243.0 £33.0 +267.0 +189.0
Wet mean 30.0 446 .0 222.0 462.0 665.0
. Error limits £ 1.0 *165.0 181.0 $134.0 +260.0
. Resilient modulus
; ratio, % 8.8 92.5 52.6 45.9 95.5
Air voids
Mean, % 7.3 6.6 6.7 10.7 7.0
Error limits £ 0.3 £ 0.3 + 0,3 + 0.5 + 0.3
Specific gravity
Bulk mean 2.301 2.306 2.305 2.245 2.296
Error limits * 0.007 £ 0.006 + 0,007 + 0,012 + 0.007
Theoretical 2.482 2.469 2.472 2.469
Saturation, %
Postvacuun mean 76.0 73.3 69.5 74.3 71.4
Error limits + 8.8 £ 7.7 + 4.6 £ 5,6 + 9.4
Postwater-treatment
mean 133.1 91.7 85.7 81.7 79.1
Error limits +80.0 + 8.0 + 7.0 + 3,1 + 9.2
Stripping rateb 3 3 3 3 3
Vacuum duration,s 5 10 10 10 7.5

A imits given at 95 percent confidence level for all error limits
bNumerica] ranking of degree of stripping determined by visual

observation jg
NOTES: G = Gwinnett AC-30 -’
NB = Nellis blend %

TB = Tyndall blend =

NR = Nellis RAP P

TR = Tyndall RAP x
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Tensile Strength, 1b/in2

Figure 5. DOry and Wet Tensile Strengths for Grayson Granite Mixtures.
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Wet tensile strength test results are summarized in
Figure 5. GG Nellis blend and GG Tyndall blend mixtures made with recyc led
binders had significantly higher tensile strength than did GG Gwinnett
mixtures made with virgin materials after water treatment. GG Nellis RAP
and GG Tyndall RAP binder mixtures had significantly higher tensile strength

than did the virgin GG Gwinnett mixtures after water treatment. However, the
wet tensile strength of GG Nellis RAP and GG Tyndall RAP binder mixtures did
not significantly exceed the wet tensile strength of recycled systems. These
levels of significant differences are inferred from the Newman-Keuyls resulit:
in Table 18.

(2) Tensile Strength Ratios. The mean tensile strength ratio

for GG Gwinnett mixtures was 10.5 percent compared to 47.5 and 38.5 percent
for GG Nellis blend and GG Tyndall blend mixtures. These results show the
significant improvement of the GG mixtures by using recycled binders in
comparison to the virgin binder used in this study.

The GG Nellis RAP binder and GG Tyndall RAP binder
mixtures showed tensile strength ratio values of 31.8 and 54.7 percent. These
values are significantly greater than those of the reference GG Gwinnett
virgin mixture system. However, the level of significance of the differences
between the tensile strength ratio values for GG Nellis and GG Tyndall RAP
binder mixtures, and GG Nellis and GG Tyndall blend mixtures was not
determined.

In sunmary, dry tensile strengths of mixtures made with
recycled binders were statistically higher than the strength of virgin
GG mixtures. Mixed results were obtained when mixtures made with recycled
binders were compared to those made with RAP binders. The wet tensile
strengths of recycled GG mixtures were significantly higher than the wet
tensile strength of virgin GG mixtures. Thus, while the dry strength of the
GG mixtures showed marginal benefits from use of recycled binders, the wet
tensile strength showed marked improvement.

Furthermore, differences between wet tensile strengths of
RAP binder mixtures and recycled mixtures were statistically significant. The

tensile strength ratio values of recycled GG mixtures were significantly
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higher than those of virgin GG mixtures. The tensile strength ratio values of
the recycled mixtures were comparable to those of RAP binder mixtures for the
GG aggregate. Finally, recycled GG mixtures attained lower levels of
saturation than the GG virgin mixtures.

(3) Resilient Modulus. Table 19 lists resilient modulus data
and Figure 6 shows plots of dry and wet resilient moduli of GG mixtures. In
Figure 6, GG Gwinnett, GG Nellis blend, and GG Tyndall blend mixtures show
about the same dry stiffness. The ranking by Newnan-Keuls analysis in

Table 18 showed that these three mixtures were statistically indifferent. The
resilient moduli of these three mixtures were significantly lower than the
corresponding values for GG Nellis RAP binder and GG Tyndall RAP binder
mixtures. The viscosity effect is quite evident in this mechanical property.

In the wet condition, both recycled systems were
significantly stiffer than the virgin material system as shown in Figure 6 and
the ranking data in Table 18. GG Nellis blend and GG Nellis RAP binder
mixtures showed the same wet stiffness and yet the binder viscosities were
about 1:74 Nellis blend:Nellis RAP binder. This result violates the
significant viscosity effect observed and discussed above for the dry
mixtures. Moreover, the GG Tyndall blend had a statistically lower wet
resilient modulus value than the GG Tyndall RAP binder mixture. The latter is
the norm because the viscosity between Tyndall blend and Tyndall RAP binder is
about 1:18,

(4) Resilient Modulus Ratio. The mean resilient moduli ratios
were 8.8 percent for GG Gwinnett, 92.5 percent for GG Nellis blend, 52.6
percent tor GG Tyndall blend, 45.9 percent for GG Nellis RAP binder, and 71.4
percent for GG Tyndall RAP binder. The differences between the ratio for the
virgin mixture GG Gwinnett and recycled mixtures GG Nellis blend and GG
Tyndall blend are significant. The differences between the ratios of the
recycled mixtures and the RAP binder mixtures may be considered significant
for this particular aggregate.

i In sunmary, the dry resilient moduli of GG mixtures with

recycled binders were comparable to the corresponding moduli of GG Gwinnett
virgin mixtures. The mixtures with RAP binders had significantly higher
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Figure 6. Dry and Wet Resilient Moduli for Grayson Granite Mixtures.
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moduli values than recycled and virgin mixtures for the GG aggregate system.
The binder viscosity effect was pronounced in the dry mixtures.

In wet systems, the resilient moduli. of recycled mixtures
were significantly higher than those of virgin mixtures for the GG aggregate.
The GG Nellis blend recycled system retained the resilient modulus better than
the GG Nellis RAP binder mixture. The reverse was observed for the Tyndall
blend and Tyndall RAP binder mixtures.

Finally, the resilient modulus ratios of recycled mixtures
were significantly higher than those of virgin and RAP binder mixtures.

b. Rome Limestone (RL) Mixtures

(1) Tensile Strength., Table 20 lists mixture test results for

RL aggregate and the five binders. The mixtures were prepared at the
following mean percent air voids: 6.1 for RL Gwinnett, 4.2 for RL Nellis
blend, 5.9 for RL Tyndall blend, 7.0 for RL Nellis RAP binder, and 6.3 for RL
Tyndall RAP binder mixtures. Except for RL Nellis blend and RL Tyndall blend
mixtures, the rest of the mixture air voids were within the 7 = 1 percent
Timits,

Mean levels of percent saturation for these mixtures were:
74.7 for RL Gwinnett, 111.4 for RL Nellis blend, 73.0 for RL Tyndall blend,
75.0 for RL Nellis RAP binder, and 75.8 for RL Tyndal) RAP binder. Mixture
RL Nellis blend which had the lowest air voids, had the highest percent
saturation, Otherwise, the rest of the mixtures had about the same mean
percent saturation.

Figure 7 shows plots of mean dry and wet tensile strengths
of RL mixtures. The dry tensile strength of RL Gwinnett virgin mixtures was
comparable to the corresponding value of the RL Tyndall blend mixture. There
was a statistical difference between the dry tensile strength of recycled RL
Nellis blend mixture and the virgin RL Gwinnett mixture. The tensile
strengths of RL Nellis RAP binder and RL Tyndall RAP binder mixtures were
significantly higher than those of recycled and virgin mixtures.
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TABLE 20. ROME LIMESTONE MIXTURE RESULTS

Mixture property G binder NB binder TB binder NR binder TR binder

Tensile strength ]
Dry mean, 1b/in? 198.9 238.7 185.7 359.5 255.6
Error limits? *37.2 46.0 26.6 t144.7 *65.0
Wet mean, 1b/in? 129.7 178.3 131.4 111.4 182.9
Error limits $39.0 t]12.9 *19.8 £14.5 + 6.8
Tensile strength
ratio, % 65.2 74.7 70.8 31.0 71.6
Resilient Modulus x 103 1b/in%
Dry mean 594.0 666.0 523.0 1499.0 938.0
Error Timits £235.0 117.0 +78.0 +353.0 +253.0
Wet mean 376.0 709.0 330.0 931.0 720.0
Error 1imits z154.0 * 48.0 *28.0 £154.0 * 86.0
; Resilient modulus
| ratio, % 63.3 106.5 63.1 62.1 76.8
Air voids
Mean, % 6.1 4,2 5.9 7.0 6.3
Error limits + 0.2 t 0.2 + 0.3 * 0.4 + 0.4
Specific gravity
Bulk mean 2.361 2.363 2.382 2.324 2.348
Error limits + 0.005 *0.004 *0.009 +0.009 +0.009
Theoretical 2.515 2.467 2.519 2.500 2.506
Saturation, %
Postvacuum mean 66.7 101.2 65.4 74 65.5
Error limits + 2.3 + 6.4 £+ 50 + 4.5 + 4.6
Postwater-treatment
mean 74.7 111.4 73.0 75.0 75.8
Error limits t 6.3 t 2.7 + 3.7 +13.8 + 5.1
Stripping rate? 2 0 1 0 3
Vacuum duration,s 15 60 10 150 15

a . . . -

p Limits given at 95 percent confidence level for error limits
Numerical ranking of degrees of stripping determined by visual
observation

NOTES: G = Gwinnett AC-30 R
NB = Nellis blend -

T8 = Tyndall blend j

NR = Nellis RAP -

TR = Tyndall RAP i,
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The mean wet tensile strength value of the RL Nellis blend
mixture was significantly higher than corresponding values of the RL Gwinnett
virgin mixture. While the air voids difference did not seem to affect the
dry tensile strength, this factor may be considered cause for the difference
in the wet tensile strengths. Yet, the RL Nellis blend mixture had
significantly higher saturation and lower air voids than the RL Gwinnett
mixture which had a higher air void content. The RL Tyndall blend mixture had
comparable wet strength to the virgin RL Gwinnett mixture. And the wet
tensile strength of RL Nellis blend was significantly lower than that for RL
Nellis RAP binder mixtures while the opposite was the result between RL
Tyndall blend and RL Tyndall RAP binder mixtures.

(2) Tensile Strength Ratios. The mean tensile strength ratios

for RL mixtures in percent were: 65.2 for RL Gwinnett, 74.7 for RL Nellis
blend, 70.8 for RL Tyndall blend, 31.0 for RL Nellis RAP binder, and 71.6 for
RL Tyndall RAP binder., The tensile strength ratios for recycled mixtures are
higher than those of the control virgin mixture. The RL Tyndall RAP binder
mixture had a tensile strength ratio value comparable to the recycled mixtures
while the RL Nellis RAP binder mixture had the lowest tensile strength ratio
value of all mixtures made with RL aggregate.

Tensile strength ratio values are sometimes misleading
because a system with a lower value could have a higher wet tensile strength
than another system with a high tensile strength ratio value. Likewise, two
systems could have about the same tensile strength ratio value but have
totally different tensile strength values. An example of the first type is
that of the RL Nellis RAP binder mixture (Table 20 ) with a mean wet tensile
strength of 111.4 1b/in® and a tensile strength ratio of 31 percent; and the
GG Nellis RAP binder mixture (Table 19) with a mean wet tensile strength of
63.4 1b/in? and a tensile strength ratio of 54.2 percent. These two systems
used the same binder, An example of the second type is that of RL Gwinnett
with a tensile strength ratio of 65.2 percent and a mean wet tensile strength
of 129.7 1b/in¢, and NF Gwinnett (Nellis Formula aggregate with Gwinnett
asphalt) having a tensile strength ratio of 68.0 percent and a mean wet
tensile strength of 156.2 1b/in<.
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This discussion implies that the rejection of a mixture on

the basis of tensile strength ratio should be supported by values of wet
tensile strength, otherwise tensile stress limits need to L. developed.

In summary, the dry tensile strengths of recycled mixtures
using the RL aggregate were partly comparable to that of virgin materials.
For the RL Nellis blend mixture, the difference in dry tensile strength
compared to that of the virgin mixture was statistically significant. The
corresponding tensile strength ratio values of recycled systems were higher
than that of the virgin mixture, RL Nellis RAP binder and RL Tyndall RAP
binder mixtures had significantly higher dry tensile strength than recycled
mixtures.

The results comparing wet tensile strengths between the
recycled mixtures and RAP binder mixtures were mixed. The wet tensile
strength of RL Nellis blend was significantly higher than that of RL Nellis
RAP binder, however, the wet tensile strength of RL Tyndall blend was
statistically lower than that of RL Tyndall RAP binder. Finally, the need
for developing criteria using tensile strength ratio along with wet tensiie
strength for evaluating the resistance of bituminous mixtures to the action
of water is implied from the results of this analysis,

(3) Resilient Modulus. Results of dry and wet resilient
moduli for the RL mixtures are listed in Table 20 and the means are plotted

in Figure 8. Ory resilient moduli values for RL Gwinnett virgin mixtures
are comparable to those of the two recycled mixtures. Newman-Keyls ranking
for the three mixtures was identical.

The mixtures prepared with Nellis RAP hinder had
significantly higher dry resilient moduli than the recyrled and virgin
mixtures for this aggregate. The mixture with Tyndall RAP binder was also
significantly stiffer than the recycled and virgin mixtyres. Thys, the
viscosity effect which was reported earlier is evident.

In Figure 8, mean wet resilient modulus for RL Tyndall
blend mixture is comparable to that of the RL Gwinnett virgin mixture.
However, the RL Gwinnett virgin mixture was vignificantly less stiff than
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the RL Nellis blend recycled mixture. The difference in stiffness may be
due to the difference in air voids. Mixtures made with RAP binders were

significantly stiffer than the corresponding recycled mixture. Thus, the
viscosity effect was still evident.

(4) Resilient Modulus Ratios. Resilient modulus ratios for
the mixtures in percent were: 63.3 for RL Gwinnelt, 106.5 for RL Nellis
blend, 63.1 for RL Tyndall blend, 62.1 for RL Nellis RAP binder, and 76.8
for RL Tyndall RAP binder. With the exception of the RL Gwinnett mixture,
these ratios are not significantly different from one another.

In sunmary, the stiffness of recycled mixtures was not
statistically higher than the stiffness of virgin mixtures for the
RL aggregate. The RAP binder mixtures had significantly higher dry resilient
moduli than the recycled and virgin mixtures. This result was attributed to
the viscosity effect. For the wet systems, one recycled system had a
statistically higher resilient modulus than the virgin system, and another
recycled system was of comparable resilient modulus. The retained resilient
moduli values were equally comparable, though one system had a high value of
106.5 percent.

In conjunction with using the resilient modulus ratio, wet
resilient modulus should be considered in judging the water susceptibility of
mixtures. A range of 100 - 1,500 k/in¢ for resilient modulus is usually
considered adequate for paving operations, Thus, for recycled mixtures, a
range for wet resilient moduli of 100 - 1,000 k/in? should be considered along
with the modulus ratio. Wet resilient moduli for the recycled systems in this
study ranged from 222 to 710 k/in? and the ratio varied from 0,53 - 1.06.

c. Nellis (40/60) Formula (NF) Mixtures

(1) Tensile strength. Test results for dry and wet NF mixture
properties are summarized in Table 21. The NF mixtures were made at mean
percent air voids of 4.7 for NF Gwinnett, 4.2 for NF Nellis blend, 5.9 for NF
Tyndal) blend, 7.0 for NF Nellis RAP binder, and 6.3 for NF Tyndall RAP
binder. This mixture system had more variability with air voids than the
previous two systems discussed earlier, The mixtures were tested at mean
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TABLE 21. NELLIS (40/60) FORMJULA MIXTURE RESULTS

Mixture property

Tensile strength

G binder NB binder TB binder NR binder TR binder

Ory mean, 1b/in< 229.6
Error Hmitsa 127.2
Wet mean, 1b/in? 156.2
Error limits *31.6
Tensile strength
ratio, % 68.0
Resilient Modulus x 103 1b/in?
Dry mean 610.0
Error limits *135.0
Wet mean 364.0
Error limits * 98.0
Resilient modulus
ratio, % 59.7
Air voids
Mean, % 4.7
Error Timits + 0.7
Specific gravity
Bulk mean 2.389
Error limits + 0.042
Theoretical 2.507
Saturation, %
Postvacuum mean 67.7
Error limits +16.7
Postwater treatment
mean 72.7
Error limits +13.7
Stripping rateb 3
Vacuum duration,s 5

305.7 223.5
69.4 *34.9
199 .5 174.9
162.1 * 6.8
65.3 78.4
920.0 705.0
+414.0 $312.0
544 .0 536.0
*314.0 216.0
59.1 76.1
4.6 5.5
+ 0.4 = 0.7
2.399 2.380
+ 0.024 + (0,000
2.514 2.512
51.9 62.1
+31.1 + 6.9
53.8 65.4
+29.8 +10.0
3 3
2400 25

440.
37,

219.
*68.

49.

1730.
+789.

1051.
* 69.

60.

1+
O~

1+
N oM

Vo N

oo

OO

[ge)

.352
.008

.550

323.
t14.

282.
*13.

87.

1436.
t 53,

1388.

tH71

96.

ey

t+
N O

49.
t11.

61.
+12.

4 Limits given at 95 percent confidence level for all error limits

Numerical ranking of degrees of stripping determined by visual

nbservation

NOTES: G = Gwinnett AC-30
NB = Nellis blend
T8 = Tyndall blend
NR = Nellis RAP
TR = Tyndall RAP
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percent saturation of 72.7 for NF Gwinnett, 53.8 for NF Nellis blend, 65.4
for NF Tyndall blend, and 58.0 for NF Tyndall RAP binder. The saturation
values were not significantly different.

Figure 9 shows plots of dry and wet tensile strength of
NF mixtures. The mean dry tensile strength for the NF Gwinnett virgin
mixture was comparable to that of the NF Tyndall blend recycled mixture but
statistically lower than that of the NF Nellis blend recycled mixture. The
dry strength of NF Tyndall RAP binder and NF Nellis RAP binder was
significantly higher than the dry strengths of both recycled and virgin NF
mixtures. These observations concur with the Newnan-Keul rankings in Table
18.

The wet tensile strength shown in Figure 9 and the
| Newnan-Keuls rankings in Table 18 indicate that the strengths of recycled
mixtures are statistically higher than the strength of the control virgin
mixture. There are significant differences between wet tensile strength for
each mixture made with RAP binder and the corresponding recycled mixture.

(2) Tensile Strength Ratios. Mean tensile strength ratio
values in percent were 68.0 for NF Gwinnett, 65.3 for NF Nellis blend, 78.4
for NF Tyndall blend, 49.7 for NF Nellis RAP binder, and 87.2 for NF Tyndall
RAP binder. The ratios for the NF Gwinnett and the recycled systems are not
significantly different. The ratios between the RAP binder mixtures may be

considered significantly different. However, the NF Tyndall RAP binder
mixture had a higher tensile strength ratio value than any of the mixtures
for this aggregate.

In sunmary, regardless of the variability in air voids,

IRV I
gl
'l- . '

the dry and wet tensile strengths for the recycled mixtures were "
statistically higher than those of the reference virgin mixture. Mixtures ) ;
made with RAP binders had significantly higher dry and wet tensile strengths G
than did the rest of the mixtures. :‘
Recyc led NF mixtures had comparable tonsile strength :;%

ratio values to that of the virgin mixture. This suggests that the .
NF aggregate results were not asphalt specific. The NF Tyndall RAP binder j:h:
mixture had a higher tensile strength ratio value than any ather NF mixture ;:ﬁ
and NF Nellis RAP binder had the lowest tensile strength ratin value. ;E;
4
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(3) Resilient Modulus. Table 21 lists dry and wet resilient

moduli data for NF mixtures. Figure 10 shows plots of mean dry and wet
resilient moduli of NF mixtures. The recycled mixtures had comparable dry

(YR Y
APYHASSRAY

“ o
s &
A

resilient moduli to that of the virgin mixture. The mixtures made with RAP
binders had significantly higher dry resilient moduli than did the rest of the
mixtures for the NF-aggregate system. Thus, the viscosity effect is further

Py
]
A

AT YRR

evident in these results.

Recycled systems were marginally stiffer than the virgin

mixtures after water treatment. This marginal difference in stiffness was not

»
‘

)
e
4
-
“~

statistically significant as shown by the Newman-Keuls results in Table 18.
The NF Nellis RAP binder and NF Tyndall RAP binder mixtures were signifi-
cantly stiffer than the recycled and virgin mixtures. The viscosity effect
was still evident.

(4) Resilient Modulus Ratio. Mean resilient moduli ratios
in percent were 59.7 for NF Gwinnett, 59.1 for NF Nellis blend, 76.1 for NF
Tyndall blend, 60.8 for NF Nellis RAP binder, and 96.7 for NF Tyndall RAP
binder. The ratio for NF Gwinnett virgin mixture is identical to the ratio
for NF Nellis blend recycled mixture. However, the corresponding mean wet
tensile strengths were 156.2 1b/in® for NF Gwinnett and 199.5 1b/in? for NF
Nellis blend. For these mixtures, the wet resilient moduli were 364 k/in?
for NF Gwinnett and 544 k/in? for NF Nellis blend. Thus, for the same vis-
c7sity binders and same aggregate, some mechanism must be responsibl2 for

Teading to the observed significant differences in wet tensile strength,
and/or wet resilient modulus.

In sunmary, recycled mixtures generally had slightly
higher dry and wet resilient moduli. The resilient moduli ratios were about
the same for the virgin and recycled systems and generally lower for the
mixtures with RAP binders. The differences and/or similarities in the

resilient moduli ratios are not matched by resilient moduli values. Thus,
for binders with the same viscosity, the differences in mixture stiffness

may be caused by some other mechanism. This mechanism is considered to be
at the asphalt-aggregate interface.
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The results suggest joint usz of tensile strength ratio
and wet tensile strength; resilient modulus ratio and wet resilient modulus
should be considered in judging water susceptibility of bituminous
mixtures.

d. Miscellaneous Test Results

(1) Stripping observations. Observatiions of each wet

mixture after the wet strength test were conductea to determine the Tevel of
stripping. The criteria used were d=7ined in Section IV and employed 4
numerical ranking from O far ne strippina, to¢ 3 for severe stripping.
Figures 11 and 12 show typical observa®iuns made in this study. This is a
subjective rating with unestablished possibiiity for reneatability. The
numerical ratings of stripping observations were listed in Tables 16 through
18.

(2) Duration for Vacuum Saturation.  The duration for vacuum

saturation was characteristic of cach mixtur2, For instance, mixture GG
Nellis RAP binder required 10 seconds, mixture EL Neilis RAP binder required
150 seconds, whereas mixture NF Neilis RAP binder required 840 seconds. The
times in this example were the durations for each mixture to attain a level
of moisture gain of about 65 percent of the spacimen void volume. This
level of moisture was precalculated for each mixture. The intent was to
remain within the range given by NCHRP 274 method of 55 to 80 percent.

As a general observation, the duration for vacuum
saturation increased from Grayson to Rome and to Nellis formula mixtures.
Thus, it was easier to reach the precalculated saturation level for Grayson

mixtures than for Rome and Nellis formula mixtures.

The duraticns ar> Yisted an Tables 19 through 21

cantaining mixture data.
e. Model Analysis by Two-da, ANOVY

A generalized model Hf the forn

Y = L1 + L2+ (1xte) 1

~—
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where
Y = independent physical test
L1 = aggregate type
L2 = binder and
L1xL2 = interaction term, and L1, L2 considered class variables

was employed in the two-way ANOVAs. The independent physical tests included
in the analysis were dry tensile strength, wet tensile strength,
dry resilient modulus, and wet resilient modulus.

Basic statistical theory of ANOVAs uses the F-distribution to
determine statistical significance. If the value of F calculated is greater
than a critical F value of the appropriate degrees of freedom, the term is
deemed statistically significant. As seen in Table 22, all three components
of the model are statistically significant to a high degree. The aggregate
(L1), the binder (L2), and the interaction term (L1xL2) all have F values an
order of magnitude greater than the critical F values. Therefore, the above
model must be presented in its entirety without simplification by removing
insignificant terms,

In summary, the results of the limited model analysis
presented in Table 22 imply that characterization of either component of the
model is important. The binder is most significant for dry and wet tensile

strength. The interaction effects are most significant for dry and wet
resilient modulii.

2. Microcalorimetry Test Results

The microcalorimetry data provide a measure of the strength of the
bond formed initially between the asphalt and aggregate and the subsequent
structuring of asphalt molecules near the aggregate surface. Upon addition
of a compatible recycling agent to aged asphalt, highly agglomerated polar

species in the binder are dispersed by the action of the recycling agent.

I

This increased dispersion results in a greater number of free polar
molecules that can bond to the aggregate surface. This effect should be
manifested in an increase in the bonding energy of asphalt to aggregate.
Each of the five binders was allowed to react with both the - #4 + #16 mesh
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TABLE 22. F VALUES DERIVED FROM THE TWO WAY ANOVA

Vari- Dry Wet Dry Wet F F
able tensile tensile resilient resilient Critical Critical
strength strength modulus modulus 0.05% 0.01%
N 45 45 45 45 na na
L1 213 96 244 97 2.53 3.65
L2 318 550 2806 143 2.37 3.34
LixL2z 254 463 292 177 1.75 2.20
Notes: N = Number of data points X
na = Not applicable ;?
o
L1 = Aggregate ;:
L2 = Binder -y
L1xL2 = Aggregate-binder term
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range and the - #16 + #50 mesh range of each aggregate. Inspection of the
data for the - #4 + #16 mesh fraction revealed that a large amount of the
measured heat released was due to friction of the larger aggregate against
the microcalorimetry cell. Thus, this data will not be presented. Table 23
summarizes the microcalorimetry data for the - #16 + #50 mesh fractions of

the aggregate with the binders studied.

In Figure 13, the heat released is plotted for each of the three
aggregate systems studied. There is a clear ordering of Nellis > Rome >
Grayson. This ordering does not follow the trend in surface areas for the
- #16 + #50 fractions. This effect appears to be due to variations in the
samples for which the surface areas were measured. The porosity
measurements of the - #16 + #50 fractions showed the Nellis material had the

only porosity high enough to measure and had close up significant pore volume at

pore radii less than 1000 A. The Nellis - #200 fraction had the highest
surface area due to the large pore volume at pore radii less than 1700 &
Thus, the surface area measurement of the Nellis - #16 + #50 fraction was
not representative of the entire Nellis material.

Figure 14 shows the relationship between mean dry tensile strength and
and the surface area of an entire Marshall briquette. The surface area of
the briquette was calculated from the measured surface area and the mass of
a particular sieve range used in constructing a briquette. The surface area
contribution from material greater than sieve #4 diameter was considered
negligible. A Newman-Keuls analysis was conducted at the 95 percent
confidence level to search for a ranking of the mean dry tensile strengths
for each binder system (Tabie 24). The Newman-Keuls analysis of the
Gwinnett asphalt mixes shows a tensile strength ranking of Nellis > Rome >
Grayson. For the Tyndall blend binder, the Newman-Keuls analysis finds no
significant difference in the dry tensile strength between the Grayson and
Rome aggregate. However, the Nellis material has a significantly higher
mean dry tensile strength than the other aggregates. For tne Nellis blend
binder, the Newman-Keuls analysis provides a clear ranking of Nellis > Rome
> Grayson for the mean dry tensile strengths ot the briquettes. Thus, there
is a definite relationship between the surface area of an aggregate and the
mean dry tensile strength of a mixture containing that aggregate.
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TABLE 23.

BONDING ENERGY MEASUREMENTS FOR - #16 + #50 AGGREGATE
FRACTIONS WITH EACH BINDER

Grayson Rome Nellis 40/60
T mcal/  tail  mcal/  tail mcal/ tail
Binder g-2 hr hgt g-2 hr hgt g-? hr  hgt
G 82 0.50 167 0.66 224 0.95
NR 44 0.28 100 0.40 189 0.85
TR 46 0.20 109 0.40 195 N.96
NB 78 0.12 174 0.13 280 0.39
T8 68 0.13 177 0.41 316 0.95
NOTES: G = Gwinnett AC-30
NB = Nellis blend
TB = Tyndall blend
NR = Nellis RAP
TR = Tyndall RAP
hgt = height
g = gram

. S N

RN AN
- -
P VR S

L

Y S W ey

&4 /:”v"/

-’\



320 T T T
Legend
O Nellis RAP
280 — @ Nellis Blend ® —
0 Tyndall RAP
@ Tyndall Blend
v A Gwinnett
3 u ]
-y
N
o A
Q
>
(o]
§ 200 -
N o
o (o)
©
o
o
s
E
>
o
1 8
L
S
—
o 120 ’j
=
c
b
40 |- 8 —
~ L/
-
T | 1 | 7T
Grayson Rome Nellis

Aggregate System

Figure 13. Total Heat Release of each Binder for the Three Aggregate Systems.
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Mean Dry Tensile Strength, 1b/in?

Figure 14.
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TABLE 24.

Polint Jas i

WITH VISCOSITIES AT? AC-30

Gwinnett

~ Tyndall Nelli

NEWMAN-KEULS RANKING FOR DRY TENSILE STRENGTHS OF BINDERS

Aggregate Mean Rang#‘ 7Méan Vu‘R;;L . M;A;___ ) §éhf_
Nellis 229.63 A 223.37 A 305.67 A
Rome 198.93 B8 185.73 8 238.67 B
Grayson 167.00 C 179.63 8 183.33 "

3AT1 ranking was determined by the Newman Keuls algnrithm for

determining

..........
.......

significant difference
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The addition of a recycling agent restores the RAP binder to its

original consistency with physical properties similar to that of the

Gwinnett virgin binder. The action of the recycling agent raises the state
‘ of peptization of the RAP binder but not necessarily to the magnitude of the
| virgin binder. The asphaltene peptizability and maltene peptizing power also
increase with addition of the recycling agent. These changes in the RAP
binder are manifested as decreases in the asphaltenes and increases in the
polar fractions as measured by the Clay-Gel technique.

| it Tl Ll ] S Tl T Pt T g

4

A Al

The bonding energies of the Nellis aggregate system are the highest of
the three aggregate systems, probably due to the higher surface area of the
Nellis material. Upon addition of the recycling agent, the state of

'i'.ig' L

peptization of the binder increases with a resulting increase in the bonding ;9
energy of binder to aggregate. This bond energy increase is also related to <
the changes in the Clay-Gel fractions that occur with addition of a :,
recycling agent. "
The three mixture systems were prepared using the same binder content, E’
gradation, mixing and compaction temperatures. Thus, the following general éf
summar ies are made from the results presented and discussed above. 2
. Recycled mixtures using the three aggregates had statistically “ﬁ
higher dry tensile strength than corresponding mixtures made with :ﬁ

the virgin binder. Overall, the strength and stiffness of the 5&
recycled mixtures were lTower than those of the RAP binder mixtures T;

due to the viscosity effect. The dry tensile strength of the kY

recycled mixtures is observed to be related to the surface area of ;

the aggregate. §
. Recycled mixtures generally had significantly higher wet tensile tt
strengths than control mixtures made with the virgin binder. The ::

viscosity efffect could not explain the results in these two S
observations. Thus, some other mechanism, most probably the R
asphalt-aggregate interaction, may be the cause. k
g
. Tensile strength ratio values for recycled mixtures were :;
predominantly higher than those for control mixtures made with the ,'
virgin binder. Q“
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. The dry tensile strengths of mixtures made with RAP binders were, in
general, significantly higher than strengths of corresponding
recycled and virgin binder mixtures. The viscosity effect was
evident.

. The wet tensile strengths of RAP binder mixtures varied from
comparable to statistically higher than recycled mixtures. Thus,
the viscosity effect was not as pronounced as it was with the dry
systems,

. The dry resilient moduli of recycled mixtures were marginally higher
than similar values for virgin binder mixtures.

. The wet resilient moduli of recycled mixtures were, in general,
significantly higher than similar values of mixtures made with
virgin binder. The viscosity factor could not explain this result.

. Overall, recycled mixtures sustained the action of water better than
the virgin and RAP binder mixtures. This observation is based on
results of marked improvements in wet tensile strength, wet
resilient moduli, and corresponding tensile strength ratio and
resilient modulus ratio values compared to similar measurements on
mixtures with the virgin binder used in this study.

Results of strip rating of mixtures were discussed with 0 indicating

nonstripped and 3 severely stripped mixtures. The duration of presaturation
time was reported to be characteristic of the mixture. Recycled mixtures

showed longer durations of presaturation than virgin binder mixtures.

Finally, a model was presented from which independent analysis of
aggregate and or binder was found to be inseparable. The three components
of the model, namely aggregate, binder, and binder-aggregate term were all

significant,
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SECTION VI
CONCLUSIONS

A. AGGREGATES

1. Aggregates used in this study were within range of acceptable
specific gravities for paving operations and were nonabsorptive for paving
requirements.

2. The Rome and Nellis carbonaceous limestones withstood water damage
better than the siliceous Grayson granite.

3. Aggregates with higher surface areas resulted in mixes with higher
dry tensile strength.

4. Aggregates with higher surface areas (Rome and Nellis) had higher
bonding energies than the aggregate with the least surface area (Grayson).

5. The Nellis aggregate had the lowest concentration of water-soluble
jons per area, the Rome material had the intermediate value, and Grayson the
highest. The susceptibility to water damage increased with the
concentration of water-soluble ions per area.

B. BINDERS

1. Addition of the recycling agent to the RAP binders resulted in
lowering the asphaltene content, raising the amount of polars and the state
of peptization of the resulting blend. An increase in the bonding energy of
the binder to the aggregate followed each of the above trends.

2. A modifier compatible to two RAP binders from different climatic
environments was determined using the modifier selection criteria
established in Reference 12 and as modified in Reference 47.
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C.  MIXTURES

1. The difference in dry and wet tensile strengths between virgin and
recycled mixtures was statistically significant in most cases. The same was
true for the resilient modulus values.

2. A hardening effect was observed in RAP binders, as dry tensile
strengths and dry resilient moduli of mixtures made with RAP binders were
significantly higher than those of recycled and virgin mixtures.

3. Tensile strength ratio values for mixtures made with the Grayson
aggregate and recycled binders were significantly higher than those of

virgin mixtures. This result was also true for resilient modulus ratios.

4, Tensile strength ratio values for mixtures made with Rome and
Nellis aggregates and recycled binders were comparable to tensile strength
ratio values for mixtures with virgin binder. This result was also true
with resilient modulus ratios.

5. The results suggest that the use of tensile strength ratio and or
resilient modulus ratio should be supplemented by tensile strength and or

resilient modulus in wet conditions for adjudging water susceptibility of
bituminous mixtures.

6. Recycled mixtures were significantly less susceptible to the
action of water than mixtures made with virgin and RAP binders.

7. Recycled mixtures had higher bonding energies than virgin mixtures
. suggesting that the recycled systems may show higher strength than virgin
mixes. This is generally supported by results of this study.




SECTION VII )

RECOMMENDATIONS o

1. Efforts should be made to develop and verify criteria using tensile W
strength ratio or resilient modulus ratio and tensile strength or resilient A
modulus for discerning moisture susceptibility of a bituminous mixture. f
N

2. The results of this study should be expanded by examining a variety of 3
other stripping aggregates to strengthen the observations made. The results 5
of such an investigation may be used to develop procedures such as ;
psychrometry for routine evaluation of aggregates. =
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SECTION VIII
RECYCLING GUIDELINES

A.  BASIC MATERIALS

1. Aggregates

Aggregates (virgin and RAP) should have properties meeting local
or project specifications. In addition, aggregates may be evaluated for:

* Basic and or acid properties
+ Water-soluble ions
* Surface area on fine fractions ( - #16 + #50)

2. Binders
a. RAP Binders

These materials are in the pavement and are generally of
unknown origin. A representative sample of RAP materials should be
extracted and recovered using standard procedures. The procedures currently
used are:

« ASTM D 2172-81

+ ASTM D 1856-84

* Modifications such as use of a Rotovap system. This
modification was used in this study.

The recovered binders should be tested for:

+ Viscosity at two temperatures (minimum)

* Penetration at 77 °F and 39.2 °F.

« Composition properties using modified Clay-Gel method
(AFESC-1)

* Solubility properties using modified Heithaus method
(AFESC-2)
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b. Modifiers

A modifier should be selected using the criteria developed
and referenced in this report. The criteria list:

*+ Physical property requirements
» Composition property requirements
* Solubility property requirements

c. Blends

Blends should be made and tested as described for RAP
binders. In addition, blends should be tested for age-hardening using an
RTFO. The aged residue should be retested using the same test procedures.

The test results should be checked for the following using the RAP binder as
the reference material:

+ Blend aging index ( about 3.0 or less preferred)
+ Net reduction in RAP asphaltene content
* Net increase in polar compounds

« Net increase in state of peptization, and other solubility
properties
+ Blends should meet local binder specifications

d. Virgin Binders

Virgin binders are often used to meet additional film
requirements due to the use of new aggregate in the mix. These binders
should meet the requirements in the local or project specifications. In
addition, they should be analyzed for composition and solubility properties
using the procedures discussed above.

B.  MIXTURES
1. Performance of recycled mixtures

a. Tensile strength and tensile strength ratio
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The results from this study suggest that using tensile
strength ratio as the sole criteria for judging water susceptibility of
bituminous mixtures may be misleading. The argument is based on
observations in this study showing that mixtures with a high tensile
strength ratio value had lower tensile strength compared to mixtures with
lower tensile strength ratio and higher tensile strength. In terms of
susceptibility to tensile deformations, the mix with a higher tensile
strength and lower tensile strength ratio may offer better resistance than a
mix with lower tensile strength and higher tensile strength ratio.

. Results from recent unpublished field investigations have
shown that field pavement sections with a tensile strength ratio both
greater than and lower than 0.7 are slightly stripped. This dual standard
about the 0.7 ratio suggests that more mixture properties may need to be

identified and included in the selection process of water-susceptible
mixtures,

Thus, the results of this research suggest that in addition
to the use of tensile strength ratio, tensile strengths should be compared
between mixtures when choosing a water-resistant mixture. Recycled mixtures
should be compared with conventional virgin mixtures or with mixtures inade
with alternate modifying products.

b. Resilient modulus and resilient modulus ratio

Resilient moduli values which are generally considered for
pavement applications range from 100 to 1,500 k/in¢. Thus, results of this
research suggest that wet resilient moduli of recycled mixtures should be
accepted if they range from 100 to 1,000 k/in?. This suggested range may be
used in addition with the resilient modulus ratio.

The argument for using a combined information base of a ratio
and a stiffness remains the same as presented for tensile strength above.




REFERENCES

1. Mack, C., Bituminous Materials: Asphalts, Tars, and Pitches, Vol 1,
p. 25, Intérscience, New York, 1964.

2. Journal of Materials, Mikerman, J.J., as quoted Vol 1, p. 34, 1966.

3. Rice, J.M., "Relationship of Aggregate Characteristics to the Effect of 4

Water on Bitumninous Paving Mixtures," SFggosium on Effect of Water on (]
Bituminous Paving Mixtures, ASTM Special Technical PubTication No. 230, )

13%58.

4. Plancher, H., Miyake, Gwinnett., Veneble, R.L., and Petersen, J.C., "A
Simple Laboratory Test to Indicate the Susceptibility of Asphalt- h
Aggregate Mixtures of Moisture Damage During Repeated Freeze-Thaw
Cycles," Presented at the Canadian Technical Asphalt Association,

November 24-26, 1980. 5?
5. Barbour, F.A., Barbour, R.V., and Petersen, J.C., "A Study of Asphalt v
Aggregafe Interactions using Inverse Gas-Liquid Chromatography,” .
Journal of Applied Chemical Biotechnology, Vol 24,, p. 645, 1974. !

6. Petersen, J.C., Plancher, H., Ensley, E.K., Venable, R.L., and .
Miyake, G., "Chemistry of the Asphalt-Aggregate Interaction: 7

Relationship with Pavement Moisture Damage Prediction Test," TR8,
Vol 843, 1982, -

g s »

7. Scott, J.A.N., "Adhesion and Disbonding Mechanisms of Asphalt Used in

Highway Construction and Maintenance," AAPT, Vol 47, p. 119, 1978. &
8. Geitz, R.H., Mineral Fines Effect on Asphalt Viscosity, Interim Report, a
Washington St'ate Dept. of Iransportation, Matrials UT¥ice, Report j
No. 64, April 1980. ¥
9. Ensley, E.K., Petersen, J.C., and Robertson, R.E., "Asphalt-Aggregate f
Bonding Energy Measurements by Microcalorimetric Methods," “
Thermochimica Acta, Vol 77, p. 95, 1984. -
10. Epps, J. A., "Asphalt Pavement Modifiers," ASCE, Civil Engineering, 4
- pp. 57-60, April 1986. ‘
N
11. ASCE, Civil Engineering, Blanschke, R., as quoted Vol 56, p. 57, j
September 1984, N
12. Ki?gunqu, B.M., Nusser-Humphrey, B., and Zallen, D.M., Recycling Agent N
Selection and Tentative Specification, ESL-TR-84-47, Engineering and p
Services Laboratory, Engineering and Services Center, Tyndall Air Force N
Base, Florida, March 198S. 3
i
+
::
*
97 3%
N

........... BT
........

TP P W o VLY




AL

anao

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

3, al, af, AU at. @b, 8% A'a Va8* Vo ata gig g BY. 8% Bis §%s £V%a B¢ 0“‘! rlit-gvtt‘b l.-»~c-o‘t

Kiggundu, B.M., Humphrey, B.J., and Newman, J.K., Determine Parameters
Causing Water Damage to Asphalt Concrete, ESL-TR-85-68, Engineering and
Services Laborafory, Engineering and Services Center, Tyndall Air Force
Base, Florida, June 1986.

Barbour, R.V. and Petersen, J.C., "Molecular Interactions of Asphalt:
An Infrared Study of the Hydro en-Bonding Basicity of Asphalt,"
Analitical Chemistry, Vol 46(2?, p. 273, 1974,

Petersen, J.C., Ensely, E.K., Pluncher, H., and Haines, W.E., "Paving
Asphalts: Asphalt-Aggregate Interactions and Asphalt Intermolecular
Interactions," FHWA-RD-77-25, 1977.

Petersen, J.C., "An Infrared Study of Hydrogen Bonding in Asphalt,"
Fuel, Vol 46, p. 295, 1967.

Plancher, H., Miyake, Gwinnett., Petersen, J.C., “Shale 0il Products as
Replacements for Petroleum Counterparts in Pavement Applications,"
presented at the 13th 0il Shale Symposium, April 1980.

Plancher, H., Chow, C., Holmes, S.A., and Petersen, J.C., "Moisture
Induced Damage in Bituninous Pavement - A Study of Nitrogen Compound
Interactions with Aggregates," presented at the International Symposium
on Progressi Nella Technologia Dei Bitumi, San Donato Milanese, Italy,
1981.

Canessa, W., "The Chemical Aspects of Pavement Recycling Affecting
Engineering Considerations," AAPT, Vol 48, p. 327, 1979.

Carpenter, S.H., and Wolosick, J.R., "Modifier Influence in the

%gagacterization of Hot-Mix Recycled Material," TRR, Vol 111, p. 15,
80. —

Thelen, E., "Surface Energy and Adhesion Properties In Asphalt-
Aggregate Systems," HRB Bulletin, Vol 192, p. 63, 1958.

Hubbard, P., "Adhesion of Asphalt to Aggregate in the Presence of
Water," Proceedings HRB, No. 18, Part 1, p. 238, 1938.

Sanderson, F.C., "Methylchlorosilanes as Antistripping Agents," -
Proceedings HRB, No. 31, p. 288, 1952,

Heithaus, J.J., "Measurement and Significance of Asphaltene
Peptization," presented at Symposiun on Fundamental Nature of Asphalt,
Division of Petroleum Chemistry, American Chemical Society, New York,
September 1960.

1986 Annual Book of ASTM Standards, Vol. 4.03

98

A e e
RS R

ol
‘ (A

Pl oV & gy LAS N

. :‘fl:l;\“. T L AP r’,: ‘-

s G A 4

"
[~

. .. ,
O e )
£ 4

5

Lt




2R P PR e

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

------

Brunauer, S., Emmett, P.H., and Teller, E., "Adsorption of Gases in
Mul;igolfgg;ar Layers", Journal of American Chemical Society, Vol 60,
p. 309, .

Lowell, S. and Shields, J.S., Powder Surface Area and Porosity, Chapman
and Ha1l, New York, 1984,

Valentine, G., "Procedures of Analysis of Silicate Rocks and Minerals
at Los Alamos National Laboratory by X-Ray Fluorescence," LA-96630Ms,

May, 1983.

Husler, J., "Standard Laboratory Methods for the Chemical Analysis of
Rocks, Ores, and Minerals", University of New Mexico, Department of
Geology, 3rd. Review, 1969.

Grim, R.E., Clay Mineralogy, pp. 183-233, McGraw-Hill, New York, 1953.

Plancher, H., Green, E.L., and Petersen, J.C., "Reduction of Oxidative
Hardening of Asphalts by Treatment of Hydrated Lime - A Mechanistic
Study," AAPT, Vol 45, p. 1, 1976.

Petersen, J.C., Barbour, F.A., and Dorrence, S.M., “Catalysis of
Asphalt Oxidation by Mineral Aggregate Surfaces and Asphalt
Components,” AAPT, Vol 43, p. 162, 1974.

Plancher, H., Dorrence, S.M., Petersen, J.C., "Identification of

Chemical Types in Asphalts Strongly Adsorbed at the Asphalt-Aggregate

{ggerface Their Relative Displacement of Water,"” AAPT, Vol 46, p. 151,
7.

Ensley, E.K., and Scholz, H.A., "An Investigation of Asphalt-Aggregate
?gggsion by Measurements of Heat of Immersion," HRR, No. 340, p. 38,

Ensley, E.K., and Scholz, H.A., "A Study of Asphalt Aggregate
Interactions by Heat of Immersion," Journal of Institutional Petroleum

Technologists, Vol 58, p. 560, p. 96, 1977.

Ensley, E.K., "A Study of Asphalt-Aggregate Interactions and Asphalt
Molecular Interactions by Microcalorimetric Methods: Postulated
Interaction Mechanism," Journal of Institutional Petroleum
Technologists, Vol 59, p. 570, p. 279, 1973.

Petersen, J.C., Ensley, E.K., and Barbour, F.A., "Molecular
Interactions of Asphalt in the Asphalt Interface Region," TRR, Vol 515,

p. 67, 1974.

Ensley, E.K., "Multilayer Adsorption with Molecular Orientation of
Asphalt on Mineral Aggregate and Other Substrates," Journal of Applied
Chemical Biotechnology, Vol 25, 1978.

Tunnicliff, D.G. and Root, R.E., "Use of Antistripping Additives in
Asphalt Concrete Mixtures-Laboratory Phase," NCHRP 274, December 1984,

99

v
LI

e _\'. ‘-.‘\"-.‘-."l.'-"'.\""""."-'*'. I‘. LR I N SN AN AT ST P P 2 R A LS .
. e AR " AT A a ! . y WA LTI ST AT
A NI I PN AN NN o N NN TN A O g S N AN AR OAS



40.

41.

42.

43.

44,

45,

46.
47.

48.

49.

50.

51.

Materials, January 190b.

Lottman, R.P., Chen, R.P., Kumar, K.S., and Wolf, L.W., "Laboratory
Test Method for Prediction of Asphalt Concrete Moisture Damage," TRB,
vol 51, 1974.

GHD-66, Method of Test for Evaluating the Moisture Susceptibility of
BituminoUs MIXTures by Diametral lensile Splitting, January [985.

MIL-STD-620A, Military Standard Test Methods for Bituminous Paving

The Asphalt Institute, Mix Design Methods for Asphalt Concrete and
Other Hot-Mix Types, fanuaT Series No. 2, [MS-7] May 1987,

Soil Survey Methods and Procedures for Collecting Soil Samples, Soil
Sﬁ?VE?‘TﬁV%EngéfTaﬁﬂaSEEFFTWT: FTT&iTT“CbﬁSéFV5%1on‘Serv1ce, u.s.

Department Agriculture, pp. 22-25, Revision 1972.

Georgia DOT Laboratory Standard Operating Procedure-2b, Control of
Bitumen Mixture Designs, January 1985.

AF Manual 88-6, March 1984,

Kig?undu, B.M., Martinez, R.L., Humphrey, B.J., and Shuler, T.S.,
Evaluation of Bituminous Materials Used in Pavement Recycling Projects
at Tyndall, MacDill and Hurlburt Air Bases, AFWL-TR-86-50, Air Force
Weapons Laboratory, KirtTand Air Force Base, Albugquerque, New Mexico,
December 1986.

Lottman, R.P., "Predicting Moisture-Induced Damage To Asphalt Concrete
- Field Evaluation," NCHRP, p. 246, May 1982.

Venable, R.L., Peterson, J.C., Robertson, R.E., and Plancher, H.,
Investigation of Factors Affecting Asphalt Pavement Recycling and

Asphalt Compatibility, DOE/LC/RI-83-4, March 1983.

Anderson, V.L., and MclLean, R.A., Design of Experiments - A Realistic
Approach, Volume 5, Marcel Dekker, Inc., 1974,

Montgomery, D.C., Design and Analysis of Experiments, 2nd ed.,
John Wiley and Sons, New York, 1976. .

. .o . LS PN
T T e e A

.....




APPENDIX A

METHOD CF TEST FOR DETERMINING THE EFFECT OF
MOISTURE AND ANTISTRIPPING ADDITIVES ON ASPHALT
CONCRETE PAVING MIXTURES

This appendix consists of text taken from a portion of Reference 39 and is
reproduced as printed.

METHOD OF TEST FOR DETERMINING THE
EFFECT OF MOISTURE AND ANTISTRIPPING
ADDITIVES ON ASPHALY CONCRETE PAVING
MIXTURES

1. Scope

This method contains procedures for preparing and testing
specimens of asphaitic concrete for purposes of measuring the
effect of water, or the effectiveness of antistripping additives on
the tensile strength of the paving mixture. The method is ap-
plicable to dense mixtures such as those appearing in the upper
half of Table 3, ASTM Specification D 3515. The method can
evaluate the effect of moisture with or without additives, the
effect of liquid antistripping additives which are added to the
asphalt cement, or pulverulent solids such as hydrated lime or
portland cement which are added to the mineral aggregate.
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2. Applicable Documents
2.1. ASTM Standards

e D 979 -Method for Sampling Bituminous Paving Mixtures

o D 1559 Test for Resistance to Plastic Flow of Bituminous
Mixtures by Marshall Apparatus

o D 2041 Test for Theoretical Maximum Specific Gravity of
Bituminous Paving Mixtures

e D 2726 Test for Bulk Specific Gravity of Compacted Bi-
tuminous Mixtures Using Saturated Surface-Dry Spec-
imens

o D 3203 Test for Percent Air Voids in Compacted Dense
and Open Bituminous Paving Mixtures

o D 3515 Specification for Hot-Mixed, Hot-Laid Bituminous
Paving Mixtures

o D 3549 Test for Thickness or Height of Compacted Bi-
tuminous Paving Mixture Specimens

o D 3665 Practice for Random Sampling of Construction
Materials

o D 4123 Method of Indirect Tensile Test for Resilient Mod-
ulus of Bituminous Mixtures

3. Significance and Use

This method can be used to test asphaltic concrete mixtures
in conjunction with mixture design testing to determine whether
or not moisture damage is severe enough so that an additive
should be considered, and if it is severe enough, to determine
whether or not an antistripping additive is effective and what
dose of additive is most effective. It can also be used to test
mixtures produced at plants to determine the severity of mois-
ture damage and the effectiveness of additives under conditions
imposed by construction in the field. Finally, it can be used to
test cores from completed pavements of any age to determine
the sevenity of moisture damage and the effectiveness of additives
under conditions of exposure and service in the field.

4. Summary of Method

4.1. To determine the severity of moisture damage and decide
whether or not an additive should be considered, a set of lab-
oratory-compacted specimens conforming to the job-mix for-
mula without additive is prepared. The specimens are compacted
to a void content corresponding to void levels expected in the
field, usually in the 6 to 8 percent range. The set is divided into
two subsets of approximately equal void content, and one subset
is maintained dry, while the other subset is saturated with water
and moisture conditioned. The tensile strength of each subset
is determined by the tensile splitting test. The severity of mois-
ture damage is indicated by the ratio of the tensile strength of
the wet subset to that of the dry subset.

4.2. To determine the effectiveness of an antistripping additive
a set of specimens containing additive but otherwise the same
as the set in Section 4.1 is prepared and tested, and the severity
of the moisture damage is determined in the manner described
in Section 4.1. The effectiveness of the additive is indicated by
the improvement in the wet-to-dry ratio of the set containing
additive compared to the set without additive. The effect of

additive dosage may be estimated by repeating the set with
different additive dosages.

4.3. To determine the severity of moisture damage or the
effectiveness of an additive in mixture produced in an asphalt
plant in the field, specimens are laboratory compacted to field
level void content, divided into wet and dry subsets, and the
severity of moisture damage or the effectiveness of the additive
is determined as in Section 4.2.

4.4 To determine the severity of moisture damage or the
effectiveness of an additive in specimens cored from a pavement,
cores are maintained at in-pl .ce moisture content until tensile
strength is measured. This strength may be compared to the
tensile strength determined previously before moisture damage
occurred.

5. Apparatus

5.1. Equipment for prepanng and compacting specimens from
Method D 4123

§.2. Vacuum pump Or water aspirator, manometer or vacuum
gauge, and container, preferably Type D. from Method D 2041

5.3. Balance and water bath from Method D 2726

5.4. Water bath or oven capable of maintaining a temperature
of 140 F for 24 hours.

5.5. Loading jack and ring dynamometer from Method D
1559, or a mechanical or hydraulic testing mach:ne capable of
maintaining the required strain rate and measinng load with
suitable precision.

5.6. Loading strips from Method D 41.

8. Preparation of Laboratory Test Specimens

8.1. At Jeast six specimens shall be made for each test, three
to be tested dry and three 10 be tested after saturation and
moisture conditioning.

8.2. Specimens 4 in. in diameter and 2.5 in. thick are usually
used. Specimens of other dimensions may be used if desired and
should be used if aggregate larger than 1 in. 15 present.

8.3. When 4-in. X 2.5-in. specimens are used. muxtures shall
be prepared in batches large enough to make at least 3 specimens
When larger specimens are used, batches may be prepared for
each specimen. If theoretical maximum specific gravity is to be
determined, the batch should be large enough to provide the
specimen for that purpose also.

8.4. When a liquid antistripping additive 15 used, the asphalt
cement in sufficient quantity for one batch shall be heated to
300 F in a closed one quart can in an aven. The required quantity
of additive shall be added. Immediately lower a mechanical
strirrer to within 1 in. of the bottom of the contaner, and mix
the contents for 2 min. Maintain the treated asphalt cement at
300 F in the closed can until it is used. If the treated asphalt
cement is not used on the same day in which 1t 1s prepared, or
if it is allowed to cool so that it would require reheating, 1t shall
be discarded.

6.5. When a pulverulent sohd antistripping additive is used.
the batch of mineral aggregate shall be dried, composited, and
heated to 0O F The required quantity of additive shall be added
1o the aggregate, and the entire mass shall be thoroughly mixed
until a uniform distnbution of additive has been achieved. Care




dulh & when te minimize loss of additive 10 the stmosphere
o e Wmpenuss sequired for mizing until it is wesd.

04 Puspastise, mix, and compact spesimens i assordance
with Mabhed B 4123 and Sestions 6.6.1 and 6.6.2.

A4 ADar mining, stabilias mizture temperature at the re-
quised compantion lemperature in & closed sontsiner in an oven
for bum | 19 3 heuns.

OAA Gempast specimens to 72 | peresnt air voids, or a void
iousl anpesesd in ths ficld. This level of voida cen be obtained
Oy edjusting the static load io deuble plunger compaction; the
ssmber of biows ia Marshall hammer compectien; the foot
preasuse, number of umps, leveling load. or some eombination
» hamding compastion; or the number of revelutions in gy-
setery compantiss. The exect provedusre must be determined by
wind for cash mistuce.

SO0 Sl apasimnens to reom temparature as rapidly as pos-
oivine siratm of meving air, extract frem melds. and procesd
with Sestive 9 immediately if possible, but within 24 hours at
most.

7. Prapasution of PMaid Spesimens

7.1. Gulnct & truak to bs sampled in sssordance with Practice
D 3ed.

74 Sezwe o cample frem the truck at the plant in acesrdance
with Mathes D 9.

73 Gaabiline minture temparature to approximately the tem-
posatuss found in the fleld when rolling begins. Maintsia this
'amgesiuse i & chesed eontaimer, in an oven if necessary, for
cppoeuimately the tims lages betwesn mixiag aad the start of
sotal sulling.

7.4 Qampest spasimens ia socordance with Section 6.6.2, and
oesl and emtmact from melds in accordance with Sectien 6.6.3.

74 N epesimens are not to be compacted in the fleld labo-
rasory, plase the samplos in a sealed container, transport to the
lsberatary, snd reheat 10 the temperature required in Section
7.3. Then procesd with Section 7.4.

6. Pragaration of Gere Test Specimens.

6.1. Select locations to be sampled on the completed pavement
or pavemnent layes in assordance with Practice D J66S.

8.2. Core at the selected locations in accordance with Method
D 979. A wet coring process should be used, and the periphery
of the core should be blotted dry immediately after it is taken.
Wrap the core in plastic wrap or otherwise protect it to maintain
field momture consent until the test layer of the core is separated.

8.5 Separase osre layers as necessary by sawing or other
suitable Weams. A wet smwing process is preferred, and the
perighery of the tst layer of the core should be blotted dry
immagistely after # is sawn. Wrap the test layer in plastic wrap
or otherwise pretest it 10 maintain field mewuture coatent until
it is dosted.

8. Prosshsre

0.1. Dutermine the theoretical maximum specific gravity by
Methed D 2041

9.2. Determine specimen thickness by Method D 3549

9.3. Determine the bulk specific gravity by Mathod D 2726,
and express the volume of the specimen in cubic ceatimeters.
The term (B-C) in Method D 2726 is the volume of the specimen
in cubic centimeters.

9.4. Calculate air voids by Method 3203, and express the
volume of air in cubic centimeters. The volume of air is the
valume of the specimen from Section 9.3 multiplied by the
percentage air voids.

9.8. Sort specimens into two subsets 30 that average air voids
of the two subsets are approximately equal. $tore the subset to
be tested dry at room temperature.

9.6, Saturate the subset to be moisture conditioned with dis-
tilled water at room temperature. If it is difficult to resch the
minimum degree of saturation of 55 percent required in Section
9.6.3, the water used to saturate may be heated up to 140 F.

9.6.1. Saturate by applying a partial vacuum such as 20 in.
Hg for a short time such as 5 min.

Note 1: Experiments with partial vacuum at room temperature
indicate that degree of saturation is very sensitive to the magnitude
of the vacuum and practically independent of the duretion. The
level of vacuum needed appears 10 be differens for different mix-
fures.

9.8.2. Determine bulk specific gravity by Method D 2726.
Determine the volume of absorbed water by subtracting the air
dry weight of the specimen found in Section 9.3 from the sat-
urated surface dry weight of the saturated specimen found in
Section 9.6.2.

9.8.3. Determine the degree of saturation by dividing the vol-
ume of absorbed water found in Section 9.6.2 by the velume of
sir voids found in Section 9.4 and expressing the reswit as &
percentage. If the volume of water is between 35 and 80 percent
of the volume of air, proceed to Section 9.7. If the velume of
water is less than 53 percent, repeat the procedure beginning
with Section 9.6.1 using a slightly higher partial vacuum. If the
voiume of water is more than 80 percent, the specimen has been
damaged and is discarded.

Nete 2: If the average air voids of the saturated subset is less
than 6.5 percent, saturation of at least 70 percent is recommended.

9.7. Moisture-condition the saturated specimens by soaking
in distilled water at 140 F for 24 hours.

9.8. Adjust the temperature of the morsture-conditioned sub-
set by soaking in a water bath for | hour at 7T F.

9.8. On moisture-conditioned subset, measure thickness by
Method D 3549, and determine bulk specific gravity by Method
D 2726.

9.0.1. Determine water absorption and degree of saturation
in accordance with Section 9.6.2 and Section 9.6.3. Saturation
exceeding 80 percent is acceptable in this step

9.0.2. Determine swell of saturated specimens by dividing the
change in specimen volumes found in Sections 9.6.2 and 9.3 by
the specimen volume found in Section 9.3. Determine swell of
conditioned specimens by dividing the change in specimen vol-
umes found in Sections 9.9 and 93 by the specimen volume
found in Section 9.3.

9.10. Adjust temperature of dry subset by soaking u s water
bath for 20 min at 77 F.




9.11. Determine tensile strength at 77 F of both subsets

9.11.1. Apply duametral load in accordance with Method 1D
4123 at 2.0 in. per minute until the maximum load is reached.
and record the maximum load.

9.11.2. Continue loading until specimen fractures. Break open
and estimate and record stripping, if any

9.11.3. Inspect all surfaces. including the failed faces, for evi-
dence of cracked or broken aggregate, and record observations

10. Calculations

10.1. Tensile Strength

A 2P miD

where
§ - tenside strength, pa,
Poomavamum foad 1h
o speamen thickness immediately before tensle test, in
and
D - speimen diameter, i
10.2. Tensle Strength Rano

ISR 18 . /85 100

where

ISR - tensile strength ratio, percent,

5. average tensile strength of mowsture-conditioned subse:,
ps1. and

8., average tensile strength of dry subset, psi.

11. Report

1.1, Aserage room temperature at which any measurements
are made

11.2. Number of specimens in each subset

11.3. Average degree of saturation after saturating and after
maosture conditioning

11.4. Average swell after saturaung and after mosture con-
ditioning

11.5. Tenstle strength of cach specunen i each subset

11.6. Tenstle strength ratio

11.7. Results of estimated stnipping obsersed when speamer.
fractures

11.8. Results of observations of fructured or crushed aggre

gate

12. Precision

12.1. Precision of the method 15 under study

12.2. Tests on one masture-conditicned 1o ture contanng
additive 1 one laboratory indicate thet the diflerer. e e fenols
strengih between duphicate speciriens shouid ot eaceed 282
Pt

AN Y
) _l L

-
¥

e
ST

.':i. & %

v

L)

)
L%

5

104 W

U TP P AT R
. ih.v. AL W

. us
- "

NEAEE P 2 AN N A N o '.r’ O ; N

RN PN N .r A

|0 :'}'._\



- RN ORI & », o ol e Gl b N an o, < 1 5 Lo balh e b

EN D
FILMED
AReH, |9 §&

T1C_

AGAN S A, AL et . g At ar e, e
O ‘ oty . R . et AT e e Ve o e, mara s R
RSN RN SO o RN S " ASAY, LR SV \x\:‘::‘h-‘_.‘- NN 'VI‘L';(:'&";'-":';"'"\

[ANAN AN

P A

e

st



